
ABSTRACT 

MAXWELL, PATRICK JEROME. Factors Influencing Dislodgeable Pesticide Residues 
from Turfgrass. (Under the direction of Drs. Richard J. Cooper and Travis W. Gannon). 
 

Risk assessments for human pesticide exposure are essential for determining the 

likelihood of adverse health effects ensuring exposure to treated media. Within these 

evaluations, estimates are generated using techniques representative of human exposure 

pathways. The premise of this research was to quantify dislodgeable pesticide residues from 

two distinctly different turfgrass species and systems.  

Research evaluated the dislodgement of 2,4-dimethylamine salt (2,4-D) and 

azoxystrobin (methyl(E)-2-{2[6-(2-cyanophenoxy)pyrmidin-4-yloxy]phenyl}-3-

methoxyacrylate) from perennial ryegrass (Lolium perenne L.) or tall fescue [Lolium 

arundinaceum (Schreb.) Darbysh.]. 2,4-D and azoxystrobin possess contrasting 

physicochemical properties that suggest varying degrees of dislodge potential from treated 

turfgrass. Furthermore, limited research has evaluated the dislodgeability of these two 

commonly applied pesticides. Three independent field experiments were conducted and 

repeated in time to elucidate variables of interest.   

In experiment 1, azoxystrobin was broadcast sprayed to unique plots comprised of 

perennial ryegrass and subjected to one of three post-application irrigation timings (PAIT) at 

0, 4 or 144 h after treatment (HAT). Sample collection occurred at 7:00 (AM) or 14:00 (PM) 

EST on each of six sampling dates [1, 2, 3, 6, 12 or 24 d after treatment (DAT)]. Overall, 

treatments irrigated 144 HAT resulted in the greatest dislodged azoxystrobin, more than 

irrigated 4 HAT, which were both greater than irrigated immediately (0 HAT). Within DAT, 

azoxystrobin dislodgment was greater in the AM and declined in PM. Results indicate 

dislodgeable azoxystrobin declines as time between application and sample collection 



increases. Consistent residue detection 12 DAT in plots where irrigation was withheld until 

144 HAT, suggest off-target transport exist for at least this duration following treatment if 

post-application irrigation is not employed the d of application.   

In experiment 2, azoxystrobin was either sprayed (liquid) or spread (granular) to tall 

fescue at 7:00 (AM) or 14:00 (PM) EST and then subjected to PAIT at 4 or 48 HAT with 

sample collection ensuring 1, 2, 3, 4, 8 or 16 DAT. Across application timings, dislodged 

azoxystrobin was reduced ≥ 3-fold with granular application compared to liquid application. 

Within DAT, azoxystrobin dislodge ranked liquid-PM > liquid-AM > granular-AM > 

granular-PM. Irrigation 4 HAT reduced dislodged azoxystrobin compared to withholding 

irrigation until 48 HAT. Results suggest azoxystrobin dislodgment may be reduced by 

utilizing granular rather than liquid products, applying in the AM when canopy moisture is 

present and employing post-application irrigation, with timings closers to application having 

the greatest reduction.  

In experiment 3, 2,4-D was spray applied to perennial ryegrass, alone or tank-mixed 

with a non-ionic surfactant with sample collection ensuing at 7:00 (AM) or 14:00 (PM) EST 

in each of 6 sample d (1, 2, 3, 6, 12 or 24 DAT). Overall, 2,4-D dislodgement declined at 

every DAT when applied tank-mixed with surfactant compared to 2,4-D applied alone. 

Samples collected in the AM yielded ≥ 5-fold greater dislodged 2,4-D compared to PM. 

Additionally, dislodged 2,4-D consistently increased from PM sample collection on a given d 

to AM sample collection the following d. These results indicate that 2,4-D re-suspended on 

treated vegetation overnight in the presence of canopy moisture and thus was available to be 

dislodged. Additionally, it should be noted that surfactant inclusion may enhance efficacy 

which may lead to an overall reduction in herbicidal inputs.  



This research will allow for greater understanding of factors affecting pesticide 

dislodgment from treated turfgrass. Information generated may be used to develop, 

communicate and implement best management practices aimed at minimizing human 

exposure to pesticides from turfgrass systems. Ultimately, data resulting from this research 

will ensure established tolerances for persons entering recently treated turfgrass areas are not 

exceeded and thus pesticides applied to turfgrass do not pose an unacceptable health risk. 
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A REVIEW OF THE LITERATURE 

Evaluated Pesticides  

Synthetic pesticides are an integral component of management plans in turfgrass 

systems because when applied appropriately, they offer enhanced efficacy of common and 

troublesome pests compared to alternative approaches. Minimizing damaging pest 

populations (e.g. insects, pathogens, weeds, etc.) can improve the overall quality and safety 

of turfgrass surfaces as research has shown, poor footing conditions may increase the 

likelihood of lower body injuries (Steffen et al. 2007). The goal of this research was to 

evaluate the dislodgeability of two commonly applied pesticides in turfgrass systems to 

assess potential human exposure. 

2,4-dimethylamine salt (2,4-D) is synthetic auxin herbicide used for selective post-

emergent control of broadleaf weeds (USEPA 2005). Currently, 2,4-D is registered for use in 

both cropland and non-cropland areas and in 2012 the United States Environmental 

Protection Agency reported ~6.8 million kg a.i. of 2,4-D was applied to non-cropland areas 

rendering it the most applied pesticide in the non-agricultural sector, which encompasses 

turfgrass (Anonymous 2014; Atwood and Paisley-Jones 2017). Azoxystrobin (methyl(E)-2-

{2[6-(2-cyanophenoxy)pyrmidin-4-yloxy]phenyl}-3-methoxyacrylate), is a systemic 

strobilurin fungicide with acropetal capabilities used for controlling turfgrass diseases such 

brown patch (Rhizoctonia solani) and gray leaf spot (Pyricularia grisea) (Blazier et al. 2004; 

Anonymous 2015). In 2013, it was the largest gross selling fungicide (>$1 billion) across all 

crops, including turfgrass (Lamberth 2016). 2,4-D and azoxystrobin are registered for use on 

cool- and warm-season turfgrasses and use sites including athletic fields, golf courses 

commercial/residential lawns, parks, and roadsides (Anonymous 2014, 2015). 
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The USEPA classifies 2,4-D as mobile to moderately mobile and azoxystrobin as 

moderately mobile to immobile in soils, indicating movement from the target site is possible 

(USEPA 1997, 2005). Physicochemical properties pertaining to 2,4-D movement from the 

target site include: very high water solubility (KS = 796,000 mg L–1; 20°C), moderate to low 

soil organic carbon sorption coefficient (KOC = 20 mL g–1) and short field half-life (T1/2 = 6.2 

d) (USEPA 2005). 2,4-D’s very high water solubility coupled with moderate to low affinity 

for sorption to organic carbon containing surfaces, suggest 2,4-D can readily be transported 

from the target site; however, due to the short field half-life, transport is only a concern in the 

d and wk following its application. Physiochemical properties pertaining to azoxystrobin 

movement from the target site include: moderate to low water solubility (KS = 6 mg L–1; 

20°C), moderate soil organic carbon sorption coefficient (KOC = 210 to 580 mL g–1) and 

moderate to long field half-life (T1/2 = 72 to 164 d) (USEPA 1997). Azoxystrobin’s moderate 

to low water solubility paired with a moderate affinity for sorption to organic carbon 

containing surfaces, suggest transport is less likely compared to 2,4-D; however, due to the 

moderate to long field half-life, off-target transport potential exists in the d, wk and months 

following application. 

While 2,4-D has been one of the most extensively researched herbicides, research to 

date is inconclusive regarding human- carcinogenic, neurological and reproductive effects 

from acute 2,4-D exposure (Loomis et al. 2015; Munro et al. 1992; Smith et al. 2017; 

USEPA 2005); however, research has confirmed 2,4-D is a severe eye irritant and can induce 

toxic effects to blood, kidney, and liver (Bus and Hammond 2007; Garabrant and Philbert 

2002; USEPA 2005). Specific to azoxystrobin, research to date as shown no human- 

carcinogenic, neurological or reproductive effects associated with acute exposure (USEPA 



 

 3 

1997). In general, azoxystrobin possesses a less toxic profile to humans compared to 2,4-D 

and reflected by differences in oral (rat) LD50, which are 949 mg kg–1 and >5,000 mg kg–1 for 

2,4-D and azoxystrobin, respectively (USEPA 1997, 2005). 

Due to the widespread use of these two pesticides combined with physicochemical 

properties suggesting transport is probable, research is warranted to ensure their continued 

use in turfgrass systems does not pose unacceptable risk to persons utilizing treated areas. 

Pesticide Dislodge 

In the United States, synthetic pesticides are used extensively to control a range of 

pests in agricultural and non-agricultural settings, including turfgrass. Due to the extensive 

use coupled with the inherent toxicological characteristics pesticides possess, unintended 

exposure to non-target organisms is an area of immense concern. To address these concerns, 

the USEPA requires each pesticide to pass an extensive battery of tests that form the basis for 

the human health and environmental risk assessments for each registered pesticide (USEPA 

2016). In general, human pesticide exposure risk assessments estimate the nature and 

probability of adverse health effects following exposure (USEPA 2016). One such test 

required by the USEPA is designed to assess dislodgeable foliar residue dissipation to 

estimate potential occupational and non-occupational exposure to persons entering recently 

treated areas to develop dissipation curves that can be used to calculate re-entry intervals 

(USEPA 1996). Unlike most agricultural settings, non-occupational re-entry into areas 

recently treated with pesticides is common and lawful in most turfgrass systems throughout 

many regions of the United States (Jeffries et al. 2016a). Generally, re-entry into recently 

treated turfgrass areas (e.g. athletic fields, golf courses, lawns, parks) is permissible as long 

as the product has dried. Guidelines for non-occupational re-entry passed the pesticide drying 
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period are non-specific with most pesticides and can prove problematic due to the density of 

turfgrass canopies allowing a high percentage of an applied pesticide to be intercepted. If a 

pesticide is retained on foliage the potential exists for the pesticide to be transferred from a 

treated to non-treated surface, including human skin and represents a major pathway of 

human exposure to pesticides from turfgrass. 

Persistence and dissipation of pesticide dislodgeable foliar residue from vegetation 

has been studied since the 1970s, when Gunther (1973) concluded foliar pesticides residue 

decline over time. Iwata et al. (1977) was among the first researchers to explore this pathway 

representing occupational pesticide exposure to develop minimal safe intervals into recently 

treated agricultural areas. Each of these researchers utilized organic solvents (e.g. hexane, 

chloroform, etc.) to remove and then quantify pesticide residues that were present on the leaf 

surfaces collected from treated vegetation. This method of removing dislodgeable foliar 

residues using organic solvents allowed researchers to quantify the residues present on the 

leaf surfaces but did not allow for precise estimations regarding the amounts that would 

potentially transfer from treated surfaces onto human skin. 

Thompson et al. (1984) was the first noted researcher to examine dislodgeable foliar 

residues from turfgrass following a pesticide application without the use of organic solvents. 

One of the primary objectives of this study was to monitor dislodgeable residue 

concentrations at various times after application to be used to assess non-occupational dermal 

exposure to address concerns for the safety of children and adults using recently treated 

turfgrass areas for recreational purposes. Thompson measured dislodgeable 2,4-D (2,4-

dichlorophenoxy acetic acid) by vigorous wiping backwards and forwards across a 1 m2 area 

for 1 min with moistened cheese-cloth. Thompson et al. 1984 reported that 4.5% of the total 
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applied 2,4-D was dislodged from Kentucky bluegrass (Poa pratensis L.) immediately 

following application and declined to 0.02% of the total applied rate 7 d after treatment 

(DAT). Within the study, Thompson et al. (1984) investigated the effect of liquid- compared 

to granular-formulations of 2,4-D, and it was determined that 2,4-D residue dislodged from 

granular treatments never exceeded 1% of the total applied rate at any sample timing. 

Additionally, Thompson et al. (1984) concluded that dislodgeable 2,4-D residues dissipated 

rapidly (0.01% of the total applied) following a natural rainfall event (18 mm H2O) 1 DAT. 

Sears et al. (1987) followed similar protocols to Thompson et al. (1984) and calculated 

dislodgeable residue concentrations from Kentucky bluegrass by wiping the leaf surfaces 

with moistened cheesecloth and then using an organic solvent (methanol) to remove 

remaining residue. These modifications were performed to estimate the residue concentration 

that was dislodgeable via simulated human contact compared to the residue concentrations 

that remained on exterior leaf surfaces and removed via organic solvents. Two critical 

variations occurred within this Sears et al. (1987) compared to Thompson et al. (1984). The 

first was the use of experimental units grown in pots (125 cm2) compared to 1 m2 field pots 

thus limiting innate dissipation. Secondly, the sampling method consisted of wiping the leaf 

surfaces with 10 strokes in opposite directions with moistened cheese-cloth, thus 

standardizing the sample collection method. 

Maddy et al. (1984) was among the first researchers to investigate potential human 

exposure to establish safe re-entry intervals and residues levels following a chlorpyrifos 

(O,O-diethyl O-3,5,6-trichloro-2-pyridyl phosphorothioate) and dichlorvous (2,2-

dichlorovinyl dimethyl phosphate) application to turfgrass. Goh et al. (1986) expanded upon 

Maddy et al. (1984) studies and examined management practices that could potentially 
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reduce dislodgeable foliar residues and in turn influence re-entry intervals following an 

application to turfgrass. He investigated the dissipation of dislodgeable chlorpyrifos and 

dichlorvous residues from a clover and Kentucky bluegrass lawn while comparing 

dislodgeable foliar residues with and without post-application irrigation. It was determined 

that four h was needed for dislodgeable dichlorvous residue concentrations to decline below 

the estimated safe level of 0.06 µg/cm2 when post-application irrigation was employed, 

compared to fourteen h when irrigation was not applied (Goh et al. 1986; Maddy et al. 1984). 

Chlorpyrifos required six h to fall below the estimated safe level of 0.5 µg/cm2 when post-

application irrigation was not applied compared to when irrigation was administered, where 

residue levels never exceeded the estimated safe level (Goh et al. 1986; Maddy et al. 1984); 

however, it’s important to note the estimated safe level for chlorpyrifos was greater than 

eight-fold higher than the estimated safe level for dichlorvous due to differing toxicological 

profiles between the two pesticides (Goh et al. 1986). 

Hurto and Prinster (1993) evaluated the dissipation of dislodgeable foliar residues of 

chlorpyrifos, DCPA (dimethyl-2,3,5,6-tetrachlorobenzene-1,4-dicarboxylic acid), diazinon 

(O,O-diethyl 0-2-isopropyl-6-methyl(pyrimidine-4-yl)phosphorothioate) isofenphos (O-ethyl 

O-(2-isopropoxycarbonyl)phenyl isopropylphosphoramidothioate), and pendimethalin (N-(1-

ethylpropyl)-2,6-dinitro-3,4-xylidine) from Kentucky bluegrass. Dislodgeable residues were 

collected utilizing a detergent stripping procedure initially described by Gunther et al. (1973). 

From samples collected 2 h after treatment (HAT) it was determined that dislodgeable foliar 

residue concentrations ranged from 0.6% of the total chlorpyrifos applied to 10.7% of the 

total isofenphos applied, indicating compound specific properties may be important in terms 

of dislodgeability (Hurto and Prinster 1993). Following sample collection at 2 HAT, two of 
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the four replicated treatments were irrigated (13 mm H2O) to quantify the effect of irrigation 

on dislodgeable foliar residue concentrations. Residue concentrations of pendimethalin and 

DCPA dislodged from irrigated plots were significantly lower compared to plots that had not 

received irrigation through 7 DAT, while differences in dislodgeable isofenphos were 

significant through 3 DAT. Dislodgeable residue concentrations of chlorpyrifos and diazinon 

were not significantly reduced by irrigation at any sampling date following application. The 

authors contributed this discrepancy to differences between pesticide formulations rather than 

varying physicochemical properties of the pesticide active ingredients but acknowledge the 

need for further investigation (Hurto and Prinster 1993). 

Klonne et al. (2001) set out to select the best overall dislodgeable foliar residue 

collection method based on such criteria’s as sensitivity, repeatability within an individual, 

reproducibility across individuals, independence from chemical properties and formulations 

types (Klonne et al. 2001). Five methods were chosen to conduct a direct comparison of their 

performance to measure pesticide dislodge from Kentucky bluegrass maintained at 7.6 cm. 

Previously discussed methods included, hand wiping (Sears et al. 1987; Thompson et al. 

1984) and foliar wash technique (Gunther et al. 1973; Hurto and Prinster 1993; Iwata et al. 

