ABSTRACT

RAMANATHAN, SHWETHA SRIVELLI. Characterization of Herbicide Persistence, Bioavailability, and
Soybean Genotypic Sensitivity From a Herbicide Carryover Perspegiinder the direction of Br Travis
Gannon and\nna Lock@.

Herbicides applied to monocotyledonous cragsinjure soybeanGlycine maxL.) Merr.) planted in
rotationif residual herbicides persidthegoal of this research was ¢tbaracterize herbicide persistence and
bioavailability, and soybeagenotypicsensitivity to evaluatéherisk of carryoverdamageo soybearfrom
common soHapplied herbicides. The specific objectives were-fald: to determire the effects ofsoil
propertieson persistence and bioavailabilibf commonly usd herbicideso asseskerbicidecarryover
potential in regional soiJ&indto evaluaé the sensitivityof soybearvarietiesto atrazine

Laboratory incubation experiments were conductedetermineatrazine, mesosulfuremethyl, and
topramezon@ersistence ifive regional sos. Half-life of atrazineand topramezone@aslongestin Portsmouth
sandy loam13% clay,5% organic matte(OM), 4 pH) andshortesin Candor san4% clay,2% OM, 5 pH)
Half-life of mesosulfuroamethylwaslonger at7 °C andvaried amongoil types The half-life of atrazine and
topramezonevaspositively correlateavith soil OM and claycontens and negatively correlated with soil pH.
Mesosulfuroamethyl halflife was negatively correlated with soil temperatiNegativecorrelation between
soil OM content and soil pH may have influenced the effect of soil pH on ati@zitiepramezone persistence,
and the effect of soil OM content on mesosulfunoethyl persistence.

Local edaphic conditions may cause regional differencé®ibicide carryoveconcentration.
However differences in théioavailability of residuemayinfluencethe extent of carryover damatgecrops
Herbicide EGo and EGy values were determinddr soybearand an additional species for each herbicisiag
nineatrazine, mesosulfuremethyl, or topramezon@tesin threevaryingsoils. Atrazine EGy and EG, for
visual injury insoybean wrelowest inCandor san@3% clay,2% OM, 5 pH)andhighest in Portsmouth sandy
loam (7% clay, 5%0M, 5 pH) at 21days after emergen€¢BAE). Similarly, ECso and EGo for aboveground
biomass reductiom soybearwerehighestin Portsmouth sandy loarivlesosulfuroamethyl EGo for visual
injury in soybearwaslowest in Candor sanat all sampling datesMesosulfurormethyl EGo and EGo for
soybean abovegrouriceshbiomass reduction wdswest inCandor san@ndhighest in Portsmouth sandy

loam. Topramezone Egand EGofor soybean visual injury wergenerallylower in Candor sahandsimilar in



PortsmoutrandCreedmoor sandy loasvoils Radish(Raphanus sativus.) and canolgBrassica napus.)
weremore sensitivéhansoybean

It is importantto evaluate the sensitivityf genetically modified and conventiorsdybean varieties to
herbicideso which they may not bimherently tolerant, and lich may cause injury under conditions of
carryover, like atrazinél'he effects of five atrazine rates on fis@mmonlycultivatedsoybeargenotypesn the
regionwere investigated in Candor sar@8%o sand3% silt, 4% clay) undegreenhouseonditions Soybean
genotypes differed in their sensitivity to atrazine injang their recovery from damagkt 21 DAE,9.0 g
active ingredientd.i.) hd latrazinereduced aboveground fresh biomass 6 S 5a2nRIS 866S60H &n8 15 L L 0,
reducechet CQ assimilation rateX) andeffective quantum yield of photosystem(lips))in6 AG56 X8 6 and
0 N-Du n p.iMgweverd P 5 3 A Beatxdbwith a similar atrazine ratecovered irti ps; andA by 21 DAE.
At 3 DR Eas reducedy up to 82% across genotypes at 179.2 g d.ilténeen though no visual
symptoms were observedlt 21 DAE,0 A G5 6 X 8 & -Daumd et MCovered in relative chlorophyll
contentat a similaratrazinerate Linear regression analyses showed negasiationship betweenisual rating
andphotosynthetic parameteisluorescenceneasurementdetectecatrazinedamage that asnot evident
through visual ratings

Overall, resultsndicate thaterbicide carryovedamageo soybeammay bedependent odifferences
in herbicide persistenand bioavailabilityamong regional soil typeanddifferencesamong soybean

genotypes in thesensitivityto carryover herbicide residue
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CHAPTER 1: INTRODUCTION

Evaluated Herbicides

Herbicides account for nearBb% of the top 3Qpesticides used worldwigeorresponding tabout
1.11 million metric tonsand are applied in agricultural settings to manage w@adse & Dayan, 2018; Osteen
& FernandexCornejo, 2016)Residual herbicides are usadnost agronomic cropping systems to protect crops
from weed competition for an extended period of time Heuwbicide carryovemay injure susceptible rotational
crops(Colquhoun, 2006; Walsh et al., 2018hree herbicidewidely used ircereal cropshat are commonly
rotated with soybeafGlycine maxL.) Merr.) were selectetb evaluateheir caryoverpotentialin regional
soilsand injury risk to soybead arotational crop witthigh valueof production in North CarolindJSDA
NASS, 2019)

Atrazine is a triazine herbicide labeled fmeemergencandpostemergenc&eedcontrol in sugarcane
(Saccharum officinarurh.), corn Zea may4..), sorghum $orghum bicolofL.) Moench) and evergreen trees
(Shaner, 2014). It is moderately water solubl&{-33 mg L' ), with a moderate soil organic carbomter
partition coefficient (Koc = 100 mL ¢ ) that varies with soil organic matter and clay contant! soil pH (Kc=
39 mL g *for sand with 0.9% organic matter, 2.2% clay and pH 6,5=K0 mL g ¥or sandy loam with 1.9%
organic matter, 16.8% clay and pH 7.5)isla very weak base (pk 1.60) (Shaner, 2014a; Yalkowsky et al.,
2010). Atrazine application rate is stipulated to not exceed 2,240 g active ingredient {aizbm for any
single application (Shaner, 2014a; USEPA, 2016). Atrazine is charactesineobéle and persistentving to
dissipaion into surface or ground water through runoff and by leaching (USEPA, 2Ré&é¢arch has been
conducted for atrazinia the context of carryover ®oybean and leguminous cover crop species; however,
visualinjury or reduction in biomass or yield varied depending on soil texture and properties, and geographic
and climatic conditionsHrank et al., 1983alhano et al., 201®awlak et al.1987).

Mesosulfurormethyl is a sulfonylurea herbicide labeled pastemergenceontrol of grasses and
broadleaf weeds in cereals including winter r$edale cerealk.) and spring, winterand durum wheat
(Triticum aestivuni. subspaestivum Triticum durumDesf.) (Lewis et al., 2016). It is moderately soluble in
water(Ks =483 mg L }, solubility increaseat higher pH (pH 9 10), andis aweak acid (pK = 4.35)with an
organic carborwater partition coefficient of 11.0lng' {National Center for Biotechnology Information,

2021 Shaner, 2014b; USEPA, 2004). The proposed maximum application ratentool of annual grasses and
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broadleaf weeds in winter wheiatl5 g ai hat (USEPA, 2004). Rotational studies in spinaShifacia
oleraceal.), carrot Paucus carotd.. var. sativusHoffm.), and wheatTriticum aestivupat three plant back
intervalssuggested that significant residsaot taken up in succeeding crofserefore, USEPA (2004)
concluded that establishment of tolerances for inadvertent mesostitfigthyl residue was not necessary.
However, effects in soybean were not elucidated in the rotational crop studies and sufficient information on the
edaphic conditions for these trials was not providiéelsosulfuroamethyl may be persistent depending on
edaph¢ conditions (haHife = 318 days, pH 9 and 2&) (Shaner, 2014b). Carryover of other sulfonylurea
herbicidessuch as chlorsulfurocombined withmetsulfuron, and sulfosulfuronan causglantheightand
yield reductionin cotton(Gossipiurmhirsutun) and soybean; however, information specific to mesosulfuron
methyl regarding persistence and carryover potential in regional slaitking (Greyet al, 2012).

Topramezone is a benzoylpyrazole herbicide labeleddstemergencieroadleaf weed and annual
grass control in maiz&Zéa mays..), sweet corn{ea maygsonvar.Saccharatavar.rugosg, and popcornfea
maysvar. evertg (Shaner, 2014c; Choudhary et 2019). It has high water solubilit)K(=510mg L' 3,
exhibits a wide range in soil organic carbweater partition coefficient (k) values (2to 172 mL ¢ J, and is a
weak base (pK= 4.06) (Lewis et al., 2016; Shaner, 2014c). Maximum application rate of 25 g ha
proposed byhe USEPA (2005) for topramezonathough carryover injury risk is anticipateddicotyledonous
norttarget plants at this rate. Drift and runoff are phienary exposure routes in terrestrial and saquatic
ecosystems that are attributed to topramezone (USEPA, Zf@&)ts of topramezonearryoverhave been
elucidated in grass and broadleaf cover crop spemiekinjury in rice fromopramezone may vary depending
on location and cultivafCornelius and Bradley, 201®joore, 2019Rector et al., 2020However, carryover
risk to soybean from topramezone in reggpecific soil types has not been previously investigated.

The use of atrazine, mesosulfurorethyl, and topramezone imonocotyedonousrops commonly
rotated with soybean, othinedwith diverse physicochemical properties that indicate potential for carryover,
warrants additional research for the evaluatiogedéctecherbicides from a carryover perspectivesvaluate

injury risk to soybean in regional soils

Herbicide Persistence
The economic advantage of residual herbigiftesn seasorlong weed control enabled by their

persistence in sqitould be offset by catyover of herbicide residue that can injure susceptible rotational crops
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(Helling, 2005) Physical characteristics and chemical composition of soil, along with soil pH, temperature, and
moisture, are fundamental soil properties that relate to herbicide persistence (Cox et alSdiB®%ysical and
chemicalproperties which affect pesti@dadsorption include soil texture (sand, silt, and clay content), soil
organic matter content, cation exchange capacity, and bulk density (Durovic et al., 2009; Gannon, 2011).
Herbicide adsorptioto soil constituents dictates persistence by influenciagdte of chemical and microbial
degradation of herbicides (Furmidge & Osgerby, 198®hersoil clay and organic matter contents have been
most associated with increaggesticide adsorption and persistence (Durovic et al., 2009; Furmidge & Osgerby,
1967). A common expression of herbicide persistence islifi@l® the timerequiredfor residual herbicide
concentratiorio decreaséy 50% (Helling, 2005).

Atrazine has an average soil aerobic igdf of 60 days, ranging from 2&aysto 150 days in the
laboratory and @aysto 261 days in the field (Lewis et al., 2016; Shaner, 20148EPA 200% Atrazine half
life in non-sterile, surface soils from aerobic incubation studasedfrom 37 days t®&0 days based on soil
geographical origin, depth, clay content, organic carbon content, pH, and temperature (Accinelli et al., 2001;
Jenks et al., 19B). Atrazine haHife was up to 25 weeks in a comparative study conducted by Bowmer in 1991
with soils from Australia, Romania, and USA. Laboratory studies indicate difeatinge between 7 @aysto
140.1 days for mesosulfuranethyl, withvaryinghdf-life depending on soil pH and temperature (7 days at pH
5 at 20 °C; 23 days at pH 7 and 40 °C; 253 days at pH 7 and 25 °C; and 318 days at pH 9 and 25 °C) (Shaner,
2014b).Topramezone has an aerobic laboratory-lifafof 85 daysto 495 days, and a loav field halflife
between 10.8laysand 69.3 days (Lewis et al., 2016; Shaner, 20Me).theUSEPA (2005) reporta
topramezone halife range from 125 days to greater than 365 days.

The effect of soil properties on herbicidpecifichinding anddegadation mechanisms can influence
herbicide persistence. Atrazine, mesosulfunoethyl, and topramezone persist longer in soils with pH > 7.0
since higher soil pH slows down chemical and microbial degradation of these herbicides (Curran, 2016; Rector
et al, 2020; USEPA, 2005Herbicide binding to soil fractionsuch as soil organic matter and ¢legn result
in decreased availability of herbicide residue in soil solution for microbial degradation (Shaner et al., 2012).
Atrazine can undergo hydrolysisite inactive hydroxy form in soil porewater, which is influenced by soil
moisture conditions and pH (Hiltbo& Buchanan, 1977). Soil temperature is an important factor that affects

degradation of sulfonylurea herbicid@inelli et al., 1997; James et al., 1995; Kuwats&k#amamoto, 1997;



Saha& Kulshrestha, 2008)rhe rate of sulfonylurea degradation is accelerated under conditions of high soil
temperature, moisture, and pH since hydrolysis and microbial degradation mechanisms are enhanced by these
soil conditions (Brown, 1990; Singh et al., 2018). Topramezorggtence is controlled by the competition of
chemical degradation and biotransformation with binding mechan@swl (USEPA, 2005).

With evidence suggesting that thalf-life of atrazine, mesosulfuremethyl, and topramezone varies
with soil propertis and geographical conditiorisis critical to evaluatéheir persistencand availability for
plant uptaken regionspecific soil types to identify soils in which herbicide carryover and risk for itgury

soybeammay be ofgreaterconcern.

Herbicide Bioavailability and Crop Sensitivity

Herbicide bioavailability in the soil is controlled by the strength of adsorption of herbicides to soil
componentand herbicide concentration in sedlution(Helling, 2005; Furmidge & Osgerby, 1967; Soldkies
& Larramendy, 2011). Herbicide residue not adsorbed torsnjlbepartitionedin available soil water and
absorbedby roots of plantsandthis is regulated by soil texture, type, structure, and pore size distribution, and
landscape and climatic conditions (Schmidt & Pestemer, 1980; Shaner, 2014a; ShanerEedmta)f
carryover herbicide damage may be more prominent in soil where aMgilabherbicideresiduefor plant
uptake is greateProcesseshatdetermine the availability of herbicides for plant uptake influenced by
physiochemical properties of the herbicide, soil texture, and microbial activity in tharsoihg other fdors
(Schmidt & Pestemer, 198Mrotonated trazine adsorbs to negatively charged positions on clay minerals
through physical sorption arid organic matter primarily through ionic bondi(einhardi& Nel, 1993; Laird
et al., 1994)Sulfonylurea sorption in soil igositively associated with soil pH ansl dependent othe pH
buffering capacity of soibrganic matteralthough research specific to mesosulfurnathyl sorption kinetics
lacking (Colquhoun, 2006; Rector et al., 2020ppramezone imore prone taoil sorption and microbial
biotransformatiorthanhydrolysis and photolysis (USEPA, 2005).

Herbicide translocated to actively growing shoots and leaves of plants from theaocasise plant
injury depending ofits modeor mechanisnof action. Atrazine cags leaf oxidative stress by inhibiting
electron transport in photosystdimwhich results in foliainterveinal and/or marginal chlorosis and necrosis
(Guimaraes et al., 2011; Wong & Romanowski, 1968; Zhu et al., 2009). Mesosutfietbglinhibits the

acetolactate synthase (ALS) enzyme in plants, which leads to the depletion of brahalredmino acids
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necessary for plant growth, and injury symptoms include plant stunting, leaf epinasty and malformations, and
slow plant deatliBlair & Martin, 1988;USEPA, 2004)Topramezonénhibits the hydroxyphenylpyruvate
dioxygenase (HPPD) enzyme and indueedoxidative stresdeading to chlorophyll destruction and leaf
bleaching symptoms (Rahman et al., 2013; van Almsick, 2009).

Herbicide carryover damage is dependent on herbsatbetivity, susceptibility of crop species, and
bioavailable concentration of herbicidesidue among other attribute¥'ield reductions have been observed in
oat (Avena sativd..) and winter wheaatcomparable atrazine rates in different locations and soil types
(Burnside & Wicks, 1980). Leguminous specsesh aslfalfa (Medicago sativd..) and lentil Lens culinaris
L.) were more sensitive to atrazine effects on plant height, chlorophyll costteot,and root dry weights, and
root length as compared to cereal crops such as wheat, ddoele(im vulgard..), and oat at similar
simulated carryover raté€howdhury et al., 2020Additionally, injury from atrazine soil residue in soybean
was lower in soil with higher organic ntat content{Frank et al., 1983Rotational crops such as barley, sugar
beet Beta vulagri3, and canold¢Brassica napus.) are affected by lowoncentrations of sulfonylurea
herbicideshowever there is a dearth in research specific to mesosulforetiyl carryover (Mehdizadeh,

2016; Moyer, 1995). Pe®i{sum sativuni..), white clover Trifolium repend..), and radishRaphanus sativus

L.) are susceptible to topramezone applied at rates up tg 80RBa ! whereas wheat, sugarcaaed tomato
(Solanum lycopersicunare tolerant (Negrisoli et al., 2019; Rahman et al., 2014; Rector et al., 2020). Previous
research suggests diffieg sensitivity among crop species to herbicide carryover but tharkriswledge gap
regarding atrazine, mesosulfurarethyl, and topramezone carryover dam@gsoybean in regional ssiand

whetherthe potential for injury varies depending the influence of soil properties dmoavailability.

Photosynthetic Responses Symptomatic for Herbicide Sensitivity

Photosynthetic response measuremamntsused agowerful diagnostic tools the sudy of herbicide
interaction withthe plant photosynthetic system at a molecular I€Rebber et al., 1991Plant physiological
stress conditions that are developedrfrexposure to herbicides affenetabolism angroductivity before
visualsymptoms may manifegfigostinetto et al., 2016The need for objective, rapid, nomvasive, and
sensitive screening methodsiiersectingareas of plant biology and agrochemical research has led to the
development of quantitative and automated assessmeph®tfsynthetic and metabolic impairmémplants
(Barbagallo et al., 2003; Weber et al., 20M@riationsin chlorophyll fluorescence emission anetCO,
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assimilation ratdave been used to evaluate the effect of herbicides on crop performance and to ghistingui
between herbicidéolerant and susceptible weed biotypes and crop vari§ites et al., 2016.i et al., 2018;
Weber et al., 201&hang et al., 2016)

Effective quantumyieldgb h ot 0 s y s$di) & calclildted ffotn measurements of maximum
fluorescence yield in a lighkedapted state and steashate fluorescence by applying a saturating flash of light to
a lightadapted leaf (Maxwell & Johnson, 2000). Juneau et al. (2006gssigg e d psitmhyantegrate the
entire physiological state of the plaaridbe more sensitive than maximal quantum yield of PIRJF), which
is afluorescence parameter measured from a-dddpted leaf. Herbicides with PSiihibiting
mode of actia, like atrazine, disrupt electron flow by binding to the D1 protein in the reaction ¢eletes,
2000;van Rensen, 1989). Excitation energy froomtinuedabsorption of light energig dissipated to prevent
photodamage of the reaction centandcan be observed via enhanced chlorophyll fluorescendieating PSII
damageDraber et al., 1991 hus,U ps measuremeris a convenient and netestructive method for
inspecting herbicide damage without relying on plant responses visible to the éyen&urthermore,
chlorophyll fluorescence has been successfully employed to study effects of several herbicides with diverse
modes of action that inhibit metabolic processes but can indiracitify fluorescence kineticdBarbagallo et
al., 2003; Li et al., 2018)

Relative chlorophyll content is a useful photosynthetic parameter for elucidating effectslof PS
inhibitors since these herbicides lead to chlordidbgs due to oxidative stre¢ghu et al, 2009) Relative
chlorophyll content is generally calculated based on leaf transmission of red light at 650 nm, which is absorbed
by chlorophyll, and transmission of infrared light at 94860 nm, at which no absorption occurs, using a
SPAD metei(Xiong et al., 2015)Net CQ assimilation rateA) is commonly measured by an open gas
exchange system that computes the difference between mass flow p&Ciine in and out of a leaf
chamberA is directly associated with electron transport ituin and has been used in combination with
fluorescence measurements to provide deeper insight into effect of herbicides on plant photosynthetic or
metabolic mechanisn{g&gostinetto et al.2016 Ferrell et al., 2003; Hassannejad et al., 20Z8grefore, the
present research utilized photosynthetic response measurements in combination with conventional evaluation
methods to distinguish atrazine sensitivity among soybean gendtyipesify varietiesthatmay be less prone

to carryover damage from atrazine.
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CHAPTER 2: EFFECT OF SOIL PROPERTIES ON ATRAZINE, MESOSULFURON -METHYL, AND
TOPRAME ZONE PERSISTENCE