1977). Additional sampling methods included, California roller, drag sled and polyurethane 

roller where many were initially designed to measure indoor pesticide concentrations from 

flooring surfaces but were adapted to be used to measure dislodgeable foliar residue 

concentrations from turfgrass vegetation (Jeffries et al. 2017; Lewis et al. 1994). Two 

formulations of dithiopyr were selected for evaluation: a liquid emulsifiable concentrate (EC) 

and a granular (G), while three formulations of 2,4-D were selected for evaluation: an EC, a 

granular and a wettable powder (WP). Five unique individuals performed each of the five 
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sampling techniques at 0, 1, or 2 DAT and variability assessed by comparing the coefficient 

of variation (CV) between sample collection- methods and timings. From evaluated liquid 

formulations, the foliar wash technique was the most sensitive sampling method over both 

compounds and sample collection timings, followed by California roller, drag sled and hand 

wiping techniques, while polyurethane roller expressed the lowest sensitivity. Within 

granular formulations, sensitivity varied between sample collection- methods and timings 

(Klonne et al. 2001). The authors contributed this result to low residue concentrations 

dislodged from granular treated areas (Klonne et al. 2001). Repeatability was assessed and it 

was determined that the foliar wash technique generated the greatest variability while 

California roller and hand wiping produced the least variability within and between 

individuals depending on compound, formulation and sample collection timing (Klonne et al. 

2001). The authors concluded that each sampling methods possessed inherent drawbacks and 

benefits but due to the reduced variability and increased transfer potential generated by the 

California roller and hand wiping techniques, these two methods were selected as the 

recommend sampling techniques for quantifying dislodgeable foliar residue from treated 

turfgrass. 

Jeffries et al. (2016a, 2016b) performed three experiments to examine 2,4-

dimethylamine salt (2,4-D) dislodgeable foliar residue from hybrid bermudagrass (Cynodon 

dactylon L. x C. transvaalensis) overseeded with perennial ryegrass (Lolium perenne L.). 

These studies were similar to Thompson et al. (1984) in terms of evaluating management 

practices to reduce 2,4-D dislodgeable foliar residue including post-application irrigation; 

however, unlike Thompson et al. (1984), Jeffries et al. (2016a, 2016b) incorporated multiple 

sample collection timings within a d. Prior to these studies, researchers had scheduled 
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sampling events at various intervals following a pesticide application with little regard to 

turfgrass canopy dynamics. Jeffries et al. (2016a) hypothesized that turfgrass canopy 

dynamics, including canopy moisture fluctuations throughout the d may affect pesticide 

dislodge. More specifically, as turfgrass canopy moisture increases, compounds may re-

suspend on turfgrass vegetation, and therefore may be more dislodgeable if not tightly bound 

to vegetation (Jeffries et al. 2016a). This hypothesis was tested by sampling with a newly 

devised soccer ball-roll sample collection method at 5:00, 7:00, 9:00, 11:00, and 13:00 

Eastern Standard Time (EST) at 1, 2, 3, 6, 12 or 24 DAT. The soccer ball-roll consisted of 

wrapping an absorbent strip around a soccer ball and attaching the wrapped soccer ball to a 

hand-held PVC apparatus (Jeffries et al. 2016a). 2,4-D dislodgeable foliar residue was then 

quantified by rolling the ball, end over end in the same direction as the absorbent strip so that 

contact was maintained between absorbent strip and treated vegetation (Jeffries et al. 2016a). 

Following 2,4-D application (2.1 kg a.e. ha–1) 2.1 to 4.0% of the applied 2,4-D was dislodged 

at 5:00 EST and <0.1% was dislodged at 13:00 EST from hybrid bermudagrass at 1 and 2 

DAT (Jeffries et al. 2016a). The authors attributed this in part to 2,4-D’s high water solubility 

(KS = 796,000 mg L-1) coupled with daily fluctuations in turfgrass canopy moisture, which 

lead to 2,4-D re-suspending on vegetation overnight (Jeffries et al. 2016a; USEPA 2005). In 

the second experiment, Jeffries et al. (2016b) determined that greater 2,4-D was dislodged 

from perennial ryegrass (9.4% of the applied) compared to hybrid bermudagrass (2.9%), 

from samples collected immediately following application; with the trend persisting through 

6 DAT, at which time 2,4-D residue was no longer detected (Jeffries et al. 2016b). This result 

suggests that turfgrass species may be influential in terms of potential dislodgeable, which is 
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an important finding because up until this point the vast majority of dislodgeable foliar 

residue studies were conducted on Kentucky bluegrass. 

Jeffries et al. (2017) conducted a third experiment to quantify 2,4-D dislodgeable 

foliar residue as affected by turfgrass species and sample collection method to determine the 

most sensitive and repeatability technique across and within turfgrass species. Research 

objectives regarding sample collection methods were similar to Klonne et al. (2001); 

however, with findings from Jeffries et al. (2016b) that pesticide dislodge can vary between 

turfgrass species, elucidating the effect of sample collection method specific to each turfgrass 

species warranted investigation. Evaluated turfgrass species included bentgrass (Agrostis 

stolonifera L.), hybrid bermudagrass, and tall fescue [Lolium arundinaceum (Schreb.) S.J. 

Darbyshire] maintained at 0.4, 5 and 9 cm, respectively. Sample collection methods consisted 

of three distantly different approaches, including soccer ball-roll, California roller, and a 

newly devised cotton glove hand wipe, that resembled prior hand wiping techniques. At trial 

initiation, 2,4-D was spray applied at 1.0 kg a.e. ha–1 to each turfgrass species and sample 

collection ensued 1 or 3 DAT with aforementioned sample collection methods at 7:00 EST. 

Samples were also collected 0 DAT at 0 and 1 h following application but these samples 

were excluded from the statistical analysis due to differing collection timings from samples 

collected 1 and 3 DAT. In general, the cotton glove hand wipe generated the highest 2,4-D 

dislodged over turfgrass species and timings, followed by the California roller and soccer 

ball-roll dislodging the least 2,4-D. Repeatability was assessed by calculating the CV for 

each sampling method at each sample collection timing within each turfgrass species. It was 

determined that California roller and soccer ball-roll methods produced the lowest CVs with 

hand wiping generally producing higher CVs; however, the authors noted limitations with 
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roller-based methods (e.g. California roller and soccer ball-roll) including, greater potential 

for laying grass blades over and potentially underestimating dislodgeable foliar residues, 

especially in turfgrass species maintained at higher mowing heights (e.g. tall fescue). 

Additionally, the California roller protocol required securing a frame to the ground which can 

be time consuming, and previous research has shown pesticides transfer fluctuates over 

relatively short timescales within a d as canopy moisture dissipates (Jeffries et al. 2016a). 

Furthermore, Jeffries et al. (2017) stated hand sampling methods may provide more 

applicable data for nondietary pesticide ingestion, as hand-to-mouth contact is commonly 

associated with this exposure route. 

While numerous pesticide dislodgeable foliar residue studies have been conducted 

with various pesticides possessing differing physicochemical properties, reports from this 

research pale in comparison to studies evaluating pesticide dissipation kinetics (e.g. runoff, 

leaching, volatilization, etc.). Furthermore, due to the wide range of sampling approaches and 

inherit variability between approaches, definitive conclusions are often inadequate for 

extrapolation to other pesticides, turfgrass species, management characteristics (e.g. mowing 

height, shoot density, etc.) and geographic regions. Ultimately, information generated as a 

result of this research will allow for the development of the upper limits in pesticide risk 

assessments and in turn ensure pesticides applied to turfgrass are not posing an unacceptable 

risk to persons utilizing recently treated turfgrass areas. 
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CHAPTER 1: EFFECT OF POST-APPLICATION IRRIGATION TIMING ON 
DISLODGEABLE AZOXYSTROBIN RESIDUE AND PERSISTENCE IN 

TURFGRASS VEGETATON  
 

Formatted for publication in Journal of Environmental Quality 

 

Patrick J. Maxwell1*, Travis W. Gannon1 and Richard J. Cooper1 

 

Azoxystrobin (methyl(E)-2-{2[6-(2-cyanophenoxy)pyrmidin-4-yloxy]phenyl}-3-

methoxyacrylate) is a systemic broad-spectrum fungicide used extensively in turfgrass. 

Research was conducted to assess azoxystrobin dislodgeable foliar residue and influential 

factors following application. Previous research has shown post-application irrigation can 

reduce pesticide dislodgeable foliar residues from turfgrass; however, this management 

practice has not been evaluated to determine its effect on azoxystrobin dislodge or if altering 

post-application irrigation timing (PAIT) can influence dislodgeable foliar residue. Research 

was conducted in Raleigh, NC to measure azoxystrobin (0.61 kg ai ha–1) dislodgeable foliar 

residue from perennial ryegrass (Lolium perenne L.) following PAIT (0.6 cm H2O) at 0, 4, or 

144 h after treatment (HAT). Sample collections occurred 1, 2, 3, 6, 12 or 24 d after 

treatment (DAT) at 7:00:00 or 14:00:00 Eastern Standard Time (EST). From 1 to 6 DAT, 

treatments irrigated 0 HAT reduced azoxystrobin dislodgeable foliar residue (0.1 to 6.8% of 

applied) more than irrigated 4 HAT (0.4 to 10.3%), which were both less than irrigated 144 

HAT (1.3 to 15.5%). Across PAIT levels, greater azoxystrobin was dislodged at AM sample 

collections (1.0 to 12.7% of applied) compared to PM sample collections (0.2 to 9.0%) from 

1 to 6 DAT. In conclusion, irrigating azoxystrobin the d of application can reduce 
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dislodgeable foliar residue, and should be implemented for soil-borne disease control to 

reduce potential human exposure.  

1First, second, and third authors: Graduate Research Assistant, Assistant Professor, and 

Professor, respectively, Department of Crop and Soil Sciences, North Carolina State 

University, Raleigh, North Carolina.  

*Corresponding author’s email: pjmaxwel@ncsu.edu.  
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Introduction 

Turfgrass systems are ubiquitous in modern society, grown on over 16.3 million ha in 

the contiguous United States with land uses including athletic fields, commercial/residential 

lawns, golf courses, parks, and roadsides (Milesi et al., 2005). The abundance of these 

systems is largely attributed to the functional, recreational and aesthetic benefits they provide 

(Beard and Green, 1994). In 2009, the US Census Bureau reported over 50% of the 

population ages 7 to 24 participated in baseball, football, golf, soccer and/or softball, all 

played predominately on natural turfgrass (United States Census Bureau, 2009). Turfgrass 

managers routinely apply synthetic pesticides to maintain desired stand quality and 

playability on athletic fields, as poor field conditions have been correlated with increased 

lower body injuries (Steffen et al., 2007). One problem that can lead to playing surface 

decline is turfgrass disease incidence. To offset this potential issue preventative fungicides 

are routinely applied, including azoxystrobin (methyl(E)-2-{2[6-(2-cyanophenoxy)pyrmidin-

4-yloxy]phenyl}-3-methoxyacrylate), a systemic strobilurin fungicide used to control 

common diseases such as brown patch (Rhizoctonia solani), fairy ring (Agrocybe pediades) 

and gray leaf spot (Pyricularia grisea) (Anonymous, 2015).  

Azoxystrobin is currently registered for use on numerous turfgrass species and use 

sites including golf courses, lawns and landscape areas around homes, institutions, 

commercial buildings, parks, recreational areas, athletic fields and sod farms (Anonymous, 

2015). In 2013, it was the largest gross selling fungicide (>$1 billion) across all crops, 

including turfgrass (Lamberth, 2016). With the extensive use of pesticides, concerns about 

human health risks associated with their use are prevalent. Three major pathways of direct 

human exposure to pesticides exist ensuing a pesticide application to turfgrass: dermal 
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contact, inhalation (dust/vapor) and nondietary ingestion (Cohen-Hubal et al., 2000). Dermal 

contact is usually the primary route of non-occupational human exposure to pesticides from 

turfgrass systems due to the frequency of skin-to-turfgrass contact during physical activities 

on these natural surfaces (Zartarian et al., 2000). Inhalation is also a potential route, but one 

of much lower magnitude due to the low volatility of most commercial products and ample 

air circulation on areas where pesticides are used (Williams et al., 2003). Nondietary 

ingestion is a possible pathway but is considered the least extensive and occurs primarily via 

hand-to-mouth contact, a situation more relevant for children than adults (Zartarian et al., 

2000).  

To quantify these potential exposure pathways, USEPA requires foliar dislodgeable 

residue dissipation studies (OPPTS 875.2100) to be conducted for pesticide registration or re-

registration (USEPA, 1996). Such studies allow for the development of dissipation curves for 

calculating re-entry intervals (USEPA, 1996). Throughout many regions of the United States, 

with the exception of sod farms, all other turfgrass sites are exempt from requirements within 

the scope of the federal Worker Protection Standard (WPS) for agricultural pesticides (40 

CFR Part 170), including re-entry intervals. The WPS was enacted to reduce the risks of 

illness or injury resulting from workers and handlers occupational exposures to pesticides 

(USEPA, 1996); however, unlike most traditional agricultural sites, turfgrass areas including 

areas recently treated with pesticides are routinely used by non-occupational persons. The 

azoxystrobin label (Heritage® TL; Syngenta Crop Protection), states: “do not allow entry into 

treatment area until treated area is dry” (Anonymous, 2015). Guidelines for both 

occupational and non-occupational re-entry passed the pesticide drying period are non-

specific and can prove problematic due to the density of healthy turfgrass canopies 
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intercepting a high percentage of an applied pesticide; therefore, pesticide residues are often 

retained on the leaf surface where they can transfer from a treated to a non-treated surface, 

including human skin.  

Azoxystrobin possesses physicochemical properties that suggest it may dislodge from 

treated vegetation; specifically, a low water solubility (KS = 6 mg L–1), moderate soil half-life 

(28 – 85 d), moderate soil organic carbon sorption coefficient (KOC = 210 – 580 mL g–1), and 

very low volatility (vapor pressure = 1.1 x 10–13 mm Hg) (Ferguson et al., 1995; USEPA, 

1997). Azoxystrobin is classified as a reduced risk pesticide for turf uses due to low acute 

and chronic toxicity to humans, birds, mammals, and bees; however, it is highly toxic to 

freshwater fish and other freshwater species inhabiting marine environments (USEPA, 1997). 

In subtropical climates, warm-season turfgrass species such as bermudagrass 

(Cynodon spp.) are often overseeded during dormancy periods with cool-season turfgrass 

species including perennial ryegrass (Lolium perenne L.); to improve appearance and 

playability during winter months (Turgeon et al., 2008). Perennial ryegrass possesses a waxy 

cuticle increasing the potential for pesticides to dislodge compared to other commonly 

maintained turfgrass species (Williams et al., 2003; Jeffries et al., 2016c). 

Irrigation following a pesticide application has been shown to reduce pesticide 

dislodgeable foliar residues (Thompson et al., 1984; Sears et al., 1987; Krolski et al., 2010; 

Jeffries et al., 2016a); however, these studies have concentrated on quantifying dislodgeable 

foliar residues as affected by post-application irrigation (PAI) immediately following 

application compared to no PAI. The only known evaluations regarding the impact of 

delaying PAI on pesticide dislodgement were conducted by Maddy et al. (1984) and Hurto 

and Prinster (1993). In these independent studies, both concluded irrigation timing did not 
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influence pesticide dislodgeable foliar residues compared to PAI immediately after 

application, but acknowledged external factors not related to irrigation may have contributed 

to these findings. Furthermore, azoxystrobin dissipation appears to be primarily dependent on 

photodegradation and secondarily dependent on microbial metabolism with very little 

degradation due to hydrolysis (USEPA, 1997). Due to these dissipation characteristics, it 

may be speculated that PAI can move azoxystrobin residue from upper leaf surfaces to lower 

depths within the canopy and thus be less exposed to photodegradation, while reducing 

potential human exposure.  

The primary objective of this study was to quantify the impact of three post-

application irrigation timings (PAIT) on dislodgeable azoxystrobin concentrations over two 

time scales, both within a d and over d. A secondary objective of this study was to determine 

how varying PAIT influences azoxystrobin residue concentrations in/on turfgrass vegetation 

to greater elucidate dissipation rates. 

Materials and Methods 

Site Description 

Field experiments were initiated 26 April and 10 May 2016 in Raleigh, NC on 

established ‘Tifway 419’ hybrid bermudagrass overseeded the previous fall with ‘Carly’ 

perennial ryegrass where azoxystrobin had not been applied for ³ two yr. No additional 

pesticides, fertilizers or plant growth regulators were applied to the trial area during the 

research period.  

Experimental Design 

Experiments were arranged in a randomized complete block design with four 

replications. Main plot levels were PAIT (0, 4 or 144 h after treatment (HAT)) and subplot 
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levels were sample collection time within a d, (7:00:00 or 14:00:00 Eastern Standard Time 

(EST)). Sub-subplots were sample collection dates (1, 2, 3, 6, 12, or 24 days after treatment 

(DAT)). Dislodge and aboveground vegetation (subsequently referred to as vegetation) were 

collected on the d of initiation (0 DAT) immediately following PAIT and 2 h after each PAIT 

as well as from non-irrigated treatments (144 HAT); however, these samples were excluded 

from the overall statistical analyses due to differing collection timings beyond 0 DAT. 

Nontreated dislodge and vegetation samples were collected and analyzed in both 

experimental runs from all experimental blocks to ensure the trial area was not contaminated.  