Formatted foMWWeed Science

Shwetha S. RamanathianTravis Gannoh Wesley Evermal and Anna Locke

Investigation into effects of soil properties on herbicide persistesntaid inevaluaing herbicide
carryover potential and consequent injury tiskotational cropsn regionallydiversesoils. Laboratory
incubation experiments were conductedjt@antify the persistence afrazine, mesosulfuremethyl, and
topramezone under aerobic conditions at 2R€sosulfuroamethyl persistence wadso testect 7C,
representative okinter-soil temperaturgin North CarolinaHerbicide halliveswerecalculated by linear
regression usinthelogarithmicform of thefirst-order kineticgeaction Half-livesof atrazine (37.3 to 73.2
days) and topramezonex(fio 19days) variecamongsoil types. Mesosulfuremethyl halflife variedamong
soil types at T (8.8 to 9.8 daysand 23 C (5.4 to 5.8 day® significant temperature effe@® < 0.001) was
observed fomesosulfurormethyl persistence within soil typeAtrazine and topramezone hiéilfeswere
shortesin Candor sand (3.8% clay, 1.8% organic matter, 5.1 pHJangestin Portsmouth sandy loam (13.0%
clay, 5.3% organic matter, 4.3 pHilesosulfurormethyt half-life was longer at lower soil temperatukalf-
life of atrazine, mesosulfuremethyl, and topramezone were correlateth soil organic matterr(= 0.834,
1T0.530, and 0. 6bpH(frespPpe8bBYebDyp4dand a rdditionall, 56 7, respe
atrazine and topramezone hkifeswerepositively correlatedwith soil claycontent(r = 0.829 and 0.707,
respectively), and mesosulfurenethyl halflife wasnegativelycorrelatedwith soil temperaturer= 1 0. 97 0) .
Correlatiors between soil clay content, organic matter content, and pH among soihtgydsave also
influencedherbicide persistemc Growers practicing crop rotation should consifield soil properties anthe
relationshig betweersoil organic matter content,ayl content, pHsoil temperaturgandherbicide persistence

to makesuitableherbicide selectionis a rotational systero prevent carryover crop injury.

IFirst, 'secondthird, and’fourth authors: Graduate Research Assistant, Associate Professoiiafessoc
Professor, and USDA Assistant Professor, respectitegpartment of Crop and Soil Sciences, North Carolina
State University, Raleigh, NC 27607; afuSDA-ARS, Department of Crop and Soil Sciences, North Carolina

State University, Raleigh, NZ7607.
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Introduction

Atrazine, mesosulfuromethyl, and topramezone are herbicides with residual soil activity that are
currently labelled for usim corn Zea may4..) or winter wheat Triticum aestivuni. subspaestivum and are
commonly applied in North Carolin@hese cropare commonly followed by dicotyledonous rotational crops
that may be injured iférbicideresiduepersistsan the soilat the time of rotational crop planting (Colquhoun
2006) In contemporary ntillage systems, herbicide persistence is influenced by chemical properties of the
herbicide, the rate and date of application, and soil properties (Burnside and Wicks 1980, Walsh et al. 1993).
Fundamental soil properties that relate to herbicide adsorptbpersistence are soil organic matter content,
clay composition and content, soil pH, cation exchange capacity, soil moisture, and bulk density (Cox et al.
1995, Durovic et al. 2009, Gannon 201Additionally, soil temperature and moistungay affect hebicide
residueand bioactivity (Allen and Walker 1987, Reinhardt et al. 19B@duction in soybean stand and yield
loss in soybean from carryover of atrazine applied to corn are dependent on soil texture and climatic conditions
(Brecke et al. 1981 Fo0rpion of herbicides to the soil surface influences the rate of chemical and microbial
decomposition of herbicides (Furmidge and Osgerby 1967). Reinhardt et al. (1990) recommended that
guidelines for atrazine plattackintervalsbe redefined based on soibperties, but more data are needed to
make appropriate recommendations for many soil types.

Atrazine (6chloro-4-N-ethyl2-N-propan2-yl-1,3,5triazine 2,4-diamine) is a photosystem
I'ITTinhibiting tri aziampostemengdnce@nhgssss dndibboadleabdtrolinor pr e
sugarcaneSaccharum officinarurh.), corn, sorghumSorghum bicolofL.) Moench), and evergreen trees
(Shaner 2014a, Zhu et al. 2009). Atrazine has an average soil aerofife ldl60 days, ranging from 28 to
150 days in the laboratory and 6261 days in the field (Lewis et al. 2016, Shaner 2Q014aEPA 2005
Mesogslfuron-methyl (2[(4,6-dimethoxypyrimidin2-yl)carbamoylsulfamoyt-(methanesulfonamidomethyl)
benzoate) is a sulfonylurea herbicide that inhibits the acetolactate synthase (ALS) enzyme (USEPA 2004). It is
labeled for broadleaf control in cereals inchgliwinter rye Secale cerealk.) and spring, winter, and durum
wheat (riticum aestivuni. subspaestivum Triticum durumDesf.) (Lewis et al. 2016). Laboratory studies
indicate a haHife range of 7.6 to 140.1 days (Lewis et al. 2016). Mesosulfuretiyl half-life varies
depending on sopH, with reported halfife of 3.5, 253 and 318 days at pH 4, @nd 9, respectively, at 25 C
(Shaner 2014b). Topramezone-(fB5-dihydro-3-isoxazolyl}2-methyt4-(methylsulfonyl) phenyl]shydroxy-
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1-methyt1H-pyrazd-4-yl) methanone) is a benzoylpyrazole postemergence herbicide, which acts as a
hydroxyphenylpyruvate dioxygenase (HPPD) inhibitor, labeled for broadleaf and annual grass control in maize
(Zea may4..), sweet corn{ea maygonvar.Saccharatavar.rugosg, and popcorndea maywar. evertg
(Shaner 2014c, Choudhary et al. 2019). The-lifalfof topramezone is reported to be 85 to 495 days in aerobic
laboratory conditions and 10.8 to 69.3 days in field conditions (Lewis et al. 2016). Topramezone hatemodera
to slight risk for carryover potential, and studies have been conducted on some rotational crop and aquatic plant
species investigating their susceptibility to topramezone soil and irrigation water residue (Hartzler and Owen
2013, Rahman et al. 2014, &er et al. 2Q0, Torre et al. 2018). However, a knowledge gap exegarding
specific soil properties that may influentogpramezongersistence and carryover

Differences in herbicide persistenc@mong varying soil types as well mdational crop sensitivity to
herbicidescan influence thgotential for, and severity of, crop injurgrecke et al. (1981) reported that atrazine
carryover did not reduce soybe@dlycine maxL.) Merr.) yield in sandy soils under warm and wet cond#ion
in Florida, US In contrastPawlak et al. (1987) observed up to 38% soybean injury one yeaa@ézine
application in a findoamy soil under reduced tillage in Michigan, US. Globally, cooler and drier soils have
been shown to increase atrazine {@esce and damage subsequent crops (Frank et al. 1983, Moyer and
Blackshaw 1993, Reinhardt 1998arryoverinjury potential of silifonylurea herbicidesary depending on
application rate, rotational crop species, and soil and environmental condiiengizadeh et al. 2017, Moyer
1995). Small residual concentrations of sulfosulfuron and triberunethyl damaged rotationplantings of
barley Hordeum vulgaré..), corn, canolaBrassica napug.), and sugar beet (Mehdizadeh 201%gveral
plant species, such as p&asum sativuni.), white clover Trifolium repend..), and radishRaphanus sativus
L.), have shown susceptibility to carryover from topramezone applied at rates up to 202 madibwith 6%
organic carbon and pH 6 (Rahman et al. 20IAYugh there is evidence for individual soil properties affecting
persistence of herbicides with carryover riskestigation into multiple correlations between soil pH, soil
organic matterantent, and soil clay constituentsisededo fully understand the risk of phytotoxic carryover.
The objective of this research wagdgterminehe effect of soil properties on atrazine, mesosulfunathyl,
and topramezone in five representative sgiesfrom a region where crop rotation is commonly practiaad

to elucidatenerbicidecarryover potentiai the selected soils
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Materials and Methods

Soil Preparation andHerbicide Selection

Soils were collectedrom five locationsand wereselected to represent a range of soil textures and soil
organic matter content (Table Dandor sand (sandy, kaolinitic, thermic Grossarenic Kandiudults) was
collected fronthe Sandhills Research StatianJackson Springs, Gt Creedmoor sandy loam (fine, mixed,
semiactive, thermic Aquic Hapludults) was collected ftbm Umstead Resear&larmatButner, NC; Noboco
sandy loam (findoamy, siliceous, subactive, thermic Oxyaquic Paleudults) was collectedHeom
Horticultural Gops Research Stati@t Wallace NC; Portsmouth sandy loam (fibl@amy, mixed, semiactive,
thermic Typic Umbraquults) was collected fr@@aswell FarmatKinston, NC; Vance sandy loam (fine, mixed,
semiactive thermic Typic Hapludults) was collected fitbw Oxford Tobacco Research Stata®xford, NC.
Soil was collectedo a depth of @o 10 cm from agricultural fiels, after discarding surface residuditoit
extraneous plant organic residi&ch soil was air dried, sievéal2mmdiametey and characterized for particle
size using the hydrometer method by Brevironmental and Agricultural Testing ServeteNorth Carolina
State Universitf{Gee and Qr2002) Soil pH was measured using a saturated soil paste of 1:1 ratio of soil to
water, and organic matter content was quantified using the loss on ignition method (Nelson and Sommers 1996
Thomas 1996

A summary of the selected herbicides and their physicochemical properties are presented in Table 2.
Herbicides were selected for investigation based on their use in corn or winter wheat in North Carolina, which
are commonly rotated with dicotyledonous crops $ikgbeanAlso, the wide range in reportédld
persistenc@alues andnoderate organic carbon sorpti@mong other properties, indicate the potential for
carryoverof the selected herbicides under cersoil conditions (Jeffries and Gannon 20$6hmidt and
Pestemer 1980T.herefore, atrazine, mesosulfurarethyl, and topramezone were selected as the herbicides of

interest for the present study.

HerbicideExtraction and HaHife Determination
Laboratory incubation studies were conducted to determirazine, mesosulfuramethyl, and
topramezondalf-life in varying soils Stock and fortification solutions were prepared using techgieale

atrazine, mesosulfuremethyl, and topramezone (99.1, 9%8d 98.4% purity, respectivelyjor each soil25
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g wasplacedinto individualwide-mouthed 240 mlamber polyethylene bottles, brought to field capacity, and

thenspiked via micropipette with fortification solution to deliver 6.34, 0d@30.07 ug § latrazine,

mesosulfurormethyl or topramezoneespectivelyNontreated controls wespikedwith an equivalent volume

of distilled water. Bottles were vortexéar 1 minuteafter fortification to ensure uniform distributiarf

analyte Samples were incuted atroom temperatur&3 C with caps lightly secured to enswaerobic

conditions. Soil samples were maintained at field capacity by adjusting for moisture loss every other day for the

duration of the experimentlsing similar methods, replicate samgptef mesosulfurormethyttreated soils were

incubatedat 7 Cin a refrigeratorandtemperaturavasmaintainedusing an Inkbird digital temperature

controller (ITG308S, Luohu District, Shenzhen, PRTyvo replicategreated with atrazine, mesosulfuron

metyl or topramezonencluding nontreated controlaereremoved from incubatioat 0, 4, 8, 15, 30, 45, 60

and 90 days after treatment (DAT); 0, 3, 6,d14d23 DAT; 0, 3, 6, 11, 23, 34, 4and 68 DAT Sampling

times were based on respective reported averagdifeaif the herbicides (Shaner 2014a, Shaner 2014b,

Shaner 2014c). All bottles were stored &8 C until analysisEach experimental run was repeated twice.
Herbicideswere extractefom soilsamplesand analyzedbr parent compound concentration using

published methodology with modifications to accommodate specific laboratory instrume(B&B®R 2002,

Steinheimer 1993, USEPA n.dBor atrazinegreated soil samples amnespectivenontreateccontrols,with 25 g

dry weight at study initiatior8B5 mL of acetonitrileand wate(80:5v/v) extraction solvent was added to each

sample bottle and placexh an orbital shaker at 220 rpm for 45 minytesd therallowed to settle for 10

minutes. An10 mL aliquot of the extract from each sample was centrifuged at 3500 rpm for 15 minutes,at 20 C

and 1 mL was filtered (0.45 um) and vialed for analys@.mesosulfurormethyl treagd soil samples and

respective noméated controlsyith 25 gdry weight at study initiatiorB0 mL ofacetoneextraction solvent was

added to each bottle and plagadan orbital shaker at 220 rpm for 45 minutasithenallowed to settle for 10

minutes.Resulting slution from each samelwascentrifuged at 3500 rpm for 15 minutes at 20 C, and the

supernatant wafiiteredthrough grade 4 Whatman filter papeto separat@50 mLround bottom flasks and

concentrated to dryness using a rotary evaporator. Concentrated reagtliesalved m 10 mL acetone on a

sonicator for 30 seconds, vortexed for 1 minute to ensure even distribution, and transferred to separate 14 mL

culture tubes. Solutions were concentrated to dryness using a nitrogen evaporator, and assiiggelvwed in

5 mL acetortrile. 1 mL of solution from each sample was filtered (0.45 um) and vialed for an&gsis.
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topramezondreated soil samples and respective nontreated canittis25 gdry weight at study initiatior80

mL dichloromethanextraction solvent was added to each sample bottle and macad orbital shaker at 220

rpm for 45 minutesand therallowed to settle for 10 minutes. Solution from each sampkcentrifuged at

3500 rpm for 15 minutes at 20 C and the supernatanfilteedthrough grade 4 Whatman filter papeto

separat@50 mLround bottom flasks and concentrated to dryness using a rotary evaporator. Concentrated
residue vasdissolved in 10 mL dichloromethane on a sonicator for 30 seconds, vortexed for 1 mensare

even distribution, and transferred to separate 14 mL culture tubes. Solutions were concentrated to dryness using
a nitrogen evaporator and residuasaissolved in 2.5 mL acetonitrile. 1 mL of solution from each sample was
filtered (0.45 um) and viad for analysisHerbicide degradation is described by the finster kinetics with the
equation:

e- kt

(Al =[A [1]
where P]:is the herbicide soil concentration (Lig'goil) at timet (days), Pois the initial herbicide concentration
(ug d ‘soil) at time 0, andtis the firstorder degradation rate constant. Herbicide concentratiens converted
to percentremainingof theinitial concentration, anthenatural logarithm of these value®re fitted using linear

regression to the logarithmic form of the exponential-firgter rate law on SASAS/STAT 9.4 SAS Institute,

Cary, NC, USA) to determine hdife with the equation:

In[A], =In[A], -kt (2]
where PAJ: is the herbicide concentratio®o(of initial concentratiohat timet (days), o is the initial herbicide

concentration%) at time 0, and is the slope.

ResidueAnalyss

Atrazine,mesosulfurormethyl and topramezone samples with nontreated control samples were
analyzed with higkperformance liquid chromatograpidjode array detector (HPL2DAD) using an Agilent
Poroshell Gg column (4.6 x 75 mm, 1.8 umitandardsolutions weranalyzedo test extraction efficienclyy
adding appropriate volume of technical grade herbicide standard solution to nontreated soil samples by
volumetric pipette and extracting as previouddscribed Control spike solutions were includiéor analysis by
treating supernatant from nontreated soil to enthatanalyte enhancement or suppression due to soil matrix

effects did not occur. Flow rates for atrazine and mesosukimethyl analysis were 0.80 mL nifand 0.90
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mL min' for topranezone. Injection volume was 10 pL for all compounds. Atrazine, mesosuifiaetmy| and
topramezone were detected at 220 nm, 225 nm and 254 nm and at 1.45, 1.99, and 2.37 minutes retention time,
respectively. Residueasquantified with Agilent OpenLaltD software version C.01.04 (ChemStation

Database, Agilent Technology, Wilmington, DE, USA) with a limit of detection (LOD) and limit of

guantification (LOQ) of 0.0125 ug dand 0.025 g 'gY respectively.

StatisticalDesign andAnalyss

Theexperiment was conducted in a completalgdomizeddesign and repeated twice. Each run of the
study included two replicates for each dudirbicide and treatment combinati@oncentration below the LOD
wheresister replicatehadconcentration above theOD,wer e substi tuted with the LOD
(Hornung and Reed 1990). Data froine two runs of the experiment were combined for anagysteeffect of
experimental run was not significaattU = . HerbitiBe concentrationasaveraged over four replicates and
half-life wascalculatedas described abowe Equation ZAccinelli et al. 2001). Halfife was determined for
eachreplicateand data were subject to ANOVA using PROC GLM in SAS (BART 9.4,Institute, Cary,
NC, USA),with soil type considered a fixed effect for atrazine and topramezone. Soil type and temperature
were considered fixed effects for mesosulfuroethyl, with significant soil type and temperature interacion
U = Balf-Ifémeans were separatedaccdi ng t o Fi s h withardvajueadot02 ct ed L SD
Additionally, Pearson correlation coefficient$ {vere calculated for herbicide hdiffie and soil properties, and

aPvalue O 0. 05 wasgnificasteottelations det er mi ne

Results andDiscussion

Effect ofSoil Properties onAtrazinePersistence
Coefficient of determination @ values for linear regression of the natural logarithm of percent
atrazine concentration remaining against time ranged from 0.95 to 0.98 acrossdioding a strong
association of atrazine concentration with time (Figure 1). Thelifalff atrazine was comparedangsoil
types after finding a significant effect of soil tyge< 0.001, Table 3). Atrazine hdife ranged from 37.3 to
73.2 days mong the evaluated soils. Atrazine was most persistent in Portsmouth sandy loam, less persistent in
CreedmoorNobocqg andVance sandy loarsoils, and least persistent in Candor sand. Atrazinelifialivas

positively correlated with soil organic matter0.834) and soil clay content£ 0.829), and negatively
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correlated with soil pHr(= T 0. 8 5 6 )Othérherdbit incubétjon studies using 1sterile, surface soils,

similar to the present research, have found atrazindifeatd be 37 days inal from Nebraska, USA, at-80

cm depth, with 34% clay, 1.5% organic carbon and 6.3 pH at 20 C, and 49.9 days in soil from Bologna, Italy, at

0-20 cm depth with 29% clay, 0.7% organic carbon and 8.1 pH at 15 C (Accinelli et al. 2001, Jenks et al. 1998).
Soil organic matter, pH, and clay content have been positively associated with atrazine persistence

(Hiltbold and Buchanan 1977, Reinhardt 1990). Positive correlations between atraziife halil soil organic

matter contenor clay content can be exptead by adsorption of protonated atrazine to negatively charged

positions on clay minerahnd humus (Reinhardt and Nel 1993). The negative correlation of atrazidiéehalf

with soil pHobserved in this studg supported by previous reseadgmonstratinghat adsorption of

protonatedatrazine to clay and organic soil fractiaasigheratlower soil pH (Clay and Koskinen 1990,

Reinhardt and Nel 1993Jhe range for atrazine hdlfe from this study and from previous literature indicate

that atrazine psistence is dependent on soil properties (Lewis et al. 2016, Shaner 2014a). The negative

correlation between atrazine hiife and soil pH can be attributed to correlations between sodmpisoil

organic matter and clay contents (Table 4). Negativeetadion of soil pHwith soil organic matter content £

1T0.916) , a nid= ci | Oangayde2eerinfluencethe ffect of soil pH oratrazine haHife. Atrazine

persistence increased with increase in soil organic matter and clay cdmtdes4) However, atrazine half

life may have tended to increase with decrease in soil pH because soils with higher organic matter and clay

contentsalso had relativeower soil pHamong the studied soilBue to the narrow range in soil pH among

the selecteddils, the effect of soil pH on atrazine persistence may not be distinctly accounted for (Table 1).

Effect ofSoil Properties andTemperature oMMesosulfuroamethylPersistence

Coefficient of determination @ values for mesosulfuremethyl regressiorquationsat 7 and 23 C
ranged from 0.92 to 0.95 acraassoil types(Figures 3 and 4). The effect of soil type on mesosulfumethy!
persistence was significant at 7 and 23& (0.1, Table 3). Mesosulfuremethyl halflife ranged from 8.8 to
9.8 days at 7 C and 5.4 to 5.8 days at 28dtoss soil typegTable 3). At 7 C, mesosulfuremethyl was more
persistent in Portsmouth and Noboco sandy Ieaitsthan in Creedmoor sandy loam, Vance sandy |aam
Candorsand At 23 C, mesosulfuremethyl was more persistent in Candor sand, Creedmoor sandy loam, and
Noboco sandy loam than in Vance or Portsmouth sandy loam. Mesostifietbgl haltlife was correlated
with soil textural properties and temperat(fable 4). Mesosulfuremethyl persistence was negatively
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correlated with soil organicmattar€ 1 0. 53) anmdkE= tieOmplerr)a taunrde p(osi trn vel y
= 0.547) (Table 4). Degradation rate of sulfonylurea herbicides slows as pH iscsgaseassociated
degradation processes are more active at lower pH (Rector e2@). B8sociation between soil pH and
buffering capacity attributed to organic matter, and multiple correlations between soil temperature, pH, and
organic matter contentay influence mesosulfuremethyl degradatiorResults indicate that risk of
mesosulfurormethyl carryover may be minimal in soils with low pH. However, carryover potential of
mesosulfurormethyl may be greater in fields with higher soil fsbim liming or presence of calcareous soils.
Carryoverfrom mesosulfurormethyl omuld be of concern whehis applied to winter crops, at a low soll
temperature.