Experiment Initiation 

One d prior to experiment initiation, experimental areas were mown at 1.9 cm height 

of cut (clippings removed) and irrigated to field capacity. At initiation, azoxystrobin 

(Heritage TL, Syngenta Crop Protection, Inc.) was applied at 14:00:00 EST at 0.61 kg ai ha–1 

(maximum labeled application rate [Anonymous, 2015]) to 1 by 2.75 m plots with 1.5 m 

alleys to prevent incidental azoxystrobin transfer during sample collection. Application was 

made using a hand-held CO2-pressurized sprayer equipped with four 8006 XR VS flat-fan 

nozzles (TeeJetÒ Flat-Fan Nozzles: Spraying Systems Co.) calibrated at 179 kPa to deliver 

the lowest labeled carrier volume (813 L ha–1 [Anonymous, 2015]). Following azoxystrobin 

application, irrigation treatments were applied using an eight-nozzle boom equipped with 

8008 XR VS nozzles at 200 kPa. Nozzle–pressure combination was selected to produce a 

droplet size spectra consistent with impact or rotary style irrigation systems (Anonymous, 

2011; DeBoer et al., 2001; Kincaid et al., 1996) and plots received 0.6 cm H2O plot–1 with 

four passes. Evaluated PAIT levels, represent three advisable irrigation regimens following a 

pesticide application. Irrigation immediately (0 HAT); 4 HAT, allowing the application to air 
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dry and 144 HAT, signifying no PAIT or a site without irrigation. After application, plots 

were covered (without vegetation contact) during rainfall events for 6 d and not mown for 24 

d; both exercises were implemented to reduce potential confounding factors. Azoxystrobin 

application rate was confirmed via placing spray recovery pads (350 cm2; 0.35 mm 

FisherbrandÔ Pure Cellulose Chromatography Paper, Fisher Scientific International, Inc.) 

randomly throughout the area and were collected immediately following application for 

analysis. Application verification pads confirmed azoxystrobin was applied at 87 to 101% of 

the intended rate across experimental runs. Finally, select environmental parameters 

including, air temperature, dew point and relative humidity were recorded throughout the 

research period. Additionally, leaf wetness (Leaf Wetness Sensor; Decagon Devices Inc., 

Pullman WA) was quantified with a flat-plate sensor facing at a 45° angle from ground 

surface at 0.6 m height.  

Sample Collection 

Dislodgeable Azoxystrobin 

 Azoxystrobin dislodgeable foliar residue was quantified using a cotton glove hand 

wipe method described by Jeffries et al. (2017). Cotton gloves have been frequently used to 

measure pesticide worker exposure in specialty crops such as fruit bearing trees and vine 

crops (Zweig et al., 1985). This sampling method was validated prior to initiation by wiping 

perennial ryegrass foliage (420 cm2) immediately following pesticide application with four 

gloves and analyzing gloves separately to determine when residue was no longer being 

dislodged. It was determined that two gloves were necessary to quantify dislodgeable 

azoxystrobin from a 420 cm2 area. All cotton glove hand wipe samples were obtained by the 

same person to minimize variation. Sampling was performed by wiping with a cotton glove 
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over a nitrile glove on the dominant hand over a unique area (420 cm2). Constant pressure 

was maintained (2 kPa) at a consistent wiping speed (1.2 km hr–1) and was calibrated 

routinely. Pressure was quantified from palm and backhand wiping motions. To do so, 

contact surface area was determined by spraying a nonporous surface with a green food 

coloring solution and pressing hand to surface as intended for dislodge sampling and contact 

area was quantified by digital image analysis as described by Campillo et al. (2008) to 

determine proportion of green pixels per image of known area. Finally, a perennial ryegrass 

core was collected and secured to a balance and the mass of downward force was measured 

when hand wiping. Pairing the contacted surface area with the mass of downward force when 

wiping allowed for an accurate quantification of pressure employed. Pressure employed was 

representative of 1/3 the pressure exerted by a toddler crawling on hands and knees (Yozu et 

al., 2013). Hand wiping was performed for 30 seconds in a specific pattern (alternating front- 

and backhand surfaces, while adjusting directions, perpendicularly), and the process was 

repeated with a new glove over the same area. During hand wiping, care was taken to avoid 

penetrating deep within the turf canopy and thus reaching the soil level. Following each 

sampling event, the gloves were combined in a glass jar (473 cm3) to create one composite 

sample and stored at –18°C until extraction and analysis. Dislodgeable azoxystrobin was 

quantified as a percent of the theoretical application rate and calculated using the equation: 

 

% dislodged of applied = ([HW µg azoxystrobin cm–2 / 6.1 µg azoxystrobin cm–2] ´ 100) 

 

where HW represents azoxystrobin residue concentration from hand wipe samples relative to 

the azoxystrobin application rate (6.1 µg cm–2). 
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Turfgrass Vegetation Residue  

Vegetation samples were collected at each sample time to quantify azoxystrobin 

persistence in/on foliage, using a golf-course cup cutter (91.5 cm2 [Model 1001-1; Par Aide 

Product Co.]). During core collection, precautions were taken to avoid contact between 

treated vegetation and sampling equipment. After collection, cores were placed upright in 

individual plastic containers (1,230 cm3) with caution to prevent vegetation contact with 

container walls and stored at –18°C until processing. Cores were processed by harvesting all 

aboveground vegetation, fresh wt. recorded, minced using a blender (Cuisinart Compact 

Portable Blending/Chopping System Model CPB-300; Conair Corp.) and stored at –18°C 

until residue analysis. Azoxystrobin vegetation residue was quantified as a percent of 

theoretical application rate and calculated with the equation: 

 

% of applied = ([AV µg azoxystrobin cm–2 / 6.1 µg azoxystrobin cm–2]´ 100) 

 

where AV is azoxystrobin residue from vegetation as a percent of the azoxystrobin 

application rate (6.1 µg cm–2).  

Residue Analyses  

Residue analysis for dislodgeable azoxystrobin and turfgrass vegetation were 

performed utilizing modified methods described by Sundravadana et al. (2008) and Jeffries et 

al. (2016b). All solvents and reagents used for extraction and analyses were HPLC-DAD 

grade. Modifications to Jeffries et al. (2016b) for azoxystrobin dislodgeable foliar residue 

glove samples were allowed to reach room temperature (21°C) prior to extraction. 

Acetonitrile (120 mL) was combined with each composite glove sample and mixed using an 
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orbital shaker (220 rpm [PSU-20i Orbital Shaker; Grant Bio, Inc.]) for 1 h. Following 

mixing, cotton gloves were compressed to remove remaining solution and the extraction 

process was repeated with acetonitrile (50 mL). Extracts were combined and shaken for 5 

min and an aliquot (50 mL) was removed and centrifuged (3,500 rpm; 10 min). Lastly, a 1 

mL aliquot was filtered (0.45-µm polypropylene, Thermo Fisher Scientific, Inc., Pittsburgh, 

PA, USA) and vialed for injection. Modifications to Sundravadana et al. (2008) for 

azoxystrobin vegetation extraction included adding vegetation (3 g) to a glass jar (250 mL) 

and combining with ethyl acetate (60 mL) before mixing with high speed homogenizer (5000 

rpm [Virtis 45 homogenizer, The Virtis Company, Inc.]) for 5 min. After settling for 10 min 

the supernatant (5 mL) was evaporated to dryness via N-EVAP (N-EVAP, Catalog No. 

11250, Organomation Associates, Inc.) and reconstitute in acetonitrile (15 mL). Samples 

were then decanted into Quechers tubes (Q-sep QuEChERS dSPE tubes, Catalog No. 26123, 

Restek Corp.), vortexed (3 min), centrifuged (3,500 rpm; 10 min), filtered (0.45-µm 

polypropylene), and vialed for injection. Peak area measurements (Open LAB CDS 

ChemStation, Version C.01.04, Agilent Technologies, Inc.) were used to quantify 

azoxystrobin concentrations. All samples were injected within 4 h of extraction. The limit of 

detection and limit of quantification was 0.05 mg L–1 and 0.25 mg L–1, respectively. Standard 

solutions were included with each injection and fortification recovery checks for cotton glove 

and vegetation ranged from 95 to 100% and 93 to 106%, respectively. 

Statistical Analyses  

Data were subjected to ANOVA (P < 0.05) using mixed linear models in SAS 

(Version 9.3, SAS Institute, Inc.). Fixed effects were DAT, PAIT, and sample collection time 

within a d while replicate and experimental run were considered random effects. Main effects 
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and their interactions are presented accordingly, with precedent given to significant 

interactions of increasing magnitude (Steel et al., 1997). Means were separated utilizing 

Fisher Protected LSD at P = 0.05. Pearson correlation coefficients (P < 0.05) were calculated 

to examine the relationship between dislodgeable azoxystrobin with selected environmental 

parameters.  

Results and Discussion 

Azoxystrobin Dislodgeability 

ANOVA revealed the main effect of experimental run was not significant; therefore, 

data were pooled over experimental runs. The main effect of DAT and its interactions with 

all fixed sources of variation were significant; therefore, data were sorted and presented by 

DAT for all matrices. Interpretation of results should be done, whilst remembering 144 HAT 

did not receive irrigation until 6 DAT, while 0 and 4 HAT received irrigation on the d of the 

azoxystrobin application. Azoxystrobin was not detected in dislodge samples collected 24 

DAT; thus, data were excluded from the statistical analyses.  

Samples collected 0 HAT revealed that azoxystrobin dislodged declined irrigating 0 

HAT (8.0% of applied) or 4 HAT (8.5%) compared to withholding irrigation until 144 HAT 

(16.9%) (Table 1). These results are consistent with those of Black et al. (1996), who 

examined the dislodgement of chlorpyrifos (KS = 1.4 mg L–1; KOC = 1,250 mL g–1) (USEPA, 

2002) a pesticide possessing similar physicochemical properties to azoxystrobin and reported 

irrigation immediately following chlorpyrifos application to Kentucky bluegrass (Poa 

pratensis L.) reduced dislodgeable foliar residue by greater than 50% compared to non-

irrigated treatments by wiping moistened cheesecloth over the treated area with ten strokes in 

a single direction at 3.5 and 6.5 HAT. Additionally, no differences were observed between 
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samples collected immediately after application compared to samples collected following an 

air-dry period, within each PAIT 0 DAT. The lack of significant differences between 

immediate and air-dry sample collection timing, suggest potential human exposure to 

azoxystrobin is similar when an air-dry period is implemented compared to when it had 

recently been applied. This result does not agree with Sears et al. (1987), who found the 

highest dislodgeable diazinon (KS = 40 mg L–1) (USEPA, 2006) foliar residue from Kentucky 

bluegrass was observed immediately following application (9.8% of applied) and declined to 

2.7% 3 HAT by wiping cheesecloth over treated area with ten strokes in opposing directions. 

Additionally, Jefferies et al. (2016c) reported 9.4% of applied 2,4-D (KS = 796,000 mg L–1) 

(USEPA, 2005) was dislodged from perennial ryegrass immediately following application 

and declined to 0.2% 1 HAT using a roller-based sampling method evaluating a highly 

water-soluble compound. Conflicting results between studies may be due to differences 

between environmental conditions, pesticide physicochemical properties, sampling methods, 

turfgrass species among other factors. Within each PAIT, dislodgeable azoxystrobin declined 

as time between application and sample collection increased due to innate dissipation.  

Treatments irrigated 0 HAT reduced azoxystrobin dislodged (6.8% of applied) 

compared to delaying irrigation 4 HAT (10.3%) 1 DAT (Table 2). Within each DAT, from 2 

to 3 DAT, the previous trend was observed, treatments irrigated 0 HAT (3.6 to 4.7% of 

applied) reduced azoxystrobin dislodged compared to irrigated 4 HAT (5.9 to 7.6%). While 

not statistically permissible, azoxystrobin dislodged increased within treatments irrigated 4 

HAT 1 DAT (10.3% of applied) compared 0 DAT (£ 8.5%) (Table 1). Within each DAT, 

from 1 to 6 DAT, greater than a 2-fold reduction in azoxystrobin dislodged was observed, 

with treatments irrigated 0 HAT (0.1 to 6.8% of applied) compared to withholding irrigation 
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until 144 HAT (1.3 to 15.5%). Similarly, a reduction in azoxystrobin dislodged was 

observed, with treatments irrigated 4 HAT (0.4 to 10.3% of applied) compared to delaying 

irrigation until 144 HAT (1.3 to 15.5%) 1 to 6 DAT. Results from 1 to 6 DAT do not align 

with Black et al. (1996) who reported no significant differences in dislodgeable chlorpyrifos 

between irrigated and non-irrigated treatments beyond 0 DAT, from Kentucky bluegrass. 

Moreover, Hurto and Prinster (1993) reported dislodgeable foliar residue concentrations of 

chlorpyrifos were not affected by irrigation applied after the product had dried (2 h) on 

Kentucky bluegrass 0 DAT. One important element to note when comparing studies was that 

dislodgeable foliar residue concentrations from Black et al. (1996) and Hurto and Prinster 

(1993) never exceeded 1.0% of theoretical application rate at any sample timing and may 

help to explain the lack of statistical significance between irrigated and non-irrigated 

treatments. Azoxystrobin dislodge occurred at 12 DAT (£ 0.2%), across PAIT levels, 

indicating azoxystrobin can dislodge from treated vegetation up to 12 DAT, regardless of 

PAIT level (Table 2). This result agrees with previous reports by Sears et al. (1987) who 

reported similar foliar residue concentrations of chlorpyrifos were dislodged from Kentucky 

bluegrass by wiping moistened cheesecloth over a treated area with ten strokes in opposing 

directions at 14 DAT (< 0.1% of applied).  

Across PAIT levels, greater azoxystrobin was dislodged in AM (7.6 to 12.7% of 

applied) compared to PM (5.3 to 9.0%) from 1 to 3 DAT (Table 3). A 5-fold reduction in 

azoxystrobin dislodged was observed at PM sample collection (0.2% of applied) compared to 

AM sample collection (1.0%) 6 DAT. While statistical separation in dislodgeable 

azoxystrobin was detected between AM and PM sample collections, it’s important to note 

that from 1 to 3 DAT, differences never exceeded 1.5-fold. This finding suggests that 
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potential human exposure to azoxystrobin via dislodge from treated turfgrass is fairly similar 

throughout the d in days following an application.  

Previous research evaluating dislodgeable 2,4-D from turfgrass with similar sample 

timings determined dislodge fluctuated within a d (Jeffries et al., 2016a), but reported 

differences were at much greater magnitudes. More specifically, 2.1 to 4.0% of applied was 

dislodged at 5:00:00 EST at 1 and 2 DAT, while < 0.1% was dislodged at 13:00:00 over this 

time (Jeffries et al., 2016a). The authors attributed this in part to 2,4-D’s high water solubility 

(KS = 796,000 mg L–1) coupled with daily fluctuations in turfgrass canopy moisture and 

speculated this as due to compound re-suspending on treated vegetation in the presence of 

canopy moisture (Jeffries et al., 2016a). In comparison, azoxystrobin possesses a much lower 

water solubility (KS = 6 mg L–1), suggesting it would be less likely to re-suspend on turfgrass 

foliage when moisture is present. This outcome suggests the chemical properties of a 

compound are highly influential when quantifying dislodgeable foliar residues for a specific 

pesticide over time; however, additional research is needed to confirm this hypothesis. One 

could hypothesize, the less pronounced differences could be due to the absence of canopy 

moisture during AM collection timings; however, moisture measurements recorded within 

the trial area at each sample timing along with recorded environmental parameters, confirm 

conditions were favorable for dislodge at each AM sampling event. More specifically, 

moisture measurements taken at each AM sample timing from 1 to 6 DAT averaged 86 

mL/m2 whereas, all moisture measurements taken during PM samplings were 0 mL/m2. 

Additionally, previous research has shown that canopy moisture is present at or above 71% 

relative humidity (RH) on perennial ryegrass (Kruit et al., 2008). In presented research, AM 

sample timings from 1 to 3 DAT, RH ranged from 77 to 93%, while PM sample timings 
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ranged from 49 to 70% during the trial period, suggesting conditions were favorable for 

moisture development.  

Environmental Condition Correlations with Dislodgeable Azoxystrobin  

Environmental conditions from 1 to 6 DAT suggest conditions favoring turfgrass 

canopy moisture development may be correlated to dislodgeable azoxystrobin (Table 4). 

Relationships between environmental conditions and dislodgeable azoxystrobin were 

calculated for each PAIT level. Relative humidity is a unitless ratio used to quantify the 

amount of atmospheric moisture relative to saturated air, expressed as a percent (Lawrence, 

2005). Dew point is the air temperature below which moisture in the air condenses forming 

dew, with higher values indicating higher moisture contents in air (Lutgens et al., 2007). 

While these parameters do not solely influence turfgrass canopy moisture, increasing relative 

humidity and decreasing differences between air temperature and dew point suggest canopy 

moisture development becomes more likely (Jeffries et al., 2016a).  

Overall, minimal differences were observed between PAIT levels and their 

corresponding correlations. Azoxystrobin dislodgeability was strongly correlated (r = –0.49 

to –0.51) with air temperature–dew point, suggesting azoxystrobin dislodgment increased as 

air temperature approached dew point (Table 4). Additionally, strong correlations were 

detected between azoxystrobin dislodgment and leaf wetness (r = 0.42 to 0.47) and relative 

humidity (r = 0.49 to 0.51), implying azoxystrobin dislodgment increased as leaf wetness and 

atmospheric moisture increased. This result aligns with previous reports regarding slope and 

direction; however, Jeffries et al. (2016c) reported increased linearity. Specifically, Jeffries et 

al. (2016c) stated correlations weakened as DAT increased and reported correlations between 

dislodgeable 2,4-D 1 DAT and air temperature – dew point (r = –0.73; P < 0.0001) and 
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relative humidity (r = 0.69; P < 0.0001). Discrepancies between previous reports and results 

in this experiment may be explained by differences in water solubility between 2,4-D and 

azoxystrobin as previously noted, but cannot be confirmed. Results from this experiment 

highlight the variability that exists within estimating pesticide dislodgeable foliar residues 

based solely on time from application and environmental conditions.  

Azoxystrobin Vegetation Residue     

Overall, PAIT had a significant impact on azoxystrobin residue found in/on turfgrass 

vegetation. 0 DAT, treatments irrigated 0 HAT reduced azoxystrobin vegetation residue 

(33% of applied) compared to irrigated 4 HAT (58%), which were both reduced compared to 

withholding irrigation until 144 HAT (94%) (Table 5). From 1 to 6 DAT, treatments irrigated 

0 HAT (9 to 26% of applied) reduced azoxystrobin vegetation residue 2-fold compared to 

irrigated 4 HAT (21 to 54%), while greater than a 3-fold reduction was observed between 

treatments irrigated 0 HAT compared to withholding irrigation for 144 HAT (42 to 86% of 

applied). At 12 DAT, treatments irrigated 144 HAT resulted in the greatest residue (17% of 

applied), followed by irrigated 4 HAT (11%), which were both greater than irrigated 0 HAT 

(6%). Overall, PAIT had a significant impact on azoxystrobin residue found in/on 

aboveground vegetation. Differences in azoxystrobin vegetation residue levels resulting from 

varying PAIT do not align with Hurto and Prinster (1993) who reported irrigating 2 HAT 

following application did not impact chlorpyrifos levels in clippings collected from treated 

Kentucky bluegrass. More specifically, Hurto and Prinster (1993) reported no differences in 

chlorpyrifos levels from treatments irrigated 2 HAT (7.5% of applied) compared to non-

irrigated treatments (7.1%) 1 DAT. As previously noted, physicochemical properties and 

turfgrass species may be contributing factors in explaining discrepancies between results; 
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however, the vast differences (>11-fold) between the highest residue level found in/on 

vegetation 1 DAT in this study (86% of applied) compared to Hurto and Prinster (1993) is 

not likely explained by these factors alone. It can be speculated that improvements in sample 

preparation, extraction and/or analytical techniques in the past 20 yr have resulted in more 

precise residue quantification.  

Although statistical separation is not permissible at 24 DAT, azoxystrobin residue 

detection occurred across PAIT levels, ranging from 4 to 8% of applied. The lack of 

statistical separation between PAIT levels at 24 DAT is possibly linked to all plots receiving 

irrigation and precipitation that occurred past the 6 d covering period. Moreover, residue 

detection across all PAIT levels at 24 DAT confirm azoxystrobin presence past the minimal 

advised application interval (³ 14 d) (Anonymous, 2015). This indicates, regardless of PAIT, 

azoxystrobin persisted within the turfgrass canopy through a time, when an additional 

application could be made if deemed necessary. Lastly, azoxystrobin detection at 24 DAT, 

indicates off-target movement is possible for at least this duration following application. This 

result aligns with previous reports by Jeffries et al. (2016b) who reported azoxystrobin 

concentrations in turfgrass clippings £ 2.5% of applied and £ 0.3% at 16 and 32 DAT. These 

findings suggest, if clippings are collected, practitioners should be cognizant of this 

persistence when disposing of treated clippings, avoiding areas that may contain highly 

sensitive species.  

Azoxystrobin dislodge has been discussed as a percent of the theoretical application 

rate; however, this technique does not account for pesticide dissipation over time. ANOVA 

determined the main effect of PAIT was not significant, when azoxystrobin dislodge is 

calculated as a percent of vegetation residue. From 1 to 12 DAT, azoxystrobin dislodged 
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ranged from <0.1 to 26.5% of vegetation residue, across PAIT levels (P = 0.07) (Table 6); 

implying, regardless of PAIT level, the sampling method dislodged similar azoxystrobin 

amounts proportionally to residue concentrations present and helps to confirm the efficiency 

of the cotton glove hand wipe sampling method. Additionally, no significant differences 

within each PAIT from 1 to 3 DAT illuminates how azoxystrobin dislodge mimic 

azoxystrobin dissipation from turfgrass vegetation over time and demonstrates the 

importance of generating pesticide dissipation curves to further identify human pesticide 

exposure dynamics.  

Examining both dislodge and vegetation results, the greatest reduction in 

azoxystrobin residue was observed by irrigating immediately following an azoxystrobin 

application (0 HAT). This outcome suggests that if human exposure is expected, irrigating 

immediately is the most impactful in terms of reducing potential human exposure. To better 

quantify potential human azoxystrobin exposure utilizing data from this research, 

azoxystrobin daily dermal exposure can be calculated with the equation obtained from the 

2012 EPA Standard Operating Procedures for Residential Pesticide Exposure Assessment 

(Post-Application Dermal Exposure – Physical Activities on Turf):  

E = TTRt * CF1 * TC * ET 

where E = exposure (mg d–1); TTRt = turf transferable residue on d t (X ug cm2); CF1 = 

weight unit conversion factor (0.001 mg ug–1); TC = transfer coefficient (49,000 cm2 h–1; 1 to 

2 yr children); and ET = exposure time (1.5 hr d–1; 1 to 2 yr children) in the algorithm. 

Estimates for TC and ET are found in the EPA risk assessment, while TTRt (X ug 

azoxystrobin cm2) represents residue amounts dislodged in the presented research (USEPA, 

2012). Inserting described values into the equation, it was calculated at 1 DAT a human 
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would be exposed to 68 mg azoxystrobin d–1 with treatments irrigated 144 HAT, compared to 

45 mg azoxystrobin d–1 irrigated 4 HAT and finally, 30 mg azoxystrobin d–1 irrigated 

immediately (0 HAT) following application. Adjusting the maximum daily exposure value 

(68 mg azoxystrobin d–1) for a 4% azoxystrobin absorption rate used in the US EPA risk 

assessment produces a value of 2.7 mg azoxystrobin d–1 (USEPA, 1997). Using the short-

term dermal (21 d) no observed adverse effects level (NOAEL) value of 1,000 mg kg–1 d–1 

obtained from the EPA risk assessment, it was determined an avg. 1 to 2 yr child (11 kg) may 

be dermally exposed to 11,000 mg azoxystrobin d–1 without adverse effects (USEPA, 1997). 

Pairing the highest observed dose from presented research (2.7 mg azoxystrobin d–1) to the 

minimum dose where adverse effect can be expected (11,000 mg kg–1 azoxystrobin d–1), it 

can be estimated that a treated area of ³170 m2 with extensive skin-to-turfgrass contact 

would be required to exceed the established NOAEL for an avg. 1 to 2 yr child. From this 

result, it can be concluded azoxystrobin poses slight risk to end-users utilizing recently 

treated turfgrass areas and aligns with EPA dermal toxicity classification of azoxystrobin as 

‘toxicity category III’ implying azoxystrobin is slightly toxic, slightly irritating (USEPA, 

1997). Data from this study cannot be extrapolated to all compounds or all fungicides but 

pesticides possessing similar physiochemical properties may be applicable in terms of 

transfer rates. If we use vinclozolin, a fungicide with a vastly lower NOAEL (3 mg kg–1 d–1), 

higher skin absorption rate (25%) and possessing similar physicochemical properties (KS = 

3.4 mg L–1; KOC = 260 mL g–1) to azoxystrobin as a surrogate we can speculate that daily 

dermal exposure allowances would rapidly be exceeded (USEPA, 2000). To our knowledge, 

previous research efforts have not examined the impact of post-application irrigation on 

azoxystrobin efficacy; therefore, findings from this experiment should to be paired with 
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disease severity data to determine if post-application irrigation has an objectionable impact 

on azoxystrobin efficacy.   

Conclusions 

Currently, azoxystrobin labels provide very few guidelines regarding irrigation 

following application. When guidelines are provided, they usually pertain to targeting 

specific pathogens to promote adequate pest control, which is essential; however, such 

guidelines are non-specific regarding timing. In summary, human exposure to azoxystrobin 

from perennial ryegrass is reduced by irrigation following application. Results from this 

experiment highlight the effectiveness of irrigation for reducing dislodgeable azoxystrobin, 

with PAIT closest to application having the largest impact.  

Based off azoxystrobin dislodgeable foliar residue measured via cotton glove hand 

wipe in this research, a relatively comprehensive approach compared to anticipated skin-to-

turfgrass contact during physical activates, it can be speculated that dislodgeable foliar 

residue concentrations are potentially magnified. More specifically, it should be noted that 

hand sampling can dislodge more pesticide residue than other roller-based sampling methods 

(Jeffries et. al., 2017); therefore, this method provides pertinent information for generating 

the upper limits in human exposure assessments. Additionally, the discrepancy between the 

magnitude of sample collection timing significance in this experiment compared to Jeffries et 

al. (2016a) underscores the importance of conducting dislodgeable foliar residue studies 

using pesticides with varying physicochemical properties at various sample timings within a 

d. Future research is needed to investigate the effect of turfgrass species, sampling method, 

formulation and/or adjuvants, as well as, the impact of adjusting application parameters such 
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as application timing, nozzle selection or carrier volume for reducing dislodgeable 

azoxystrobin. 
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Table 1. Effect of post-application irrigation timing on 
dislodgeable azoxystrobin from perennial ryegrass (Lolium 
perenne) foliage, 0 d after treatment. 
Post-application 
irrigation timing† Immediate Air dry 

(h) _________ % dislodged of applied _________ 
0‡ 8.0 8.3 
4§ 8.5 8.4 
144¶ 16.9 16.3 
LSD0.05 _____________________ 1.9 _____________________ 
† 0.6 cm H2O irrigation applied. 
‡ Samples collected at 14:00:00 and 16:00:00 Eastern 
Standard Time, 0 and 2 h after irrigation, respectively.  
§ Samples collected at 18:00:00 and 20:00:00 Eastern 
Standard Time, 0 and 2 h after irrigation, respectively. 
¶ Samples collected at 14:00:00 and 16:00:00 Eastern 
Standard Time 0 and 2 h after application, respectively. 
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Table 2. Effect of post-application irrigation timing on dislodgeable azoxystrobin from perennial ryegrass (Lolium 
perenne) foliage, 1 to 12 d after treatment. 
Post-application 
irrigation timing† 

______________________________ Days after treatment ______________________________  
1 2 3 6 12‡ LSD0.05 

(h) ____________________________ % dislodged of applied ____________________________  

0  6.8 4.7 3.6 <0.1 <0.1 0.6 
4  10.3 7.6 5.9 0.4 <0.1 0.6 
144  15.5 12.3 9.9 1.3 0.2 1.3 
LSD0.05

 1.1 1.0 1.1 0.3 NS§ _________ 

† 0.6 cm H2O irrigation applied. 
‡ Data from 24 d after treatment not included in statistical analyses due to nondetection. 

§ Nonsignificant. 
  



 

 43 

Table 3. Effect of sample collection timing on dislodgeable azoxystrobin from perennial ryegrass (Lolium perenne) 
foliage, 1 to 12 d after treatment. 
Sample collection 
time within a d 

______________________________ Days after treatment ______________________________  
1 2 3 6 12† LSD0.05 

 ____________________________ % dislodged of applied ____________________________  
AM‡ 12.7 9.8 7.6 1.0 0.1 0.7 
PM§ 9.0 6.5 5.3 0.2 <0.1 0.5 
LSD0.05

 1.1 1.4 1.1 0.2 NS¶ _________ 

† Data from 24 d after treatment not included in statistical analyses due to consistent nondetection.  
‡ AM, 7:00:00:00 EST. 

§ PM, 14:00:00:00 EST. 
¶ Nonsignificant. 
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Table 4. Pearson correlation coefficients quantifying the relationship between environmental 
parameters and dislodgeable azoxystrobin residue from perennial ryegrass (Lolium perenne) 
foliage, 1 to 6 d after treatment.†‡ 

 _____________ % azoxystrobin dislodged of applied _________________ 

 _________________ Post-application irrigation timing _________________ 
Environmental parameter 0 h 4 h 144 h 
 ____________________________________ r ____________________________________ 

Air temp-dew point  –0.51**** –0.49**** –0.50**** 
Leaf wetness 0.46*** 0.42*** 0.47**** 
Relative humidity 0.51**** 0.49**** 0.51**** 
*** Significant at the 0.001 level; **** significant at the 0.0001 level.  
† Data pooled over experimental runs post-application irrigation timings, and application 
timings. 
‡ Environmental conditions recorded on site at the Lake Wheeler Turfgrass Field Lab 
(Raleigh, NC). 
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Table 5. Effect of post-application irrigation timing on azoxystrobin residue in/on perennial ryegrass (Lolium perenne) 
vegetation, 0 to 24 d after treatment. 
Post-application 
irrigation timing† 

_________________________________ Days after treatment _________________________________  
0‡ 1 2 3 6 12 24 LSD0.05 

(h) _____________________________________ % of applied ______________________________________  
0 33 26 19 15 9 6 4 3 
4 58 54 40 31 21 11 7 7 
144 94 86 78 63 42 17 8 8 
LSD0.05 24 18 11 11 9 5 NS§ ________ 
† 0.6 cm H2O irrigation applied. 
‡ 0 d after treatment samples were analyzed separately from 1-24 d after treatment samples.   

§ Nonsignificant. 
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Table 6. Effect of post-application irrigation timing on dislodgeable azoxystrobin residue relative to the total residue 
in/on perennial ryegrass (Lolium perenne) vegetation, 1 to 12 days after treatment. 
Post-application 
irrigation timing† 

________________________________ Days after treatment ________________________________  
0‡ 1 2 3 6 12§ LSD0.05 

(h) ________________________ % dislodged of vegetation residue ________________________  
0  20.8 26.5 24.5 24.5 0.9 <0.1 5.2 
4  22.8 19.9 19.6 19.7 1.9 <0.1 3.4 
144  15.8 17.7 16.1 16.3 3.2 1.3 3.1 
LSD0.05 __________________________________________ NS¶ __________________________________________ _________ 
† 0.6 cm H2O irrigation applied. 
‡ 0 d after treatment samples were analyzed separately from 1-12 d after treatment samples.  

§ Data from 24 d after treatment not included in statistical analyses due to consistent nondetection. 

¶ Nonsignificant. 
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CHAPTER 2: FORMULATION, APPLICATION TIMING AND POST-
APPLICATION IRRIGTATION TIMING AFFECT ON DISLODGEABLE 

AZOXYSTROBIN RESIDUE FROM TURFGRASS 
 

Formatted for publication in Crop Science 

 

Patrick J. Maxwell1*, Travis W. Gannon1 and Richard J. Cooper1  

 

Azoxystrobin is a broad-spectrum strobilurin fungicide widely used in turfgrass. 

Research has shown that various management practices influence pesticide dislodgement 

from turfgrass; however, limited research has been performed quantifying these practices 

impact on dislodgeable azoxystrobin. A field experiment was conducted in Raleigh, NC to 

quantify dislodgeable azoxystrobin (0.61 kg a.i. ha–1) foliar residue from tall fescue across 

formulations (liquid or granular), application timings (7:00 or 14:00 Eastern Standard Time) 

and post-application irrigation timings (4 or 48 h after treatment [HAT]). Sample collection 

occurred 1, 2, 3, 4, 8 or 16 d after treatment (DAT). From 1 to 4 DAT granular applied 

azoxystrobin (0.1 to 2.1% of applied) reduced azoxystrobin dislodged 3- to 9-fold compared 

to liquid applied azoxystrobin (0.7 to 6.8%). Delaying post-application irrigation until 48 

HAT (0.7 to 7.6% of applied) resulted in a 4-fold increase in azoxystrobin dislodged 

compared to irrigation 4 HAT (0.1 to 1.1%) from 1 to 4 DAT. Information from this study 

will improve our understanding of factors affecting dislodgeable pesticide residues and can 

be incorporated into turfgrass management strategies to minimize potential human pesticide 

exposure. 
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Introduction 

In the contiguous United States, turfgrasses are grown on over 163,000 km2 (Milesi et 

al., 2005), which is greater than the states of Virginia, Maryland and Delaware combined 

(159,000 km2; United States Census Bureau, 2010). Urbanization in the United States is 

projected to continue to increase, signifying a continued expansion of land area covered with 

turfgrasses (Alig et al., 2004; Bremer et al., 2015). Turfgrass, unlike traditional agricultural 

systems, derives its value from the functional, recreational and aesthetic benefits provided by 

these systems and thus pesticides are commonly applied to these areas to maintain desired 

quality and functionality (Bread et al., 1994). The United States Environmental Protection 

Agency (USEPA) reported that 42 million kg synthetic pesticides were applied to non-

cropland areas, including turfgrass in 2012, which accounted for ~11% of total pesticide use 

in the United States (Atwood and Paisley-Jones 2017). Additionally, the USEPA estimates 

that 88 million U.S. households use or store pesticides annually, which equates to ~75% of 

all U.S. households (Atwood and Paisley-Jones 2017; United States Census Bureau, 2012). 

Due to this abundance of pesticides and the proximity of their use in populated areas, human 

health concerns associated with pesticide use are common (Mascarelli, 2013). In response to 

these concerns, governments are placing added restrictions on the amounts, classes and 

frequency of pesticides permitted in urban settings (Reedich et al., 2017). For example, 

Montgomery Country in Maryland imposed and is implementing a complete ban on the use 

of synthetic pesticides in home lawns (Pulliam, 2016).  