The halflives observed in this study at 7 and at 23 C fit within the published range for mesosulfuron
methyl with haltlife increasing with decrease in temperature and increase in soil pH (Lewis et al. 2016). A
decrease itherate of sulfonylurea herbicide hydrolysis has been attributed to lower soil and soil water
temperatures (Kuwatsuka and Yamamoto 1998sddulfurormethyl persistence is ptand temperature
dependent, lending support to the strong correlaifats haltlife with temperature and pH found in the present
study (Table 4) (Shaner et al. 20148hortermesosulfurormethylhalf-life at lower il temperaturanay be

due to slowemicrobial activity at lowesoil temperatures (Flint and Witt 1997, Grey and McCullough 2012).

Effect ofSoil Properties onTopramezonéersistence
Coefficient of determination @R values for topramezonrimearregressiorequationsanged from 0.83
to 0.93 across soilgigure 2). Thee were significant differences topramezonéalf-life betweersoil types P
< 0.001) (Table 3). Topramezone hHié ranged from 14.9 to 19.@ays among the evaluated soils.
Topramezone was mepersistent in Portsmouth, Creedmaamd Vance sandy loasoilsthan in Noboco
sandy loamand least persistent in Candor sand. Topramelzalfidife was positively correlated with soil
organic matterr(= 0.626), soil clay content € 0.707), andhegatively correlated withsgiH(r= 17 0. 56 7))
(Table 4).
Topramezone hatlife in all five soilstestedwas similar to the published average value of 14 days for

field studies, and lower than the ranges of 85 to 357 days or 125 to 495 days found by other laboratory studies

(Lewis et al. 2016, Shaner 20148)nce topramezone degradation may likely invahierobial
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biotransformation, ariations in soil sterility magxplain differences itopramezone persistence between other

published laboratory incubation data and present res@d8HBPA 2005).

Soil Properties

Pearson correlation coefficienty (vere calculated fasoil particle size parameters, soil organic matter
and pH to investigate correlation among soil properties. In general, strong correlations were dittemeal
soil clay content, organic matter content, and pH (Table 4). Increasd olay content can increase adsorption
of pesticides, bubrganic matter usually accounts for a greater fraction of herbicide adsorption(Digoiic
et al. 2009, Furmidge and Osgerby 1967). Atrazine and topramezodivdmlivere positively cortatedwith
soil clay and organic matter contents, and negatively correlated with soil pH (Table 4). Soil pH was negatively
correlated to soil clay and organic mattercontest ( 1T 0. 552 and 1T0. 916, respectivel
correlation betwen clay and organic matter content(0.718) (Table 4)Correlations among soil pH, organic
matter content, and clay content may contribute to the negative correlation between atrazine persistence and soil
pH andthenegative correlation between mesostdirmethyl halflife andsoil organic matter content. Lower
organic mattecontenthas been associated with reduced soil pH due to microbial degradation of organic
compounds to strong organic and inorganic adisverselyfactors such as precipitation, leaching and
mineralization couldesult in higher soipH at low levels of organic matter (McCauley et al. 2017). Moisture
and temperature directly affect microbial proliferation and thermodynamic prodessgls (Gannoret al.
2017). Though these were held constant within experiments, the native microbial populations likely differed
across selected soils. Microbial degradation may have caused some of the differences in herbicide persistence,
and this possibility shouldeninvestigated through further research, particularly in soils with repeated
applications of these compounggich mayvary in the numbepr specie®f microbial populations thatan

cause enhancatbgradtion ofherbicideqJablonowski et al. 2010).

Resarch Implications

Carryover concentrations of persistent herbicides have the potential to injure rotational crops,
depending on herbicidsoil bioavailability and speciespecific sensitivity to herbicide residual concentrations.
These results indicate thsoil factors, such as soil organic matter conégrtclay contenmayimpede

herbicide degradation due to increased herbicide adsorption to soil constituents. The influence of these factors
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on herbicide adsorption could lead to differences in bioavkijabf carryover residue to rotational crops

well. Althoughherbicides are likely to remain bound tightly to soil particles under drought conditions, large
scale release of bound herbicide residue may affect sensitive crops like soybean whentsod maisfficient
for crop growth (Westra et al. 2003).

Results from this research show that atrazine has a longdiféaff soil with higher organic matter
content and clay content, and lower pH, suggesting that growers should consider thesevadaplds when
planning atrazine application for corn, sugarcane, or sorghum in a rotational cycle. Regithves like
Southeasterstates inJSA may incur higher carryover atrazine concentrations and rotational crop damage
where soilontain highorganic matter and clagontentsand where crop rotation is commonly practicéd,
residual atrazine becomes bioavailable for plant uptake. Severity of injsoybean from atrazine carryover
residue above 0.1 g kdhas been related to soil type, specamount of residue and weather conditions (Frank
et al. 1983)Injury to rotational crops such as oAtvéna sativd..), soybean, navy beaRlfaseolus vulgar)s
and sugar beet from atrazine concentrations depends on soil characteristics and enargonditions (Frank
1966). Past studies evaluating the effect of tillage on atrazine persistence in the soil and subsequent crop
damage have pointed out the increased risk of soybean injury under reduced tillage from the combination of
atrazine residuenal application of metribuzin, an herbicide sprayed preemergence in soybean (Pawlak et al.
1987). Therefore, atrazine persistence across various soil types may impact rotational crop yield potential in a
reduced tillage systemvhich iscommonly implemented by growefBhe effect of temperature on
mesosulfurormethyl halflife elucidated in the present study, indicate that carryover concentrations may be
greater when mesosulfuranethyl is applied to winter wheat at cooler soil tempeestuTriasulfuron, another
sulfonylurea herbicide, reduced alfalfdddicago sativd..), canola, corn, and sugar beet growth one year after
application (Mehdizadeh 2016, Moyer 199Shybean orensitive, coolseason vegetable crops planted in
rotation inspring could suffer damage from persistent mesosulforethyl residueOverall risk of carryover
from mesosulfuromimethyl may be lovin the specific soils that were evaluated, as indicated by persistence
data; however, carryover may be of concern in suitls higher pH Similar to atrazine, topramezone hEdé
in the present research increased with soil clay and organic matter contents and was inversely related to soil pH.
Therefore, topramezone carryover risk maybe higher in soilsogittespondingproperties. While wheat and

sugarcane are tolerant to topramezone, a wide range of injury severity has been reportefigizacgafiva
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under field conditions, ranging from minimal injury to severe crop loss across different locations, rates,
applicatian timing and rice cultivars (Moore 201%) may be posited thanvironmental conditions and soil
propertieamay have influenced differences in rice injury to topramezone; however, these ledfextsot been
thoroughly elucidated. Future investigationsirelationships between carryover injury risk, herbisda
bioavailability, and rotational crop susceptibility will benefit from herbicide-hfdfevaluation inregionalsoil

types since carryover herbicide concentrattom function of herbicide grsistence.

Conclusions

Our findings indicate that herbicide persistence vamesrgNorth Carolina soil types and is
dependent on soil organic matter content, clay content, pH, and temperature, and is influenced by herbicide
propertiesHalf-life data for herbicides evaluated in this study indicate that soil properties, and correlations
amongthem, can affedterbicide persistenand subsequent carryover of residual herbicide concentrations to
rotational cropsTherefore, herbicide carryover from persistent herbicide residue may vary depending on
edaphic, geographic, and climatic cormtits of the region. Based on the results from this study, carryover from
persistent siazine and topramezomseil residue may be higher in soils with greater organic matter and clay
contents, such as Portsmouth or Creedmoor sandy loam, and lower in epanssltsoils, such as Candor
sand. Carryover risk of mesosulfurarethyl can be greater when it is applied to winter wheat at cooler soil
temperatures, such as 7 @ckors such asoil clay and organic matter contents, and temperatifield soil
shoul be considered whilgelecting herbicides for use in a rotational cropping system to prevent carryover
injury to the succeeding crop since soils with higher soil clay and organic matter contents and lower soil
temperatures may be at greater risk to habipersistence and subsequent carrydyewever, elucidation of
the effect of similar soil properties on herbicide availability for plant uptake is required to thoroughly evaluate
risk to carryover injury in regional soils since herbicide bioavailability can affect the severity of crop injury

from carryover residue.
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Tablel. Series, texturegrigin location and properties of selected soils

Soil series Texture Origin GPS coordinate Sand Silt Clay oM pH
00000000 %600000809

Candor Sand Jackson Springs, NC 35.18N, 79.68W 90.3 5.9 3.8 1.8 5.1

Creedmoor Sandy loam Butner, NC 36.13N, 78.79W 62.2 24.1 13.7 3.2 5.0

Noboco Sandy loam Wallace NC 34.71°N, 77.97°W 66.4 23.1 10.5 4.5 4.7

Portsmouth Sandy loam Kinston, NC 35.2PN, 77.653W 77.2 9.8 13.0 5.3 4.3

Vance Sandy loam Oxford, NC 36.30N, 78.6PW 64.7 26.1 9.2 3.8 4.9

aAbbreviations:GPS, Global Positioning Syste@M, organic matter; NC, North Carolina.
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Table?2. Properties of selected herbicides.

- Field halflife@ Water solubility Kol Maximum gplication rate
Herbicide days mg L'* mL g'* PKa gaihd?
Atrazine 6.0 to 261.0 33(pH 7,22 C) 100 1.70 (21 C) 2,240
Mesosulfurormethyl 3.5t0 3180 483 (20 C) 11° 4.35 (20 C) 15
Topramezone 10.8 to > 364.0 510 (20 C) 2210172 4.06 (20 C) 25

aProperties from thelerbicide Handbook 10th edition, 2014.

b Abbreviations: K, organic carbowwater partition coefficient; piacid dissociation constant

¢ Propery from theNational Center for Biotechnology Informatio2021
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Table3. Atrazine, mesosulfuremethyl, and topramezone hdifie (days) under aerobiconditionsand respective temperatgiia
selected soil8.