The most popular cool-season turfgrass species for lawns in the United States 

transitional climatic zone is tall fescue [Lolium arundinaceum (Schreb.) S.J. Darbyshire] 

(Law et al., 2016). When grown in this zone, the quality of tall fescue decreases during 
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summer months due to severe disease pressure (Yuan et al., 2014). To offset these latent 

effects, fungicides are often applied to tall fescue when conditions favor disease development 

(Smiley et al., 2005). Azoxystrobin (methyl(E)-2-{2[6-(2-cyanophenoxy)pyrmidin-4-

yloxy]phenyl}-3-methoxyacrylate) is a broad spectrum strobilurin fungicide with acropetal 

systemic capabilities, used for controlling turfgrass diseases including brown patch 

(Rhizoctonia soliani) (Blazier et al., 2004; Syngenta Crop Protection, 2015a). Brown patch 

caused by Rhizoctoina soliani is the most severe and frequently occurring disease on tall 

fescue lawns under warm and humid weather conditions (Dong et al., 2007). Currently, 

azoxystrobin is registered in numerous turfgrass use sites including athletic fields, 

commercial/residential lawns, golf courses, and parks (Syngenta Crop Protection, 2015a).  

Once applied to turfgrass, pesticides are subject to numerous processes, including 

transfer from treated to non-treated surfaces and represent a significant human exposure 

pathway. If a pesticide is transferred to human skin, exposure can occur via dermal 

absorption, as well as nondietary ingestion (Cohen-Hubal et al., 2000). While, nondietary 

ingestion is not considered an extensive pathway of exposure in adults, due to the frequency 

of hand-to-mouth contact exhibited by children (0 – 4 yr), the significance of this pathway 

may be magnified (Zartarian et al., 2000). Inhalation is also a potential route, but one of 

much lower magnitude due to the low volatility of most commercial products, notably 

azoxystrobin which possesses a very low vapor pressure (1.1 x 10–13 mm Hg; 20°C), 

implying minimal volatilization (USEPA, 1997; Williams et al., 2003). Additional chemical 

properties pertaining to azoxystrobin transport from the intended site include: low water 

solubility (KS = 6 mg L–1; pH 7.14), moderate field soil half-life (T1/2 = 28 to 85 d) and 

moderate soil-organic carbon partition coefficient (KOC = 210 to 580 mL g–1) (Ferguson et 
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al., 1995; USEPA, 1997).  

Quantifying human exposure and transport processes following pesticide applications 

are critical for generating human risk assessments. One such test required by the USEPA for 

pesticide registration or re-registration is dislodgeable foliar residue dissipation tests 

(USEPA, 2016). The objective of these tests is to quantify pesticide residues that can be 

dislodged from treated vegetation onto human skin/clothing or inhaled to estimate potential 

human exposure levels within occupational and non-occupational activities on treated 

surfaces (USEPA, 1996). Currently, USEPA protocol guidelines pertaining to application 

and post-application management practices are nonspecific and coupled with the lack of non-

occupational re-entry intervals in most turfgrass use sites, advisable procedures for safe re-

entry into recently treated areas is scarce.  

Previous research indicates that pesticide dislodgement may be reduced by applying 

granular- in lieu of liquid-formulated products as well as irrigating treated areas. In 

independent studies, Thompson et al. (1984) and Sears et al. (1987) reported <0.01% of the 

applied 2,4-D and diazinon were dislodged from Kentucky bluegrass (Poa pratensis L.) after 

treated areas were subjected to water inputs (18 mm) £1 d after treatment, suggesting post-

application irrigation may reduce dislodgeable pesticide residues. Additionally, Sears et al. 

(1987) reported liquid applied diazinon was up to 20-fold more dislodgeable than granular 

applied diazinon immediately following treatment. Similarly, Thompson et al. (1984) 

observed up to a 15-fold reduction in 2,4-D dislodged with granular formulated 2,4-D 

compared to liquid formulated 2,4-D immediately following treatment. Furthermore, it has 

been reported that granular broadleaf herbicides applied in the presence of canopy moisture 

may enhance efficacy compared to when applied without canopy moisture (Lewis et al., 
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2013). This result is attributed to canopy moisture improving the adhesion of granules to the 

foliar surfaces (Loughner and Nolting, 2010), and thereby increasing foliar uptake (Lewis et 

al., 2013). While it’s important to note that azoxystrobin leaf absorption is classified as low 

(Bartlett et al., 2001), the phenomenon of granules adhering to foliar surfaces in the presence 

of canopy moisture may have ramifications in terms of dislodgeability.  

The objectives of this research were to quantify dislodgeable azoxystrobin foliar 

residue from tall fescue to elucidate the effect of formulation, application timing, and post-

application irrigation timing (PAIT) over days following treatment. We hypothesized 

azoxystrobin dislodgeability would vary between formulations, application timings, and post-

application irrigation timing over time.  

Material and Methods 

Site Description 

Experiments were initiated 29 Aug. and 5 Sept. 2016 in Raleigh, NC (35°44’12.34” N 

78°40’49.75” W) on established tall fescue maintained at 9 cm height of cut and grown on a 

sandy clay loam soil with pH 6.2 and 1.7% organic matter w/w. Research was performed on 

disease- and weed-free areas that had not received azoxystrobin for two years prior to trial 

initiation and no supplementary fertilizers, pesticides or plant growth regulators were applied 

to areas during the research period.  

Experimental Design 

Experiments were conducted as a split plot, randomized complete block design with 

four replicates of a 2-by-2-by-2-by-6 factorial treatment arrangement. Main plots were 

stripped by azoxystrobin formulation (liquid or granular), with subplots split by PAIT at two 

levels (4 h after treatment [HAT] or 48 HAT). Sub-subplots were blocked by application 



 

 53 

timing at two levels (7:00 or 14:00 EST), with sample collection occurring at 7:00 EST in 

each of six d after treatment (DAT; 1, 2, 3, 4, 8 or 16 DAT). Samples were also collected 

immediately following each application timing and 2 h after each application; however, these 

samples were statistically analyzed separately due to differing sample collection timings 

from other samples collected beyond 0 DAT. Nontreated vegetation checks were collected in 

all experimental blocks to confirm trial areas were not contaminated.  

Experiment Initiation 

One d prior to treatment, areas were mown (clippings collected) and irrigated to field 

capacity. Experimental areas were covered (did not contact vegetation) during rainfall events 

for 8 d and not mown for 16 d following treatment. At experiment initiation, azoxystrobin 

was applied at the highest labeled application rate (0.61 kg a.i. ha–1; Heritage, Syngenta Crop 

Protection, Inc., Greensboro) to main plots measuring 1.5 by 3 m (1 m alleys between blocks 

and replications) at 7:00 (canopy moisture present) or 14:00 EST (canopy moisture absent). 

Liquid azoxystrobin was applied using a hand-held CO2-pressurized sprayer comprised of 

four 8006 XR VS flat-fan nozzles (TeeJet; Glendale Heights, IL) calibrated at 186 kPa to 

deliver the lowest labeled carrier volume (813 L ha–1; Heritage, Syngenta Crop Protection 

Inc., Greensboro, NC) to maximize foliar retention. Granular azoxystrobin was applied using 

a drop spreader (SSD Model 0115; The Andersons, Inc., Maumee, OH) at the same rate of 

a.i. as previously described. To ensure azoxystrobin liquid formulation was applied at the 

intended rate, recovery pads (350 cm2, 0.35 mm Fisherbrand Pure Cellulose Chromatography 

Paper, Thermo Fisher Scientific, Inc., Pittsburgh, PA) were randomly placed throughout the 

trial area at the beginning of each application and collected following treatments for 

subsequent high performance liquid chromatography-diode array detector (HPLC-DAD) 
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quantification. No measures beyond calibration were made to confirm granular application 

rate. Irrigation was applied following azoxystrobin application with an eight-nozzle boom 

equipped with 8008 XR VS flat-fan nozzles that were calibrated at 172 kPa to deliver 0.6 cm 

H2O plot–1 over four passes. Nozzle–pressure combination was chosen to yield droplet size 

spectra that falls within the spectrum delivered by commercially available rotary style 

irrigation heads (DeBoer et al., 2001; Kincaid et al., 1996; TeeJet, 2011).  

Sample Collection 

Dislodgeable azoxystrobin was quantified by wiping a cotton glove over a defined 

area (420 cm2) within a unique plot as described by Jeffries et al. (2017). Cotton gloves are 

frequently used in pesticide risk assessments to measure pesticide loading to hands in orchard 

and vineyard crops (Zweig et al., 1985), where repetitive hand contact with treated surfaces 

are inevitable. Though preliminary efforts, the cotton glove hand wipe method was validated 

by wiping a tall fescue area (420 cm2) immediately following an azoxystrobin application 

with four gloves and analyzing each individually to establish when foliar residue ceased to be 

dislodged. It was determined that two gloves were necessary to avoid overloading cotton 

matrix when sampling 420 cm2 tall fescue area. To minimize variability between and within 

treatments, all cotton glove hand wipe samples were generated by the same person. Sample 

collection begin by placing a cotton glove over a nitrile glove on the dominant hand and 

wiping over a unique area (420 cm2) for 30 s in a specific pattern (alternating front- and 

back-hand surfaces, while adjusting directions, perpendicularly), and the process repeated 

with a new glove over the same area. Constant pressure was exhibited (2 kPa) at a consistent 

wiping speed (1.2 km hr–1) and checked routinely. Pressure employed was representative of 

1/3 the pressure exerted by a toddler crawling on hands and knees (Yozu et al., 2013). 
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Furthermore, throughout hand wiping, precautions were taken to avoid penetrating beyond 

the upper turfgrass canopy to prevent incidental contact with the soil surface. Following each 

hand wiping event, the two cotton glove samples were combined in a glass jar (473 cm3) to 

create one composite sample and frozen (–12°C) until analysis. Dislodgeable azoxystrobin 

was calculated as a percent of the theoretical application rate, using the equation:  

 

% dislodged of applied = {[(HW µg azoxystrobin cm–2) / 6.1 µg azoxystrobin cm–2] ´ 100} 

 

where HW represents azoxystrobin residue from hand wipe samples as a percent of the 

theoretical application rate (6.1 µg azoxystrobin cm–2).  

Environmental Conditions 

Select environmental parameters including air temperature, canopy moisture, dew 

point, relative humidity and wind speed were recorded throughout the trial period to be 

correlated with dislodgeable azoxystrobin. Excluding canopy moisture, all environmental 

parameters were collected with an on-site weather station. Canopy moisture was measured in 

an identical fashion as cotton glove hand wipe, in terms of wiping- speed, pressure, area and 

motion with two additional steps. First, two gloves were placed in plastic bags separately and 

weighed individually. At each sample collection timing, two undisturbed tall fescue areas 

adjacent to the trial area were chosen and sampled before and following sample collection. 

The gloves were weighted and the change in pre- and post-sampling weights generated a 

quantifiable measurement of canopy moisture over the duration of each sampling d, reported 

in mL/m2.  
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Residue Analysis  

Azoxystrobin residue quantification was conducted via modifications to 

Sundravadana et al. (2008) including extraction solvent (3:2 acetonitrile:water) and 

extraction final volume (1 mL). All solvents and reagents used were HPLC grade. 

Modifications to Sundravadana et al. (2008) begin by allowing cotton glove samples to thaw 

to room temperature (21°C) prior to any extraction steps. After thawing, acetonitrile (120 

mL) was added to each composite glove sample and agitated with an orbital shaker (200 rpm 

[PSU-20i Orbital Shaker; Grant Bio, Inc., Cambridge, UK]) for 1 h. Following shaking, 

cotton gloves were compressed to collect any remaining solution and the process repeated 

with acetonitrile (50 mL) to create two unique extracts. Next, the two extracts were combined 

and placed on an orbital shaker for 5 min and an aliquot (50 mL) was retrieved and 

centrifuged (3500 rpm; 10 min). Lastly, a 1 mL aliquot was filtered (0.45-µm polytetra-

fluoroethylene filter; Thermo Fisher Scientific Inc., Pittsburgh, PA) and vialed for injection. 

All samples were injected the d they were extracted. Azoxystrobin residue was quantified 

using HPLC-DAD (1260 Infinity HPLC-DAD, Agilent Technologies, Inc., Wilmington, DE) 

methodology. Parameters pertaining to injection included an HPLC-DAD equipped with a 

C18 silica column, (75 mm length ´ 4.6 mm i.d. [Poroschell 120 EC, Agilent Technologies 

Inc., Wilmington, DE]) a column temperature of 32°C; 3:2 acetonitrile:water + 0.1% formic 

acid by volume mobile phase; 1 mL min–1 flow rate; 10 µL injection volume. Azoxystrobin 

retention time was 1.52 min at 230 nm wavelength. Azoxystrobin residue was quantified 

using peak area measurements (OpenLAB CDS ChemStation, Version C.01.04, Agilent 

Technologies Inc., Wilmington, DE). Residue concentrations outside the calibration curve 

were concentrated or diluted and re-injected for analysis. The limits of detection and 
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quantification were 0.05 mg L–1 and 0.25 mg L–1, respectively, while maintaining a signal to 

noise ratio at 3:1. With every injection, standard solutions were included and fortification 

recovery checks ranged from 83 to 102% across all analyses performed in the presented 

research.  

Statistical Analyses  

Data were subjected to ANOVA (P < 0.05) using mixed linear models (Statistical 

Analysis Software, Version 9.4, SAS Institute, Cary, NC). Formulation, application timing, d 

after treatment and post-application irrigation timing were considered fixed effects, while 

experimental run and replicate were considered random effects as described by Carmer et al. 

(1989). Main effects and their interactions are presented accordingly, with precedent given to 

interactions of increasing magnitude (Steel et al., 1997). Means were separated using Fisher’s 

Protected LSD (P = 0.05) and Pearson correlation coefficients (P < 0.05) were used to assess 

the relationship between selected environmental parameters and dislodgeable azoxystrobin.  

Results and Discussion 

Azoxystrobin Dislodgeability  

Application recovery check pads determined liquid applied azoxystrobin application 

at 92 to 105% of the nominal rate across experimental runs. Azoxystrobin residue detection 

did not occur in dislodge samples collected 16 DAT; thus, these data were excluded from 

statistical analyses. Nondetection at 16 DAT may be a consequence of precipitation or 

irrigation events that occurred following 8 DAT sample collection. ANOVA revealed the 

main effect of experimental run was nonsignificant; therefore, data were pooled over 

experimental runs. Finally, ANOVA determined the main effect of DAT and all its 
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interactions with fixed sources of variation were significant; therefore, data were analyzed 

and reported by DAT.  

Samples collected immediately following application resulted in a 9-fold increase in 

dislodgeable azoxystrobin with liquid (16.7% of applied) compared to granular formulated 

azoxystrobin (1.8%) 0 DAT (Table 1). From 1 to 2 DAT, granular formulated azoxystrobin 

(1.3 to 2.1 % of applied) resulted in greater than a 3-fold reduction in azoxystrobin dislodged 

compared to liquid formulated azoxystrobin (4.2 to 6.8%). Although not statically 

permissible for comparison, dislodgeable azoxystrobin increased within granular applied 

from 0 DAT (1.8% of applied) to 1 DAT (2.1%). This observation aligns with Thompson et 

al. (1984) who reported an increase in dislodgeable 2,4-D in granular formulated 2,4-D from 

0 DAT (0.2% of applied) to 1 DAT (0.5%), by vigorously wiping moistened cheese-cloth 

over a 1 m2 Kentucky bluegrass area. The authors attributed this to the release of the a.i. from 

granules in the time between sample collection 0 DAT and 1 DAT. The trend amplified at 3 

and 4 DAT, where the liquid formulation (0.7 to 1.9% of applied) produced greater than a 7-

fold increase in azoxystrobin dislodged compared to granular formulation (0.1 to 0.2%). The 

lack of significant differences between granular and liquid formulations past 4 DAT aligns 

with previous reports by Thompson et al. (1984), Sears et al. (1987) and Nishioka et al. 

(2002). Finally, within each formulation, azoxystrobin dislodged declined as time between 

application and sample collection increased due to inherent dissipation.  

At 1 DAT, treatments irrigated 4 HAT (1.3% of applied) reduced azoxystrobin 

dislodged by greater than 5-fold compared to delaying irrigation to 48 HAT (7.6%) (Table 2). 

Treatments irrigated 4 HAT (1.1% of applied) reduced azoxystrobin dislodged by 4-fold 

compared to withholding irrigation to 48 HAT (4.4%) 2 DAT. The trend continued from 3 to 
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4 DAT by which time all plots had received irrigation, where treatments irrigated 4 HAT (0.1 

to 0.3% of applied) reduced azoxystrobin dislodged by 5-fold compared to treatments 

irrigated 48 HAT (0.7 to 1.7%) Within each PAIT, azoxystrobin dislodged declined as time 

between application and sample collection increased. Results from the presented research 

agrees with Krolski et al. (2010), who observed the largest difference in dislodgeable 

carbaryl between irrigated and non-irrigated treatments immediately following irrigation 0 

DAT and differences declined as time between application and sample collection increased.  

Samples collected immediately after application 0 DAT resulted in greater 

azoxystrobin dislodged from treatments applied in the morning (7:00 EST) with canopy 

moisture present (10.6% of applied) compared to treatments applied in the afternoon (14:00 

EST) without canopy moisture present (7.8%) (Table 3). At 1 DAT, applying azoxystrobin in 

the morning (4.7% of applied) had no impact on dislodgeable azoxystrobin compared to the 

afternoon (4.2%); which is likely due to differing environmental conditions within each 

experimental run 1 DAT and will be further discussed in a later section. From 2 to 4 DAT, 

applying azoxystrobin in the afternoon (0.5 to 3.5% of applied) resulted in greater 

azoxystrobin dislodged compared to the morning (0.2 to 2.0%). At 8 DAT, no differences 

were detected in dislodgeable azoxystrobin between morning and afternoon application 

timings. This may be due to minimal azoxystrobin residue dislodged on this d (≤0.1% of 

applied). 

ANOVA identified a significant formulation-by-application timing within a d 

interaction from 0 to 4 DAT. Within each formulation, no differences were observed between 

azoxystrobin applied in the morning (7:00 EST) compared to azoxystrobin applied in the 

afternoon (14:00 EST) 0 DAT (Table 4). Samples collected immediately after morning 
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application timing resulted in greater than a 5-fold reduction in dislodgeable azoxystrobin 

with the granular formulation (3.4% of applied) compared to liquid formulation (17.8%). 

Samples collected immediately after afternoon application timing resulted in greater 

azoxystrobin dislodged from liquid formulated azoxystrobin (15.5% of applied) compared to 

granular formulated azoxystrobin (0.1%) 0 DAT. Although ANOVA determined no 

statistical significance, granular applied azoxystrobin applied in the afternoon (0.1% of 

applied) resulted in greater than a 30-fold reduction in dislodgeable azoxystrobin compared 

to granular formulated azoxystrobin applied in the morning (3.4%) 0 DAT. At 1 DAT, liquid 

formulated azoxystrobin applied in the afternoon increased dislodgeable azoxystrobin (8.0% 

of applied) more than liquid formulated azoxystrobin applied in the morning (5.5%) which 

was greater than granular formulated azoxystrobin applied in the morning (2.8%) or 

afternoon (1.4%). From 2 to 4 DAT, liquid formulated azoxystrobin applied in afternoon (1.0 

to 5.9% of applied) produced greater dislodgeable azoxystrobin compared to liquid 

formulated azoxystrobin applied in the morning (0.3 to 2.5%), granular formulated 

azoxystrobin applied in the morning (0.1 to 1.4%) or afternoon (<0.1 to 1.1%). 

Overall, within each formulation, liquid formulated azoxystrobin applied in the 

afternoon resulted in greater azoxystrobin dislodged compared to the morning; however, the 

opposite trend is observed within granular formulated azoxystrobin, where granular 

azoxystrobin applied in the afternoon produced numerical reductions in azoxystrobin 

dislodged compared to the morning (Table 4). It is speculated this occurrence is due granules 

adhering to foliage with canopy moisture present and thus greater azoxystrobin retained on 

foliage, a phenomenon that has been observed with granular herbicides (Lewis et al., 2013); 

whereas, with liquid formulations applied in the morning with canopy moisture present, 
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resulted in the spray solution intermixing with canopy moisture thereby reducing the amount 

of azoxystrobin retained on foliage. Inversely, liquid formulated azoxystrobin applied in the 

afternoon with no canopy moisture allowed the spray solution ≥4 h of sunlight to dry on 

foliage which promoted greater retention; whereas, with granular applied in the afternoon 

without canopy moisture resulted in less granules adhering to foliage and thus less 

azoxystrobin retained in the upper turfgrass canopy available for dislodge. 

Environmental Conditions Correlations with Dislodgeable Azoxystrobin  

Results suggest dislodgeable azoxystrobin may be influenced by environmental 

conditions that promote turfgrass canopy moisture development (Table 5). Relative humidity 

is a unitless ratio used to quantify the percentage of water vapor held by air compared to the 

saturation level, (Arundel et al., 1986) expressed as a percent. Dew point is the air 

temperature below which moisture in the air condenses, forming dew (Lutgens et al., 2007). 

While these environmental conditions do not exclusively influence turfgrass canopy moisture 

incidence, increasing relative humidity, decreasing wind speed and decreasing differences 

between air temperature and dew point suggest turfgrass canopy moisture development 

becomes more likely (Jeffries et al., 2016).  

Data from the presented research were analyzed by two different sorting 

arrangements and correlated with environmental parameters to highlight the influence of 

environmental conditions on azoxystrobin dislodge. To generate the first set of correlations, 

data were pooled over experimental runs, DAT, application timings and PAITs, and then data 

were separated and analyzed by formulation (Table 5). With the second set of correlations, 

data were pooled over DAT, application timings, PAITs, and similarly separated by 

formulation but contrary to the first analysis, data were then sorted and analyzed by 
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experimental run (Table 6). The rationale behind the two sorting arrangements was the 

presence of two distantly different canopy moisture patterns within each experimental run. In 

Experimental Run 1, moisture was negatively correlated (r = –0.88) with DAT, implying as 

DAT increased moisture decreased. In Experimental Run 2; however, moisture displayed a 

positive correlation (r = 0.61) with DAT, indicating as DAT increased moisture increased 

(data not shown). This outcome is important to consider because as previously noted 

ANOVA determined no statistical difference between experimental runs and thus data were 

pooled over experimental runs for statistical analyses. It is speculated the lack of separation 

between experimental runs is likely due to the overwhelming statistical significance of DAT 

(data not shown); where, as time between application and sample collection increases, 

azoxystrobin residue decreases due to innate dissipation.  

When data were pooled over experimental runs, azoxystrobin dislodged expressed 

positive correlations with moisture (r = 0.25 to 0.28) and air temperature – dew point (r = 

0.32 to 0.40), while negative correlations were observed with wind speed (r = –0.43 to –0.49) 

and relative humidity (r = –0.32 to –0.39) (Table 5). Data sorted by experimental run, 

expressed very different correlations within each experimental run. In Experimental Run 1, 

azoxystrobin dislodged was positively correlated (r = 0.52 to 0.43) with moisture and air 

temperature – dew point (r = 0.64 to 0.48), while wind speed (r = –0.52 to –0.42) and relative 

humidity (r = –0.64 to –0.49) expressed negative correlations (Table 6). Conversely, in 

Experimental Run 2, azoxystrobin dislodged was negatively correlated with moisture (r = –

0.23 to –0.19); however, no statistical significance was determined. Interestingly, 

azoxystrobin dislodged expressed a strong negative correlation with wind speed (r = –0.56 to 

–0.52), indicating that azoxystrobin dislodge decreased as wind speed increased. It is 
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speculated that this result is due to the effect wind speed has on canopy moisture dynamics. 

Previous research has shown, as wind speed increases, dew formation and duration decrease 

(Pedro and Gillespie 1982), and helps to explain why wind speed expressed strong 

correlations with dislodgeable azoxystrobin regardless of how data were sorted and analyzed. 

Results from the presented correlations highlight the inherent variability that can exist with 

environmental conditions in pesticide dislodge studies and the importance of recording on-

site environmental conditions that may influence pesticide dislodge to enhance human 

exposure assessments.   

Research Implications 

Data from the presented research can be used to predict daily human dermal 

azoxystrobin exposure using the post-application dermal exposure equation for physical 

activities on turfgrass algorithm:  

E = TTRt * CF1 * TC * ET 

where E = exposure (mg d–1); TTRt = turf transferable residue on day t (X µg azoxystrobin 

cm2); CF1 = weight conversion factor (0.001 mg µg–1); TC = transfer coefficient (49,000 cm2 

hr–1; 1 to 2 yr children) and ET = exposure time (1.5 hr d–1; 1 to 2 yr children) in the 

algorithm (USEPA, 2012). The algorithm, CF1, TC and ET were acquired from the USEPA 

risk assessment, while TTR1 (0.5 µg azoxystrobin cm2) corresponds to the highest 

dislodgeable residue value after the d of application (1 DAT – Liquid - PM) (USEPA 2012). 

Inserting the described values into the equation, it was calculated that a human would be 

exposure to 37 mg azoxystrobin d–1, and adjusted to 1.5 mg azoxystrobin d–1 to account for a 

4% azoxystrobin dermal absorption rate used in the USEPA risk assessment (USEPA, 1997). 

Using the no-observed adverse effect level (NOAEL) for azoxystrobin of 25 mg/kg/d–1, it 
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was determined that an average 1 to 2 yr child (11 kg) may be exposed to 275 mg 

azoxystrobin d–1 without adverse effects (USEPA, 1997). Pairing the highest observed daily 

exposure (1.5 mg azoxystrobin d–1) with the minimum exposure allowance (275 mg 

azoxystrobin d–1), it was determined that azoxystrobin dislodged from one cotton glove hand 

wipe equaled 0.5% of this limit. From this result, it can be estimated that a treated area of 

³7.7 m2 with extensive skin-to-turfgrass contact would be required to exceed the established 

NOAEL for an average 1 to 2 yr child.  

One element that is essential to note from the presented research, the sample 

collection method used is an aggressive and comprehensive approach compared alternative 

dislodgeable foliar residue collection methods; therefore, it may be reasonable to presume 

residue levels more actually represent expected dermal contact during physical activities on 

treated turfgrass. Previous research has documented the proficiency of hand sampling 

methods to dislodge higher residue concentrations compared to established roller-based 

sampling methods (Jeffries et al., 2017); therefore, hand sampling methods may provide 

valuable information for generating the upper limits in human risk assessments. Additionally, 

hand sampling methods may provide more applicable data for nondietary pesticide ingestion, 

as hand-to-mouth contact is commonly associated with this exposure route (Jeffries et al., 

2017). Furthermore, this research identifies a new influencing factor, pesticide application 

timing that may be incorporated into human exposure assessments to improve such efforts 

especially when granular formulations are to be investigated. Lastly, data from this research 

may be extrapolated to other pesticides with similar chemical properties to azoxystrobin to 

estimate the potential effect of evaluated management practices for reducing potential human 

exposure.  
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In conclusion, azoxystrobin dislodged from lawn-type turfgrass can vary depending 

on formulation, application timing and post-application management practices. Results 

indicate azoxystrobin can dislodge from tall fescue up to 8 d after treatment when mowing 

practices are withheld. Findings from this research may be disseminated to turfgrass 

managers to employ management practices aimed to lessen the risk of azoxystrobin non-

occupational exposure. Additionally, while dislodgeable azoxystrobin may not be dependent 

on turfgrass canopy moisture, it should be acknowledged that conditions favoring canopy 

moisture development promote dislodgeable azoxystrobin as seen with the aforementioned 

correlations with environmental parameters Future research should investigate similar 

research objectives with additional pesticides, turfgrass species as well as the effect of 

surfactant tank-mixes and post-application mowing practices to further elucidate 

dislodgeable pesticide foliar residues.  
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Table 1. Effect of formulation on dislodgeable azoxystrobin residue from tall fescue (Lolium arundinaceum) foliage 0 to 8 d after 
treatment.† 

	 _________________________________ Days after treatment __________________________________	 	
Formulation 0‡ 1 2 3 4 8 LSD0.05§ 

 ________________________________ % dislodged of applied ________________________________	 	
Liquid  16.7 6.8 4.2 1.9 0.7 0.2 0.7 
Granular 1.8 2.1 1.3 0.2 0.1 <0.1 0.3 
LSD0.05¶ 2.9 1.1 1.0 0.6 0.3 NS ___________ 

† NS, nonsignificant. Data pooled over experimental runs, application timings and post-application irrigation timings. Data from 
16 d after treatment not included due to consistent nondetection. Application rate = azoxystrobin (0.61 kg a.i. ha–1).  
‡ 0 d after treatment samples were analyzed separately from samples collected 1-8 d after treatment. 
§ LSD0.05 for comparing d after treatment within a formulation.  
¶ LSD0.05 for comparing formulations within a d. 
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Table 2. Effect of post-application irrigation timing on dislodgeable azoxystrobin residue from tall fescue (Lolium arundinaceum) 
foliage 1 to 8 d after treatment.† 
Post-application 
irrigation timings‡	

____________________________ Days after treatment _____________________________	 	
1	 2	 3	 4	 8	 LSD0.05§	

HAT ___________________________ % dislodged of applied ___________________________	 	
4 	 1.3	 1.1	 0.3	 0.1	 <0.1	 0.3	
48 	 7.6	 4.4	 1.7	 0.7	 0.2	 0.7	
LSD0.05¶	 1.1	 1.0	 0.4	 0.3	 NS	 ___________	

† HAT, h after treatment. NS, nonsignificant. Data pooled over experimental runs, formulations and application timings. Data 
from 16 d after treatment not included due to consistent nondetection. Application rate = azoxystrobin (0.61 kg a.i. ha–1).  
‡ Irrigation delivered = 0.6 cm H2O. 
§ LSD0.05 for comparing d after treatment within a post-application irrigation timing.  
¶	LSD0.05 for comparing post-application irrigation timings within a d.  
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Table 3. Effect of application timing on dislodgeable azoxystrobin residue from tall fescue (Lolium arundinaceum) foliage 0 to 8 d 
after treatment.† 

Application 
timing	

___________________________________ Days after treatment ____________________________________	 	
0‡ 1 2 3 4 8 LSD0.05§ 

 __________________________________ % dislodged of applied __________________________________	 	
Morning 10.6 4.2 2.0 0.5 0.2 0.1 0.3 
Afternoon  7.8 4.7 3.5 1.5 0.5 0.1 0.7 
LSD0.05¶ 2.5 NS 1.0 0.5 0.3 NS ___________ 

† NS, nonsignificant. Data pooled over experimental runs, formulations and post-application irrigation timings. Data from 16 d 
after treatment not included due to consistent nondetection. Application rate = azoxystrobin (0.61 kg a.i. ha–1).  
‡ 0 d after treatment samples were analyzed separately from samples collected 1-8 d after treatment. 
§ LSD0.05 for comparing d after treatment within an application timing.  
¶ LSD0.05 for comparing application timings within a d.



 

 74 

Table 4. Effect of formulation and application timing on dislodgeable azoxystrobin residue from tall fescue (Lolium 
arundinaceum) foliage 0 to 8 d after treatment.†	
	 ______________________________________________ Days after treatment ______________________________________________	
	 _____ 0‡ _____ _____ 1 _____	 _____ 2 _____	 _____ 3 _____	 _____ 4 _____	 _____ 8 _____	
Formulation	 AM PM AM	 PM	 AM	 PM	 AM	 PM	 AM	 PM	 AM	 PM	
	 ____________________________________________ % dislodged of applied _____________________________________________	
Liquid 	 17.8 15.5 5.5	 8.0	 2.5	 5.9	 0.8	 3.0	 0.3	 1.0	 0.1	 0.3	
Granular	 3.4 0.1 2.8	 1.4	 1.4	 1.1	 0.2	 0.1	 0.1	 <0.1	 <0.1	 <0.1	
LSD0.05	 ____ 3.8 ____ ____ 1.5 ____	 ____ 1.4 ____	 ____ 0.8 ____	 ____ 0.4 ____	 ____ NS ____	

† AM, 7:00 EST; PM, 14:00 EST. NS, nonsignificant. Data pooled over experimental runs and post-application irrigation timings. 
Data from 16 d after treatment not included due to consistent nondetection. Application rate = azoxystrobin (0.61 kg a.i. ha–1).  
‡ 0 d after treatment samples were analyzed separately from samples collected 1-8 d after treatment. 
§ LSD0.05 for comparing formulation by application timing within a d interaction.  
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Table 5. Pearson correlation coefficients quantifying the relationship between environmental parameters and dislodgeable 
azoxystrobin residue from tall fescue (Lolium arundinaceum) foliage, 1 to 4 d after treatment.†‡ 
Environmental 
parameter 

% azoxystrobin dislodged of applied 
Liquid Granular 

 ____________________ r ____________________ 
Moisture  0.25** 0.28** 
Air temp–dew point 0.32*** 0.40**** 
Wind speed  –0.43**** –0.49**** 
Relative humidity –0.32*** –0.39**** 

** Significant at the 0.01 level; *** significant at the 0.001 level; **** significant at the 0.0001 level.  
† Data pooled over experimental runs post-application irrigation timings, and application timings. 
‡ Environmental conditions recorded on site at the Lake Wheeler Turfgrass Field Lab (Raleigh, NC). 
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Table 6. Pearson correlation coefficients quantifying the relationship between environmental parameters and dislodgeable 
azoxystrobin residue from tall fescue (Lolium arundinaceum) foliage, 1 to 4 d after treatment sorted by run.†‡ 

Environmental 
parameter 

___________________ % azoxystrobin dislodged of applied ___________________ 
_____________ Run 1 _____________ _____________ Run 2 _____________ 
Granular Liquid Granular Liquid 

 ______________________________________ r _________________________________________ 
Moisture  0.52**** 0.43*** –0.23 –0.19 
Air temp–dew point 0.64**** 0.48**** 0.23 0.21 
Wind speed  –0.52**** –0.42*** –0.56**** –0.52**** 
Relative humidity –0.64**** –0.49**** –0.25* –0.23 

* Significant at the 0.05 level; ** significant at the 0.01 level; *** significant at the 0.001 level; **** significant at the 0.0001 
level.  
† Data pooled over experimental runs post-application irrigation timings, and application timings. 
‡ Environmental conditions recorded on site at the Lake Wheeler Turfgrass Field Lab (Raleigh, NC).	