Atrazine Topramezone Mesosulfuroamethyl

Temperature 23C 23C 7C 23C LSD.05
000000000600 halflfe(daygo 0 0 600800

Candor sand 37.3 14.9 8.8 5.8 0.5
Creedmoor sandy loam 57.1 17.9 9.0 5.8 0.6
Noboco sandy loam 54.7 16.4 9.5 5.7 0.9
Portsmouth sandy loam 73.2 19.2 9.8 5.4 0.6
Vance sandy loam 46.4 17.6 8.9 54 0.6
LSDo.05f 4.9 1.7 0.8 0.2

aHerbicide halflife was calculated by fitting natural logarithm of % of initial concentration to the equation:
In[A], =In[A], -kt, where[A]:is the herbicide concentratioth(of initial concentratiopat timet (days), PJo s the initial herbicide

concentration%) at time 0, and is the slope.
PFi sher6s LSD at t he cOmpérifg mesosukutemedhl row meats atwiffdrenttteynpefatmires within

soil type
‘Fisherdéds LSD at the 0.05 |l evel of probability for comparing column mea
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Table4. Pearson correlation coefficienty between halife of atrazine, mesosulfuremethyl, and topramezone and properties of selected soils.

Atrazine Mesosulfurormethyl Topramezone . a
half-ife half-ife half-ife Silt Clay OM PH
days days days 0000000 %000d000

0000000000000000000000006r0000600000000000000060000080
Sand 1T0. 28 0.018 T0.403 10954 10.715 10.432 0.052
Silt 0.009 0.033 0.206 0.474" 0.238 0.171
Clay 0.829" 10.127 0.707" 0.718 10.552"
OM 0.834" 10.5307 0.626" 10.916
pH T0.85 0.547" 10.567"
Temperature - 10.970°° -

a Abbreviations: OM, organic matter.

bPearson correlatiotoefficient ) of herbicide haHife with temperature presented only for mesosulfumegthyl due taevaluation at 2 temperatures
0 7and23C.

™ Significance at the 0.0&nd 0.0levds of probabilityare denoted by * and **, respectively
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5.0
Candor sand y = 4.541-0.01685x, R?=0.95

Creedmoor sandy loamy = 4.660-0.0131x, R? = 0.97

Portsmouth sandy loam y = 4.618-0.00964x, R?=0.95

O

L]

-A- Noboco sandy loam y = 4.547-0.01161x, R? = 0.97
_V

&

- Vance sandy loamy = 4.577-0.01434x, R%=0.98

4.0+
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Days after treatment

Figure 1. Atrazingersistencén five soils at 23 C using linear regression. Vertical bars represghtaf means
(n=4).
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-G Candor sand y = 4.794-0.05925x, R? = 0.93
@ BEN [ Creedmoor sandy loam y = 4.905-0.05543x, R? = 0.87
45 & % -/~ Noboco sandy loam y = 4.858-0.05776x, R2 = 0.91
A =7 Portsmouth sandy loam y = 4.900-0.05147x, R? = 0.83
4.0 IR % -&- Vance sandy loamy = 4.888-0.05549x, R? = 0.90
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Figure 2. Topramezongersistencén five soils at 23 C using linear regression. Vertical bars repressit af
means i = 4).
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5.0

L -® Candor sand y = 4.860-0.10813x, R?> = 0.92
M ‘[ Creedmoor sandy loamy = 4.766-0.09472x, R = 0.95
=
E " . -A-  Noboco sandy loamy = 4.761-0.08967x, R?=0.92
457 . =% Portsmouth sandy loam y = 4.685-0.07860x, R? = 0.95
' @ =3+ Vance sandy loamy = 4.768-0.09625x, R? = 0.93
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Figure 3. Mesosulfuromethyl persistencén five soils at 7 C using linear regressifertical bars represent +
SE of meansn(= 4).
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5.0
N <5 Candor sand y = 5.007-0.19037x, R? = 0.94
\J
g% . ‘E-} Creedmoor sandy loamy = 4.875-0.16524x, R? = 0.94
4.57 3 -A= Noboco sandy loam y = 4.991-0.19035x, R? = 0.95
X = Portsmouth sandy loam y = 4.912-0.18616x, R? = 0.95
4.0- «. @ =%+ Vance sandy loam y = 5.005-0.20200x, R? = 0.95
3.54
=
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Figure 4. Mesosulfuromethylpersistencén five soils at 23 C using linear regression. Vertical bars represent +
SE of meansn(= 4).

36



CHAPTER 3: CHARACTERIZING BIOAVAILABILITY OF ATRAZINE, MESOSULFURON
METHYL, AND TOPRAMEZONE WITH BIOASSAY METHODOLOGY

Formatted foMWWeed Science

Shwetha S. RamanatianTravis W. Gannoh Anna M. Locké and Wesley J. Everman

Differences in herbicide bioavailability varyingsoilsmust be considered when evaluating carryover
injury risk of herbicidesince availability of herbicide residue for plant uptake can determine the severity of
carryover damage to rotational cro@eenhouse bioassays were conducted to evalieateresponse of three
herbicidesn threesoil types orbioassayspecie a crop and sensitive indicator species. Nonlinear regression
analysesvereused toestimateherbicide EGy and E( values across sdiypes.Bioavailability of all three
herbicides, as estimated by &@nd EGo values, was greater in Candor sand compared to two sandy loam
soils.For atrazine, E€ and EGo for visual injury insoybean Glycine maxL.) Merr.) and radishKaphanus
sativusL.) at 7 and 21 days after emergence (DAE) lsasst in Candor sand (3.1% clay, 1.8¥anic matter
(OM), 5.8 pH, 2.6 mEq 100 §cation exchange capacit€EC)) andhighest in Portsmouth sandy loam (7.4%
clay, 52% OM, 5.4 pH, 7.3 mEq 100 9CEC). Mesosulfurommethyl EGo and EGo for soybean visual injury
at 7 and 14 DAE, and Egfor height reduction at all sampling dates, wergest inCandor sand.
Mesosulfuroamethyl ECso for soybean aboveground biomassductionwas highest in Portsmouth sandy loam
at 28 DAE. Topramezone E§and EGofor soybean visual injury weldewestin Candor sandndEGCs, for
height and biomass reduction in soybearegimilar across soil typeRadih and canoléBrassica napus.)
were more sensitive to herbicide treatments than soybtahicideconcentrationshat cause®0 and 90%
damagdo bioassay speci@sdicate that herbicide concentratiawvailable for plant uptakarea function of
soil propertiesandherbicide chemistryOverall, herbicides tended to be more bioavailabtoarsetextured

soil with lowerOM andclay contentsand CEC

IFirst, 'second?third, and*fourth authors: Graduate Research Assistant, Associate Professor, USDA Assistant
Professor, and Associate Professor, respecti@ipartment of Crop and Soil Sciences, North Carolina State
University, Raleigh, NC 27607; afd SDA-ARS, Department of Croand Soil Sciences, North Carolina State

University, Raleigh, NC 27607.
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Abbreviations: CEC, cation exchange capacity; DAE, days after emergence; mEq, milliequivalent; OM,

organic matter
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Introduction

Carryover depends dmerbicidepersistence and fate in soil, whichinfluencedby soil organic matter,
pH, clay content and composition, cation exchange capacity, temperature, rainfall, herbicide application timing,
and microbial activity in the soil, among other factors (Cox et al. 108&an 2016| eavitt et al. 1991,
Schmidt ad Pestemer 1980Yalsh et al. 1993). Herbicide bioavailability is determined by competing
degradation and sorption mechanisms that dictate the amount of herbicide residue that is available for plant
uptake, and can influence the extent of phytotoxicitglamts (Clay 1993, Schmidt and Pestemer 1980).
Herbicide carryover damage to succeeding crops in a rotation depends on soil characteristics, innate sensitivity
of the crop species to herbicide chemistry, and bioavailability of residual herbicide commesi{@hivinge
and Mpofu 1990, Greenland 2003, Loux 1990, Obrigawitch et al. 1997).

Long field half-life and moderate organic carbon sorptiay causecarryover otherbicide in some
soils (Jeffries and Gannon 2016, Schmidt and Pestemer 1980). Atrazinieazine herbicide labeled for
preemergencand postemergence use in sugarc&ae¢harum officinarurh.), corn and sorghunSprghum
bicolor (L.) Moench) (Shaner 2014a). Average soil aerobic-lifalfof atrazine is 60 days, ranging from 6 to
261days in the field (Lewis et 82016 Shaner2014a USEPA 200% Atrazine inhibits electron transport at
photosystem I, causing leaf oxidative stremsd leads tinjury symptomswhichinclude foliarinterveinal
and/or marginal chlorosis and necrosis, resulting in visible leaf discoloration and reduced plant development
(Guimaraes et al. 2011, Wong and Romanowski 1868 et al. 200R Soil organic matter, clay content, pH,
and cation exchange capacitg atrongly associated with atrazine adsorption to soil constituents (Jenks et al.
1998, Reinhardt and Nel 1990). Burnside and Wicks (1980) found that preemergence atrazine applications at
2.2 and 2.7 kg ai hadid not reduce yield in oaf\yena sativd_.) planted in the following year in eastern
Nebraskaln contrast carryover from similar application rates caused up to 70% visible injury in winter wheat
and reduced yield in oat by up to 65% in different regions of the state (Burnside and Wicks, 1980). Regional
differences in atrazine persistence was attribute@riations in tillage but other soil properties that affect
herbicide bioavailability were not compared (Burnside and Wicks 1980, Hiltbold and Buchanan 1977). Frank et
al. (1983) showed that severity of soybean injury from atrazine residue was not redseisiwith 1.0% and

3.5% organic matter, but injury was reduced in soil with higher organic matter content.
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Mesosulfuroamethyl is a sulfonylurea herbicide labeled for postemergence use in wintSegedg
cerealel.) and spring, winter and durum whd@riticum aestivuni. subspaestivum Triticum durumDesf.)

(Lewis et al. 2016). It inhibits the acetolactate synthase (ALS) enzyme in plants, which restricts protein
synthesis and growth (USEPA 2004). Injury symptoms manifest as plant stunting,ihestyepnd

malformations, failure in internode extension, and slow plant death (Blair and Martin 1988). Publistiéel half
range for mesosulfuremethyl is from 3.5 to 318 days depending on soil pH and temperature (Shaner 2014b).
Sulfonylurea herbicidesave a range of carryover effects depending on their application rate, rotational crop
species, and soil and environmental conditions (Mehdizadeh et al. 2017, Moyer 1995). Soil residue of
sulfosulfuron and tribenuremethyl at low concentrations have beearfd toinjure rotational crops such as
barley Hordeum vulgare..), sugar beetBeta vulagri$, and canolgMehdizadeh 2016, Moyer 1995).