 

 77 

CHAPTER 3: QUANTIFYING THE EFFECT OF SURFACTANT ON 
DISLODGEABLE 2,4-D FOLIAR RESIDUE FROM TURFGRASS 

 

Formatted for publication in Weed Technology  

 

Patrick J. Maxwell1*, Travis W. Gannon1, and Richard J. Cooper1  

 

2,4-dimethylamine salt (2,4-D) is a synthetic auxin herbicide used extensively in 

turfgrass for broadleaf weed control. Previous research has shown 2,4-D can dislodge from 

treated vegetation, notably in the presence of canopy moisture. Practitioners commonly apply 

2,4-D tank-mixed with various commercially available surfactants to enhance foliar 

absorption, thereby increasing efficacy. Research was completed to evaluate the effect of 

surfactant inclusion and sample collection time within a d on 2,4-D dislodgeable foliar 

residue from perennial ryegrass. Field research was initiated May 24, 2016 in Raleigh, NC 

and repeated in time to quantify dislodgeable foliar residue following 2,4-D applied (2.1 kg 

ae ha–1) alone, or in combination with a non-ionic surfactant at 0.5% v/v. Sample collection 

ensued 1, 2, 3, 6, 12 or 24 d after treatment (DAT) at AM (7:00 eastern standard time) and 

PM (14:00) sample timings within a d. 2,4-D applied with surfactant (1.4 to 14.2% of 

applied) reduced 2,4-D dislodged compared to 2,4-D applied alone (2.9 to 18.1%) from 1 to 

6 DAT. Within DAT, samples collected in the AM (3.8 to 28.3% of applied) resulted in ≥ 5-

fold greater 2,4-D dislodged compared to PM (0.4 to 4.0%) from 1 to 6 DAT, suggesting the 

magnitude of 2,4-D dislodged may be influenced by turfgrass canopy moisture. Ultimately, 

surfactant inclusion consistently resulted in less 2,4-D dislodged than when applied alone and 

moreover surfactants may improve efficacy, which may result in an overall reduction in 
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herbicidal inputs. This research will improve turfgrass management practices intended to 

minimize potential 2,4-D human exposure. 

Nomenclature: 2,4-D; Perennial ryegrass, Lolium perenne (L.). 

Key words: Best management practice, herbicide exposure, pesticide exposure, tank-mix, 

turfgrass management. 

1First, second, and third authors: Graduate Research Assistant, Assistant Professor, and 

Professor, respectively, Department of Crop and Soil Sciences, North Carolina State 

University, Raleigh, North Carolina.  

*Corresponding author’s email: pjmaxwel@ncsu.edu. 

  



 

 79 

Introduction 

Turfgrasses are ubiquitous in the United States used for a variety of societal and 

functional purposes including activities on athletic fields. Recreational activities are a 

familiar occurrence demonstrated with greater than 700,000 managed athletic fields and more 

than 15,000 golf courses in the US, which excluding synthetic systems accommodated >50% 

of the US population ages 7 to 24 who participated in baseball, football, golf, soccer and/or 

softball in 2009 (NTEP 2003; RAGSCA 2016; USCB 2012). As a result of this widespread 

use, providing a suitable playing surface presents various challenges to athletic field 

managers. One concern, weed encroachment may result in poor surface strength and overall 

uniformity that may compromise player safety, as poor footing conditions may increase the 

risk of lower body injuries (Orchard 2002; Steffen et al. 2007). To mitigate this issue, 

synthetic herbicides including 2,4-dimethylamine salt (2,4-D) are commonly applied to 

athletic fields to maintain desired quality and functionality. 2,4-D is a selective broadleaf 

herbicide often sold as a component of herbicide mixtures and exemplified with the presence 

of ~660 products containing 2,4-D registered for use in various agricultural and residential 

settings (USEPA 2005). The United States Environmental Protection Agency (USEPA) 

reported that 2,4-D was the most applied pesticide in non-agricultural sectors (6.8 million kg 

ae) in 2012, equating to ~16% of total pesticide use within this sector, which encompasses 

turfgrass (Atwood and Paisley-Jones 2017).  

Currently, human carcinogenic, neurological and reproductive effects related to acute 

2,4-D exposure are inconclusive; however, it is established that 2,4-D is a severe eye irritant 

and can induce toxic effects to kidney, liver and blood (Bus and Hammond 2007; Garabrant 

and Philbert 2002; Loomis et al. 2015; Munro et al. 1992; Smith et al. 2017; USEPA 2005). 
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Due to the extensive use combined with confirmed toxic effects, human health concerns 

associated with 2,4-D human exposure are common (Loomis et al. 2015; Smith et al. 2017). 

Human pesticide exposure can occur in different settings (nonoccupational or occupational) 

via multiple pathways (e.g. air, dietary, etc.) and routes including dermal absorption, 

inhalation or ingestion (Needham et al. 2000). Children are most often exposed to 2,4-D 

following application to turfgrass via dermal contact with treated vegetation or inhalation of 

indoor air/dust following tracking events from outdoor sources (Nishioka et al. 2001; USEPA 

2007). Following exposure, 2,4-D is not readily metabolized in humans and is excreted in the 

urine, hence human exposure is often quantified via urine sampling (Hill et al. 1989; Lerro et 

al. 2016; Morgan et al. 2008). A prominent example of this is the 2009–2010 National Health 

and Nutrition Examination Survey, where 2,4-D detection occurred in ~50% of the 2,747 

individuals (ages ≥6 yr; limit of detection = 0.15 mg L–1) evaluated (DHHS 2017).  

The USEPA classifies 2,4-D as mobile to moderately mobile in soil due to a very 

high water solubility (KS = 796,000 mg L–1; 20°C), and a low soil organic carbon-water 

partition coefficient (KOC = 20 ml g–1) suggesting 2,4-D may readily dislodge from treated 

vegetation (Shaner 2014; USEPA 2005). 2,4-D dislodgeability has been confirmed by 

multiple sources, notably Nishioka et al. (2001) who detected 2,4-D in several areas within 

homes in the wk following an application to the respective home lawns. More specifically, 

Nishioka et al. (2001) reported greater 2,4-D household loading was associated with homes 

having active children and/or pets, indicating tracking events were the primary pathway for 

2,4-D transport into homes. Thompson et al. (1984) was among the first researchers to 

investigate management practices to reduce 2,4-D dislodgment from treated Kentucky 

bluegrass (Poa pratensis L.), including the use of granular- in lieu of liquid-formulated 
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products as well as the effect of water inputs following application. Thompson et al. (1984) 

reported a 15-fold reduction in 2,4-D dislodged with a granular formulation compared to 

liquid applied 2,4-D immediately following application. Further, a rainfall event 1 h after 

treatment reduced 2,4-D dislodged to 0.01% of the applied rate. While this information is 

beneficial, research has shown granular 2,4-D and post-application irrigation may 

compromise efficacy (Loughner and Nolting 2010; Patton and Weisenberger 2012). Jeffries 

et al. (2016b) reported that 0.2 to 6.3% of applied 2,4-D was dislodged from perennial 

ryegrass (Lolium perenne L.) at 7:00 eastern standard time (EST) while ≤0.1% was dislodged 

at 2:00 EST over 1 to 6 d after treatment (DAT). This suggests that the magnitude of 2,4-D 

dislodged may be influenced by conditions favoring canopy moisture development (Jeffries 

et al. 2016b). If accurate, this would imply potential human exposure to 2,4-D from treated 

turfgrass does not align with dissipation rates but may be highly variable depending on the 

time within a d the system is used and the amount of canopy moisture present, among other 

factors. 

Research has not been published evaluating the effect of surfactant inclusion on 

dislodgeable pesticide residues. This variable has real-world implications, as many selective 

POST herbicides recommend the inclusion of a surfactant to the spray solution. Surfactants 

have been shown to increase herbicidal efficacy due to enhanced foliar absorption resulting 

from decreased surface tension thereby allowing greater retention of the spray solution on 

foliage (Stevens et al. 1993). Finally, surfactant inclusion has been demonstrated to suppress 

canopy moisture formation on turfgrass canopies in the d following application, which may 

affect 2,4-D dislodge as leaf wetness and dislodgeable 2,4-D have been strongly correlated 

(Williams and Powell 1995; Jeffries et al. 2016b). 
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The objectives of this research were to evaluate the effect of surfactant inclusion on 

dislodgeable 2,4-D and quantify dissipation in/on turfgrass vegetation over days and time 

within a d following treatment. We hypothesize 2,4-D dislodgeability would vary depending 

on surfactant inclusion as well as sample collection time within a d. 

Material and Methods 

Site Description 

Field experiments were initiated 24 May and 6 June 2016 at Lake Wheeler Turfgrass 

Field Laboratory, Raleigh, North Carolina (35°44’12.34” N 78°40’49.75” W) on a Cecil 

sandy clay loam soil (fine, kaolinitic, thermic Typic Kanhapludult) with a pH of 6.2 and 

1.7% (w/w) organic matter. Research was performed on weed-free established, dormant 

‘Tifway’ hybrid bermudagrass that had been overseeded (broadcasted at 732 kg pure live 

seed ha–1) with perennial ryegrass in the fall prior to trial initiation where 2,4-D had not been 

applied for ≥ 2 yr. Research areas were maintained as an athletic field surface and mown 

three times per wk at 1.9 cm height of cut. 

Experiment Initiation 

One d prior to trial initiation, areas were mown (clippings collected) and irrigated to 

field capacity. At initiation, 2,4-D amine (Amine 400 2,4-D Weed Killer™, PBI/Gordon 

Corp., Kansas City, MO) was applied at 2.1 kg ae ha–1, alone or in combination with a non-

ionic surfactant at 0.5% v/v (Induce®, Helena Chemical Co., Collierville, TN) to 1 by 2.75 m 

main plots with 1 m alleys between blocks to minimize incidental 2,4-D transfer during 

sample collection. Treatments were applied with a hand-held CO2-propelled sprayer 

equipped with four 80015 VS XR flat-fan nozzles (Teejet® Nozzles; Spraying Systems Co., 

Wheaton, IL) calibrated to deliver the lowest labeled carrier vol (187 L ha–1; Anonymous 
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2014). It should be noted that the application rate selected was 20% greater than the current 

allowable rate for athletic field use, which was based on preceding efforts by Jeffries et al. 

(2016a) to ensure 2,4-D residue detection through 6 DAT. To ensure 2,4-D was applied at the 

intended rate, recovery check pads (350 cm2, 0.35 mm Fisherbrand™ Pure Cellulose 

Chromatography Paper, Thermo Fisher Scientific, Inc., Pittsburgh, PA) were randomly 

placed in each experimental block and collected following 2,4-D application for subsequent 

high performance liquid chromatography - diode array detector (HPLC-DAD) residue 

analysis. Following 2,4-D application, plots were covered during rainfall events for 6 d and 

not mown for 24 d to better elucidate the research variables of interest. Finally, select 

environmental parameters including, air temperature, dew point, relative humidity and wind 

speed were recorded throughout the research period.  

Sample Collection  

Dislodgeable 2,4-D. Dislodgeable 2,4-D was quantified by wiping a unique treated area (420 

cm2) with a cotton glove for a predetermined time (30 s) in a specific pattern (alternating 

front- and backhand surfaces, while adjusting directions, perpendicularly) at a constant 

pressure (2 kPa) and the process was repeated with a second glove over the same area within 

each sub-sub plot as described by Jeffries et al. (2017). The two gloves were combined in a 

glass jar (473 cm3) to create one composite sample and frozen (–12°C) until extraction and 

analysis. The development of the cotton glove hand wipe method was derived from previous 

pesticide risk assessments that utilized cotton gloves to quantify pesticide loading to hands in 

specialty crops such as fruit bearing trees and vineyard crops (Zweig et al. 1985). Wiping 

pressure was representative of 1/3 the pressure exerted by a toddler crawling on hands and 

knees (Yozu et al. 2013). Further, all hand wipe samples were generated by the same person 



 

 84 

to minimize variability. Dislodgeable 2,4-D residue concentrations are presented as a percent 

of the nominal application rate applied at trial initiation using equation 1:  

 

% dislodged of applied = [(HW µg 2,4-D cm–2 / 20.9 µg 2,4-D cm–2) ´ 100] [1] 

 

where HW represents 2,4-D residue from each hand wipe sample relative to the nominal 2,4-

D application rate (20.9 µg 2,4-D cm–2).  

2,4-D In/On Turfgrass Vegetation. Aboveground vegetation (soil surface up) was collected in 

combination with each composite cotton glove sample to quantify 2,4-D dissipation in/on 

turfgrass vegetation over time. The purpose of collecting turfgrass vegetation is to provide a 

reference point in addition to the amount of pesticide initially applied by accounting for 

dissipation between application and subsequent sample collection timings (Jeffries et al. 

2017). These samples were collected utilizing a golf course cup cutter (91.5 cm2 [Model 

1001-1; Par Aide® Product Co.]) and collecting a core in a manner that prevented contact 

between sampling equipment and treated vegetation. Following core collection, all samples 

were frozen, aboveground vegetation harvested (soil surface up), fresh wt recorded, 

homogenized (Cuisinart® Compact Portable Blending/Chopping System Model CPB-300; 

Conair Corp.) and stored at –12°C until extraction and residue analysis. 2,4-D residue in/on 

vegetation was calculated relative to the nominal 2,4-D application rate applied at trial 

initiation using equation 2:  

 

% of applied = [(AV µg 2,4-D cm–2 / 20.9 µg 2,4-D cm–2) ´ 100] [2] 
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where AV represents 2,4-D residue concentrations from each aboveground vegetation sample 

as percent of the nominal 2,4-D application rate (20.9 µg 2,4-D cm–2).  

Experimental Design 

Research was conducted as a randomized complete block design with four replicates 

of a two-by-two-by-six factorial treatment arrangement within each experimental run. Main 

plots were stripped between 2,4-D applied alone or in combination with a non-ionic 

surfactant, with subplot combinations of two sample collection times within a d (7:00 or 

14:00 EST) in each of six sample collection dates (1, 2, 3, 6, 12, or 24 DAT). Dislodgeable 

foliar residue and aboveground vegetation samples were also collected immediately 

following application and after a 2 h drying period 0 DAT; however, these samples were 

analyzed separately from samples collected 1–24 DAT due to differing sample collection 

timings. Nontreated checks were included in all experimental blocks in each experimental 

run to confirm the research areas were not contaminated.  

Residue Analyses 

2,4-D residue was quantified for all matrices using HPLC-DAD instrumentation 

(Agilent-1260 Infinity, Agilent Technologies, Inc., Wilmington, DE) while all reagents and 

solvents used for extraction and residue analysis were HPLC-grade. 2,4-D residue analysis 

was conducted with modifications to methods by Jeffries et al. (2016a) including sample 

preparation, extraction and analytical parameters with the addition of one cleanup step prior 

to injection. More specifically, 1 ml of each sample was filtered through C-18 solid phase 

extraction columns (HyperSep™ C18 200mg/3ml; Thermo Fisher Scientific Inc.). This step 

was added as a result of preliminary effects suggesting the presence of surfactant in the 

extract may suppress analyte concentrations. In summary, peak area measurements 
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(OpenLAB CDS ChemStation, version C.01.04, Agilent Technologies Inc.) were used for 

2,4-D quantification and analyte concentrations falling above the calibration curve were 

diluted and re-injected for analysis. Limits of quantification and detection were 1.0 and 0.3 

mg L–1 respectively. Standard solutions were included with each injection and fortification 

recovery checks ranged from 88 to 106% and 87 to 95% for cotton glove and vegetation 

matrices, respectively. Lastly, application recovery check pads determined 2,4-D was applied 

at 92 to 106% of the nominal rate across experimental runs. 

Statistical Analyses  

Statistical analyses were performed by subjecting data to ANOVA (a ≤ 0.05) using 

MIXED procedures in SAS® (Version 9.3, SAS Institute, Inc., Cary, NC). Surfactant 

inclusion, d after treatment and sample collection time within a d were considered fixed 

effects, while experimental run and replication were analyzed as random effects. Mean 

separation was conducted using Fisher’s Protected LSD (a = 0.05) and Pearson correlation 

coefficients (a < 0.05) were calculated to quantify the relationship between environmental 

conditions and dislodgeable 2,4-D.  

Results and Discussion 

2,4-D Dislodgeability. 2,4-D residue detected did not occur in dislodgeable samples collected 

12 and 24 DAT; hence, these data were excluded from statistical analysis. Nondetection at 

these d may be due to precipitation and/or irrigation inputs that occurred after the 6 d 

covering period as previous research has shown post-application irrigation or rainfall can 

reduce dislodgeable 2,4-D (Jeffries et al. 2016a). ANOVA did not detect significant 

interactions between experimental runs and surfactant (P = 0.658), time within a d (P = 

0.122) or DAT (P = 0.054); therefore, data were pooled for statistical analysis. The main 
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effect of DAT (P = 0.0001) and its interactions with all fixed sources of variation (P ≤ 0.003) 

were significant; therefore, data were sorted by DAT and presented accordingly with 

precedence given to significant interactions of increasing magnitude (Steel et al. 1997). 