Carryover of chlorsulfuron combined with metsulfuron, and sulfosulfuron, can cause height yield reduction in
cotton Gossipium hirsutudnand soybean (Grey et al. 201Rpwever, carryover research specific to
mesosulfurormethyl is limited.

Topramezone is a benzoylpyrazole herbicide labeled for use in maize, swe@teabmgygonvar.
Saccharatavar.rugosg, and popcm (Zea maywar. evertg (Choudhary et al. 2019, Shaner 2014c).
Topramezone inhibits the hydroxyphenylpyruvate dioxygenase (HPPD) enzyme, leading to plant oxidative
stress, and thereby causing leaf bleaching, translucent leaf tips, and bleéadhoegl ecrosis (Gitsopoulos et
al. 2010, Rahman et al. 2013, Soltani et al. 2007, van Almsick 2009). Topramezone reported fiédd half
range is between 10.8 and 69.3 days (Lewis et al. 2016, Shaner ZGdgtemezone residue is mainly
confined to the top laye of soil, which indicates there is potential for uptake of carryover concentrations,
particularly by seeds or emerging plants if topramezone persists (Schmidt and Pestemer 1980, Shaner 2014c).
Covercrop speciebave been investigated for sensitiilptopramezone carryover residue (Cornelius and
Bradley 2017, Palhano et al. 2018, Rector et al. 2020). But it is important to address the knowledge gap
concerning carryover injury risk from topramezone to soybean across different soil types.

Collectively, ghysicochemical properties of selected herbicides suggasthitiymay be persistent and
absorbed by rotational crops long after their application, based on edaphic factors and environmental conditions
(Frank 1966, Rahman et al. 201@ur objective was to investigate the influence of herbicide bioavailability

differences in varying soilgn carryover injury risk to soybean from commonly used herbicides. Quantification
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of atrazine, mesosulfuremethyl, and topramezone persistence in wargoils from previous experiments

allow us to estimate carryover residue concentration that may be present at the time of soybean planting in
different regionsHowever, characterizing bioavailability in representative soils will provide further insight
regarding the effect of actual concentration that may be available for plant uptiékeesearch aims to
investigatebioavailability of three herbicides that are commonly applied to corn or winter wheat to identify
whether potential for carryover damadjéfers based on soil propertiasing bioassay methodologgioassay
methods are standard for measuring soil herbicide residue effects due to their capacity to measure total residual
phytotoxicity and to provide qualitative data for herbicide bioavaitgt#stimation (Jeffries 2016, Streibig and
Kudsk 1993). They are inexpensive, relatively easy to conduct, and are powerful tools in evaluating soil
herbicideplant relationships (Loux 1990, Sandisparfia et al. 2011yherefore, geenhouse bioassays were
conducted using soybean to describe desponse curves of the herbicides in different soil types. Radish and
canola Brassica napus.) were included as sensitive indicator species since radish is sensitive to atrazine and
topramezone, and canola is déus to sulfonylurea herbicides (Mehdizadeh 2016, Moyer 1995, Rahman et al.

2014).

Materials and Methods

Soil Collectionand Bioassay Methods

Greenhouse experiments were conducted at North Carolina State University Method Road Greenhouse
Facilities andhe USDA-ARS Soybean and Nitrogen Fixation Research Unit in Raleigh, NC, between fall of
2018 and spring of 2020. Herbicides were selected lmsede in monocotyledons crops that are commonly
rotated with soybean as well défering physicochemical properties (Table 1). Three soils with varying
properties were collected from agronomic feeld a depth of 0 to 10 cm after discarding surfacedresio limit
extraneous plant organic residue (Table 2). Candor sand (sandy, kaolinitic, thermic Grossarenic Kandiudults)
was collected fronthe Sandhills Research Statiatlackson Springs, NC; Creedmoor sandy loam (fine, mixed,
semiactive, thermic Aquitlapludults) was collected frothe Umstead Resear&larmat Butner, NC;and
Portsmouth sandy loam (fifeamy, mixed, semiactive, thermic Typic Umbraquults) was collected from
Caswell FarmatKinston, NC.Soils were air dried and sieved to a 2mm diaméten stored in plastic

containersSoybean (6Paranagoi an a 6qgneliterplb e diathétet dols; andaaslishp | ant ed
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(6Cherry Bgulalrelbe,s VByeesetdt Co., Garner, NC) and canol a
KY) were plantedinto 10 cm by10cm pots (0.5 L). Three seeds were planted at a depth of 1.5 cm and upon
emergence, plants were thinned to one plant per pot. Plants were irrigated every day to maintain favorable
growing conditions. Greenhouday/night temperaturesvere 3024 C, and14-h photoperiod with

supplemental lightingvas providedor soybean experiment&reenhouselay/nighttemperaturesere 21/16C

for radish and canola experiments. Pots were fertilized weekly (soybean) or biweekly (radish and canola) after
emergence with a1 8 1(Mireicle-Gro" Water Soluble All Purpose Plant Food, The Scotts Company,
Marysville, OH) water soluble fertilizer to deliver the equivalent of 45 kg Nfbasoybean and 12 kg N Ha

for radish and canola. A randomized complete block design wdsaiseach herbicidspecies combination

blocked by soil type, and each herbicide treatment was replicated four times in each sBi¢ype.

experimental run for soybean, radish, and canalee temporally repeated two times.

Herbicide Application

Atrazine (Atrazine 4B Syngenta, Greensboro, NC) ravesre0.0, 44.8, 179.2, 358.4, 537.6, 716.8,
890.0 1,075.2, and 2,150.4 g al hanesosulfurormethyl (OSPREY, Bayer CropScience LP, St. Louis, MO)
rateswere0.0, 0.006, 0.6, 2.4, 6.0, 11.4, 15.0,8,8nd 27.6 g ai h} andtopramezone (Armezdn BASF
Corporation, Research Triangle Park, NC) ratese0.0, 0.0002, 1.7, 3.4, 8.4, 16.8, 23.5, 28.6, and 43.7 g ai
hd!. Herbicide rates were selected based on predicted carryover concentrationsra tiestdybean planting
in the regim, using regression equations from persistence data in the samenslodssumingerbicides were
applied at maximum field application rate to previous season corn (atrazine and topramezone) or winter wheat
(mesosulfura-methyl) (Chapter 2. Herbicides were applied using a £@ressurized backpack sprayer
equipped with a hand boom equipped with 4 XR 80@6nozzles (TeeJét Spraying Systems Co., Wheaton,
IL) calibrated to deliver at 748 L haat 166 kPaSoil weighing0.75 kgfrom the top 6.35 cm of 15 cm diameter
potsfor soybean from four replicated pots, totaling 3 kg soil, was spread on 26 cm by 61 cm plastic liners at
1.27 cm thicknessand then the herbicide was applied at appropriateSatelarly, 0.48 kg soil from top 5 cm
of 10cm by10cm potsfor radish and canola from four replicated pots, totaling 1.92 kg soil, was spread on 16.5
cm by 61 cm plastic liners at 1.27 cm thickai@sd then the appropriate herbicide rate was applet for
nontreated control pots were sprayed similarly with water. Treated soil was transferred into 38 L polyethylene

bags, homogenized, atitenreturned to the respective pots prior to planting
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Data Collection and Statistical Analyses

Visual ratings and height measurements were recorded 7, 14, 21 and 28 days after emergence (DAE)
for soybean and 7, 14, and 21 DAE for radish and cahigebicideinjury was ratedn a percenscalebetween
0 and 10, whereD% indicatedno visible injuryand100%indicatedplant deathKrans et al. 198 Rector et al.
2020). At the end of each experiment, aboveground vegetation was removed by clipping each plant at the soil
surface, weighing aboveground fresh biomesd placing into paper bags. Aboveground dry biomass was
recorded after samples were oven dried at 60 C for 96 h. Height and biomass data were converted to percent
reduction using the equation:

9% reduction=g NT -T)/ NT gE0O [1]

whereNT andT are from a treated and nontreated pot, respectively.

The experiment was conducted asiadomized complete blodesign withfour replications of a
factorial arrangement of soil typkerbicide, andherbicide ratdor each speciedMeasured response data were
subjected to analysis of variance using PR&IMA in SAS SAS/STAT9.4, SAS Institute, Cary, NCF-ratios
in a randomize complete block experimenbmbined over soils and sampling dates for visual ratings and
height datapr combined over soilor aboveground biomass dateere used to test main effects and
interactions, as prescribed Mcintosh(1983).F-tests for maireffects and interactions were considered
significant withP valuesO0.05.Soil type and herbicide rate were considered fixed effacis interactions
were investigated within sampling dakxperimental run was considered a random effect, and data were
pooled.A two-parameter logogistic response curve was used to describe the relationship between measured

plant responsey] and the logarithm of the herbicide raxg (

_ 100 [2]
y 1+ expr( log(x) - log EQO))

whereEGCso denotes the dose required to produce 50% response between the upper and lower liBnisstrend
Hill slope around th&Cso(Zhang et al. 1997). The lower limit of the curve is constrained to 0 and upper limit
of the curve is constrained to 100, since mean herbicide response in nontreated control plants was never
significantly different from 0, and the mean maximum respaoskl not exceed 00. Any one doseesponse

level can be expressed by a function of the paramBtanslECso, in that:
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whereEC, represents the effective dose that elig#fsresponse between the upper and lower limits of the

curve. Thisequation wasised to calculate theffective herbicide concentration in soil that elicited 90%

responseHKCyg). Curve fitting was prformed for the data by nonlinear regression using the least squares

method with GraphPad Prism (version 8.0.0 for Windows, GraphPad Software, San Diego, CA). Models for

fitted curves were compared across soil types for each hersigatges combinatioat every evaluation date

using Akai kebs I nformation Criterion (AIC) method to
regression parameters were different (Motulsky and Christopoulos 2003). For curves where data could not

define the Hill slope accately and where the confidence interval around the slope could not be computed,

slope was constrained to determine the curve offiieflifferences among Efgvalues andECyo values across

soil types for each herbicigspecies combination were determiriey comparing the standard errors udtig

tests at the 5% significance |l evel and frwithUsebsequer

0.05 (Knevezic et al. 2009).
Results and Discussion

Hill slopes, and E& and EGo values are presented for measured responses by herbicide for each
species within sampling datéTables 3 11).Di f f er ences from TukeyROs Omwli5t)i pl e
among EG values and E§3 values across soil types were used as indicatoidifferences in herbicide

bioavailability to plant specig&annon et al. 2014)