ANOVA revealed a significant surfactant by sample timing within a d interaction 

from 1 to 6 DAT (Table 1). Within each collection timing, samples collected immediately or 

2 h following application resulted in no difference in dislodged 2,4-D when applied alone or 

with surfactant. Minimal separation 0 DAT is likely due inadequate time elapsed between 

application and sample collection (£ 2 h) necessary to capture increased foliar absorption 

resulting from surfactant inclusion. Although 2,4-D foliar absorption is variable depending 

on multiple factors, research has shown that most 14C 2,4-D absorption occurs in the first 6 h 

(12.5%) and continues with 13.4% and 18.2% of the total absorbed at 24 and 72 h, 

respectively, following application in ground ivy (Glechoma hederacea L.) a plant 

possessing a waxy cuticle (Kohler et al. 2004). These absorption kinetics may explain why 

differences between 2,4-D applied alone or with surfactant were not detected within 

collection timings 0 DAT. From 1 to 6 DAT, greater 2,4-D dislodged was dislodged in the 

AM compared to PM, regardless of surfactant inclusion or absence. Within AM collection 

timing, samples collected 1 DAT produced the greatest difference between 2,4-D applied 

alone (31.2% of applied) and 2,4-D applied with surfactant (25.4%). The trend continued 2 to 

6 DAT, where 2,4-D applied with surfactant (2.4 to 23.2% of the applied) reduced 2,4-D 

dislodged compared to 2,4-D applied alone (5.3 to 25.6%). Although direct comparisons are 

not permissible, prior reports evaluating dislodgeable 2,4-D have reported significantly less 

2,4-D dislodged than the presented research. Namely, Thompson et al. (1984), Gannon and 

Jeffries (2014), and Jeffries et al. (2016a, 2016b) reported dislodgeable 2,4-D never exceeded 
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10% of the nominal rate. Disparity between evaluations may be a result of differences in 

sampling method intensity, turfgrass species, application parameters or environmental 

conditions among other factors. Elucidating this discrepancy between studies is beyond the 

scope of this experiment; however, it is highlighted to demonstrated the variability that can 

occur within dislodgeable foliar residue studies even when evaluating one compound. 

Furthermore, while a definitive statement is not allowable, declining differences between 

treatments as DAT increased may be partially due to decreased canopy moisture as 

surfactants have been shown to suppress canopy moisture formation in the mornings 

following application (Williams and Powell 1995). Jeffries et al. 2016b reported leaf wetness 

and dislodgeable 2,4-D were strongly correlated (r ≥ 0.82; P < 0.0001), which suggests any 

exercise to reduce canopy moisture development and/or duration may reduce dislodgeable 

2,4-D. Within PM collection timing, dislodgeable 2,4-D did not vary between 2,4-D applied 

alone or with surfactant, which may be a consequence of the substantial reduction in 2,4-D 

dislodged at each PM collection timing compared to samples collected in the AM.  

Samples collected immediately following application resulted in greater 2,4-D 

dislodged (23.1% of applied) compared to samples collected 2 h later (9.8%) (Table 2). This 

result concurs with previous research conducted by Jeffries et al. (2017) who reported greater 

2,4-D dislodged from hybrid bermudagrass immediately following application (19.3% of 

applied) and declined after a 1 h air dry period (9.6%), using the same cotton glove hand 

wipe technique. At 1 DAT, samples collected in the AM (28.3% of applied) yielded 7-fold 

greater 2,4-D dislodged compared to samples collected seven h later in the PM (4.0%). 

Similarly, samples collected in the AM (3.8 to 24.4% of applied) resulted in 5- to 9-fold 

greater 2,4-D dislodged compared to samples collected in the PM (0.4 to 4.0%) 2 to 6 DAT. 
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Data suggest, 2,4-D may re-suspend on treated turfgrass vegetation overnight as canopy 

moisture increases from guttation, ground distillation and/or dew formation and thus 

available to be dislodged as proposed by Cooper et al. (2013) and Gannon and Jeffries 

(2014). Although not statistically permissible for comparison, dislodged 2,4-D consistently 

increased from PM sample collection on a given d to AM sample collection the following d, 

including samples collected 0 DAT compared to samples collected 1 DAT-AM (Figure 1). 

This observation aligns with Jeffries et al. (2016b), who observed a similar trend but at much 

lower magnitudes. Specifically, Jeffries et al. (2016b) reported greater 2,4-D dislodged from 

perennial ryegrass at 7:00 AM EST (0.2 to 6.3% of applied) compared to 2:00 PM EST 

(≤0.1%) 1 to 6 DAT. Discrepancies between reports may be due to differences in 

aggressiveness between the two sample collection methods. Jeffries et al. (2016b) used a less 

aggressive roller method; therefore, it is plausible their method had greater dependence on 

the presence of canopy moisture for dislodging 2,4-D compared to the hand wiping method 

employed in the presented research. Excluding 1 and 2 DAT, within each sample collection 

time within a d, 2,4-D dislodged declined as time between application and sample collection 

increased (Table 2).  

Dislodgeable foliar residue did not vary between 2,4-D applied alone or in 

combination with surfactant within samples collected 0 DAT (Table 3). Within DAT, 2,4-D 

applied with a non-ionic surfactant reduced 2,4-D dislodged (1.4 to 14.2% of applied) 

compared to 2,4-D applied alone (2.9 to 18.1%) 1 to 6 DAT. We hypothesize that observed 

differences may be due to increased foliar absorption as a result of surfactant inclusion, 

thereby reducing the amount of 2,4-D remaining on foliar surfaces available to be dislodged.  
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2,4-D In/On Vegetation. 2,4-D residue detection did not occur in/on perennial ryegrass 

aboveground vegetation collected 24 DAT; therefore, data were excluded from statistical 

analysis. Within DAT, 2,4-D persistence in/on vegetation did not vary between 2,4-D applied 

alone or with surfactant, nor between collection timings; therefore, data were pooled over 

both levels. This result indicates the reduction in dislodgeable 2,4-D foliar residue when 

applied in combination with surfactant 1 to 6 DAT was not due to differing persistence in/on 

aboveground vegetation. Namely, the main effect of both surfactant (P = 0.545) and sample 

collection timing (P = 0.202) were not significant. No differences in 2,4-D residue in/on 

aboveground vegetation between surfactant treatments is likely due to no distinction made 

between 2,4-D residue in and on vegetation. Thompson et al. (1984) reported under 

controlled conditions 2,4-D residue on Kentucky bluegrass was 72.0 to 60.1% of applied, 

while 2,4-D residue in vegetation was 14.3 to 13.9% from 1 to 4 DAT. Specifically, 

Thompson et al. (1984) separated 2,4-D residue in- versus on-vegetation with the use of 

organic solvents, which were not employed in the presented research. ANOVA did reveal a 

significant DAT main effect (P = 0.001). Pooled over sample collection timings and 

surfactant inclusion or absence, 87.1% of the applied 2,4-D remained in/on aboveground 

vegetation 0 DAT and declined to 76.1% 1 DAT (Table 4). 2,4-D dissipation trends in 

perennial ryegrass align with results from Jeffries et al. (2016b) who reported the greatest 

2,4-D residue in/on perennial ryegrass at 0 DAT (96% of applied) and declined in a linear 

fashion through 6 DAT (51%) and drastically decreased 12 DAT (5%). Overall, 2,4-D 

residue in/on turfgrass vegetation consistently declined as time between application and 

sample collection increased as a result of innate dissipation and plant metabolism among 

other factors.  
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Environmental Condition Correlations with Dislodgeable 2,4-D  

Data from 1 to 6 DAT suggest dislodgeable 2,4-D may be affected by environmental 

conditions influencing turfgrass canopy moisture development and duration. Relative 

humidity is a unitless ratio, used to quantify water vapor present in the atmosphere compared 

to the saturation level (Arundel et al. 1986). Dew point is the air temperature below which 

moisture in the air condenses, forming dew (Lutgens et al. 2007). Although turfgrass canopy 

moisture development is not solely influenced by these environmental conditions, decreasing 

differences between air temperature and dew point, increasing relative humidity and 

decreasing wind speed suggest conditions become more favorable for turfgrass canopy 

moisture development (Jeffries et al. 2016a). Overall, minimal differences were detected 

between correlations for 2,4-D applied alone compared to 2,4-D applied with surfactant 

(Table 5). 2,4-D dislodgeability was negatively correlated (r ≥ –0.6; P < 0.001) with air 

temperature – dew point and wind speed (r = –0.59 to –0.61; P < 0.001) suggesting 2,4-D 

dislodgeability increased as each of these parameters decreased. Moderately strong 

correlations were detected between dislodgeable 2,4-D and relative humidity (r = 0.56 to 

0.60; P < 0.001), suggesting 2,4-D dislodgeability increased as relative humidity increased. 

Results from presented correlations align with previous reports regarding slope direction and 

general importance; however, Jeffries et al. (2016b) reported increased linearity and 

significance. More specifically, Jeffries et al. (2016b) reported correlations between 

dislodgeable 2,4-D and air temperature – dew point and relative humidity were –0.77 (P < 

0.0001) and 0.80 (P < 0.0001), respectively. Differing reports may be due to aforementioned 

aggressiveness of the sampling method used in the presented research compared to Jeffries et 

al. (2016b).  



 

 92 

This research built on the framework of preceding efforts to further identify and 

elucidate factors affecting dislodgeable 2,4-D from treated turfgrass. Findings from this 

research support the proposed hypothesis that surfactant inclusion would reduce dislodgeable 

2,4-D. It should be emphasized that the application rate used in the presented research was 

20% higher than current label allowances for athletic field use and the sampling method used 

to quantify dislodgeable 2,4-D was aggressive, compared to anticipated dermal contact 

during physical activities on turfgrass. Data from presented research agrees with previous 

reports demonstrating that 2,4-D residue can dislodge from perennial ryegrass up to 6 DAT 

when mowing- and water-inputs are withheld, as residue detection occurred for this duration 

across all evaluated treatments and sample collections timings (Jeffries et al. 2016b). 

Although 2,4-D is routinely applied to perennial ryegrass, broadleaf weeds would 

presumably be present to justify its usage, which would feasibly have some effect on 

turfgrass canopy 2,4-D interception and subsequent dislodge. 

In conclusion, data from the presented research suggest surfactant inclusion may 

reduce 2,4-D dislodgeable foliar residue which would inherently reduce potential human 2,4-

D exposure. Furthermore, 2,4-D dislodgeability can fluctuates over time within a d in the 

time following application and agrees with previous reports from Gannon and Jeffries 

(2014). Therefore, turfgrass managers and athletic field event schedulers should work 

together to coordinate events to minimize human activity in the mornings following 2,4-D 

applications, when potential human exposure is greatest. Surfactant inclusion has been shown 

to reduce turfgrass canopy moisture formation in the d following application, which may 

reduce the dislodgeability of 2,4-D, a highly water soluble compound (Williams and Powell 

1995). Additionally, incorporating surfactants into herbicide spray solutions may increase 
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efficacy which may lead to an overall reduction in herbicidal inputs. Ultimately, cumulative 

benefits resulting from surfactant inclusion further warrant its use in spray solutions applied 

to turfgrass. Future research should investigate the effect of surfactant inclusion with 

additional pesticides possessing varying physicochemical properties as well as the effect of 

mowing and other common management practices to further elucidate factors influencing 

dislodgeable pesticide. 
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Table 1. Surfactant inclusion by sample collection time within a day interaction on dislodgeable 2,4-D residue from perennial 
ryegrassa,b,c,d  
 _______________________________________________ Days after treatment _______________________________________________ 

 _______ 0e _______ _______ 1 _______ _______ 2 _______ _______ 3 _______ _______ 6 _______ 
Treatment AMf PM AM PM AM PM AM PM AM PM 
 _________________________________________ % 2,4-D dislodged of appliedg _________________________________________ 
No surfactant  23.9 10.3 31.2 4.9 25.6 4.7 15.5 2.9 5.3 0.5 
Surfactant  22.2 9.4 25.4 3.1 23.2 3.3 13.3 2.0 2.4 0.4 
LSD0.05

h ______ 2.7 ______ ______ 4.1 ______ ______ 2.0 ______ ______ 1.0 ______ ______ 0.6 ______ 
a Abbreviations: AM, 7:00 Eastern Standard Time; PM, 14:00 Eastern Standard Time.  
b Experiments initiated May 24 and June 6, 2016 in Raleigh, NC. 
c Data pooled over two experimental runs. 
d Nondetecable dislodgeable 2,4-D residue at 12 and 24 d after treatment. 
e Data from 0 d after treatment analyzed separately due to differing sample collection time from subsequent timings. 
f Samples collected immediately and 2 h following application. 
g Percent of the 2.1 kg ae ha–1 spray application rate.  
h LSD0.05 for comparing surfactant inclusion by sample collection timing within a d interaction. 
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Table 2. Effect of sample collection time within a day on dislodgeable 2,4-D residue from perennial ryegrassa,b,c,d 
 _____________________________________ Days after treatment _____________________________________  
TWD 0e 1 2 3 6 LSD0.05

f 

 _______________________________ % 2,4-D dislodged of appliedg _______________________________  
AM   23.1 28.3 24.4 14.4 3.8 1.8 
PM   9.8 4.0 4.0 2.5 0.4 0.4 
LSD0.05

 h 2.1 3.4 1.4 0.7 0.4 ___ 
a Abbreviations: TWD, time within a day; AM, 7:00 Eastern Standard Time; PM, 14:00 Eastern Standard Time.  
b Experiments initiated May 24 and June 6, 2016 in Raleigh, NC. 
c Data pooled over two experimental runs and surfactant treatments. 
d Nondetecable dislodgeable 2,4-D residue at 12 and 24 d after treatment. 
e Data from 0 days after treatment analyzed separately due to differing sample collection time from subsequent timings. 
f
 LSD0.05 for comparing days after treatment within a sample collection timing. 

g Percent of the 2.1 kg ae ha–1 spray application rate.  
h LSD0.05 for comparing sample collection time within a d.  
  



 

 100 

Table 3. Effect of surfactant inclusion on dislodgeable 2,4-D residue from perennial ryegrassa,b,c,d 

 _____________________________________ Days after treatment _____________________________________  
Treatment 0e 1 2 3 6 LSD0.05

f 

 _______________________________ % 2,4-D dislodged of appliedg _______________________________  
No surfactant 17.1 18.1 15.2 9.2 2.9 1.1 
Surfactant 15.7 14.2 13.2 7.7 1.4 1.6 
LSD0.05

 h NS 2.3 1.5 0.8 0.4 ___ 
a Abbreviations: NS, nonsignificant.  
b Experiments initiated May 24 and June 6, 2016 in Raleigh, NC.  
c Data pooled over two experimental runs and sample collection timings within a d. 
d Nondetecable dislodgeable 2,4-D residue at 12 and 24 d after treatment.  
e
 Data from 0 days after treatment analyzed separately due to differing sample collection time from subsequent timings.  

f LSD0.05 for comparing days after treatment within a surfactant treatment. 
g Percent of the 2.1 kg ae ha–1 spray application rate.  
h LSD0.05 for comparing surfactant inclusion within a d. 
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Table 4. 2,4-D persistence in/on perennial ryegrass vegetation a,b,c,d 
DAT  
 % of applied 2,4-Df 
0e 87.1 
1 76.1 
2 61.4 
3 49.4 
6 26.6 
12 3.6 
LSD0.05

g 6.8 
a Abbreviations: DAT, d after treatment.  
b Experiments initiated May 24 and June 6, 2016 in Raleigh, NC.  
c Data pooled over two experimental runs, sample collection timings within a d and surfactant inclusion. 
d Nondetecable 2,4-D residue at 24 d after treatment.  
e
 Data from 0 d after treatment analyzed separately due to differing sample collection time from subsequent timings.  

f Percent of the 2.1 kg ae ha–1 spray application rate.  
g LSD0.05 for comparing 2,4-D persistence over days after treatment. 
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Table 5. Pearson correlation coefficients quantifying the relationship between environmental parameters and  
dislodgeable 2,4-D residue on perennial ryegrassa,b,c,d 

 ______________ % 2,4-D dislodged of appliede _________________ 
Environmental parameter Surfactant No surfactant 
 _________________________________ r _________________________________ 
Air temp–dew point –0.62***f –0.64*** 
Relative humidity 0.56*** 0.60*** 
Wind speed  –0.59*** –0.61*** 

a Experiments initiated May 24 and June 6, 2016 in Raleigh, NC. 
b Average of hourly environmental parameters from 7:00 AM to 8:00 AM Eastern Standard Time and 2:00 PM to 3:00 PM Eastern 
Standard Time.  
c Environmental conditions recorded on site at the Lake Wheeler Turfgrass Field Laboratory (Raleigh, NC).  
d Data pooled over two experimental runs, 1 to 6 d after treatment and sample collection timings within a d. 
e
 Percent of the 2.1 kg ae ha–1 spray application rate. 

f *** denote significance at P < 0.0001.  
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Figure 1. Dislodgeable 2,4-D following one cotton glove hand wiping event (0.042 m2) over perennial ryegrass as a percent of the 
application rate (2.1 kg ae ha–1). The application occurred at 14:00 and sample collection ensued 0 hour (14:00) and 2 hour (16:00) 
after application on 0 day after treatment (DAT), and 7:00 and 14:00 from AM and PM sample collections, respectively.  
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