Atrazine Bioavailability

Soil type andatrazinerate interactioawere significantPO 0. 05) f oratingpahdpercent vi s u a |
reduction inheightandaboveground biomass for soybean and radish at all sampling Hag¢esfore ECsoand
ECqo values werealculated from regression analysis of atrazine dose responses in each soil and bioassay
species ateach samplingdétd a bl es 3 1T &and EGovaried with soif tgpe for bd&EhGpecies,
andlower atrazine concentrations were required for 50 or 90% injury in soillakter soilorganic matteand

clay contens, and CEC Atrazine EGofor visual injury in soybean ranged from 362.8462.4 g ai hid in
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Candor sand, 452.0 to 917.0 g ai‘ia Creedmoor sandy loam, and 1,281.0 to 1,498.3 ¢ &irn&ortsmouth
sandy loam. Egsfollowed a similar trendrmongsoil typesfor visual injuryto soybean. E€ and EGo for
visual injuryto soybean at 7 and 21 DAE amalradish at 7, 14, and 21 DAE whmsvestin Candor sandnd
higher in sandy loam sai(Table 3).ECso or EGy for soybean fresh and dry biomass reduction ranged from
369.0 to 634.0 g ai hj and was not different between Candor sand and Creedmoor sandy loam (Tables 4 and
5). Radish was a more sensitive bioassay species than soghesaall, for both bioassay spesjatrazine
bioavailability was higher in soil with relatively lower organic matter content, clay content, and CEC.

As previously reported with other soil applied herbicidéghératrazineECso and EGp valuesin soil
with greater organic matter conteranindicatelower bioavailability resulting from atrazine adsorption to
organic matter through ionic bondig@annon et al. 2014, Knezevic et al. 2009, Reinhardt and Nel 1993). In a
growth chamber experimentith simulated atrazine carryover ratésanket al. (1983Yyeportedthat soybean
plant death was observed at 0.3 mgtlgrazine inasandy loam soil with 1% organic matter, 0.5 métkg
atrazine imaloam soil with 3.5% organic matter contelmtit up t00.7 mg kd*resulted imo plant death im
loam soil with 10% organic matter. The overall trend in findings from the present study are comparable, with
plant death occurring in Candor sand (1.8% organic matter) and Creedmoor sandy loam (3.2% organic matter)
at similar rates, ahno plant death observed in Portsmouth sandy loam (5.2% organic nizffergnces in
ECso and EGpbetweenCandor san@nd sang loam soilswas likelydue to atrazine sorption to clay and
organic matter caents which may reduce bioavailability (Furdge and Osgerby 1967, Laird et al. 1994).
Retention affinity for atrazine on clays depends upon the mineral properties of clay, and binding to clay
components can lositedto reduceatrazinebioavailability for plantuptake(Laird et al. 1994)While studying
atrazine carryover effects on soybean yield, Brecke et al. (1981) reported no significant effect in sandy soils
under conditions of warm temperatures and high rainfall amounts in Floridanlt@trastPawlak et al.
(1987) observed up to 38% sa@dn injury one year after application at the same atrazine rate inladimg
soil under reduced tillage conditions in Michigan, UM% found that atrazine Egvalues for soybean visual
injury were higher than the average predicted carryover concentration of 44.8gf@i &thresponses. For
radish, EGp and EG values for all responses were lower than the prescribed application rate in all evaluated
soil types, implying higher susceptibility of radish to injury from atrazine carrydu@s may be more

prominent in soils with less organic matter and clay contgh&sebioavailability of carryover residue
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greater andunder geographic or climatic conditis that canhancetrazine carryover (Hiltbold and

Buchanan 1977).

Mesosulfuroamethyl Bioavailability

Soybean response variathongsoil types and mesosulfuranethyl rates. Canola visual injury and
aboveground biomass reduction varied asathplingdatesin response to meosulfuranethyl treatments;
however, soil typand mesosulfuremethylinteraction did not significantly affect height in this species at 7
and 14 DAEP> 0. 05) . Regression analysis fol ledemerdtratedd Tukey
thatECso and EGg for visual injury, height reduction, and aboveground biomass reduction in soybean and
canola were generallpwer in Candor sand comparedRortsmoutrandCreedmoor sandy loasoils(Tables
61 8). MesosulfurommethylECso and EGo for visual injuryto soybeanwas similar in Creedmoor sandy loam
and Portsmouth sandy loaahearly sampling dates; howeVvECsoshowed separation across all three soils at
21 and 28 DAE (Table 6Cqy for visual injuryto canola was similar in Creedmoor and Portsmouth sandy
loamsoilsandwaslowest in Candor sanacross alsampling dates (Table @lowever ECs, for canola visual
injury waslowest in Candor sanahdhighest in Portsmouth sandy loam. g @r soybean aboveground
biomass reduction wadsolowest in Candor sanahdhighest in Portsmouth sandy loan28 DAE (Table 8).
ECy followed a similar trend for fresh biomass reduction in soybean. In generglaBCEGoweresimilar
across all soils foheight and aboveground biomass reductiocanola indicating highesensitivityof this
bioassay specidgse mesosulfurormethylin all soil typeqTables 8 and 9). Mesosulfurenethyl EGo values
for visual injury, and heighand aboveground biomass reduction in Portsmouth sandy loam and Creedmoor
sandy loam, and Egin all soils, were always above the maximum field application rate (15 g'jiH&so
values for similar responses in Candor sand were above the predicteveaconcentration of mesosulfuron
methyl 0.006 g ai hd. When applied in winter, at cooler soil temperature, greater riskesbsulfurormethyl
carryovermay exist on account of longpersistencéChapter 2)Injury-risk from carryover to soybean mhae
higher in soils where mesosulfuromethyl is more bioavailable, such as soils with lower organic matter and
clay contentsand CECECsofor canola in any soil type never exceeded 11.0 g'aiftwavisual injury, 67.2 g
ai ha* for reduction in height, and 9.9 g ai' hfor reduction in aboveground biomass. Overall, thedeesare
higher tharthepredicted carryover rate; however, &r visual injury and aboveground biomass reduction are
between 40% to 76% of the maximuraléi application rate. It may be posited that canola could be at risk to
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mesosulfurormethyl carryover in all evaluated soils depending on factors influencing carryover rasidoe
as climatic conditions and soil microbial populations (Singh et al. 2018).

The trend in lower mesosulfurenethyl bioavailability in soil with greater organic matter content,
may be attributed to sorption of mesosulfurarthyl to soil organic matter fraction. Other sulfonylurea
herbicides such as chlorsulfuron and metsulfuravelbeen shown to adsorb strongly to and desorb weakly
from soil organic matter (Abdullah et al. 2Q0Greyet al.(2012) found that carryover residue from
chlorsulfuron and metsulfuron applied in combination at rates of 88.0 and 18.0'¢ aéspectiely, caused
significant height reduction in soybean, and height and yield reduction in cotton, and sulfosulfuron applied at
70.0 g ai h& caused significant carryover injury and height reduction in soybean. Triasulfuron reduced alfalfa
(Medicago sativd..), canola, corn, and sugar beet growth one year after application at 22.0%Y ai ha
(Mehdizadeh 2016). Along witbthersoil properties, soil pH also plays an important role incéreyover of
sulfonylurea herbicies but the pH of soils collected frometliegion may be too narrow to fulwaluatethe

effect ofsoil pH onmesosulfurommethyl bioavailability (Shaner et al 2014b, Rector et al. 2020).

Topramezone Bioavailability

Soybean and radish visual injury from topramezone varied amontysed ancherbicide rates anat
all sampling datednteraction between soil type and topramezone rate did not significantly affect soybean
height at 7, 21, and 28 DA ¢ 0.05) but thenteraction was significant at 14 DAP € 0.001). Trends in
EGspand EGocalculated from doseesponse curves for soybean visual injury from topramezone indicated
lower bioavailability in Candor sarehdsimilar bioavailabilityin PortsmoutfandCreedmoo sandy loarnsoils
at 14, 21, and 28 DAE (Table 9). However, bothh&hd EG, for height reduction in soybean were similar
amongsoil types, indicating an absencethe overalleffect oftopramezondioavailability on planheightin
soybear(Table 10).ECso and EGo for reduction insoybearaboveground biomass was not differantongsoil
types, with the exception of Bgfor fresh biomass reduction being lowest in Candor sand (Table 11).

EGCsofor visual injury in radish wakwest in Candosandat all sampling datesand a similar trend
was observefbr height reduction at 21 DAE (Tables 9 and 10)eH@r visual injury at 21 DAE and height
reduction at alsampling datewaslowest in Candor santlower topramezon&Cso values were estimated
Candor sand foaboveground biomassduction in radisiTable 11). EG values for visual injury, and height
and aboveground biomass reduction for topramezone were generally greater than the maximum field
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application rate of 25 gi hd? for soybean, except for visual injury in Candor sand at 21 and 28 DAE (22.1 and
17.7 g ai h#, respectively) Thisimplieslow risk of injury from topramezone to soybeamong the evaluated

soils; however, topramezone carryover injury may be ecddin soils with low organic matter and clay
contentsand CEC and indrier climate and cooler soil temperattinatcanenhance herbicide carryover

(Helling, 2005). EGo for radish visual injury at all sampling timings, and aboveground fresh bionthsstion

were lower than the maximum field application rate in Candor Sand and Creedmoor sandy lgaraluee

were generally higher than the application rate for height reduction in radish, except in Candor sand at 21 DAE
(20.6 g ai hd). 21. Radish may be more sensitive to topramezone than sgyledsusceptibleo carryover

injury in soils with bwerorganic matter content and clay conteartd CECChemisorption and hydrogen

bonding of topramezone to scibmponents magffect its soilbioavailability; however high water solubility

canstill result inroot uptake of topramezone residue (USEPA 2005). Rahman et al. (2014) observed differences
in radishvisual damagérom topramezone applied at up to 202 g at tissipating over time, buhis was not
observed in our study. Differences in radish damage between the studies may be owed to increased sorption,
and consequent lower bioavailability of topramezahe to greater organic matter content and @Ef@e soils

used byRahman et al. (204).
Conclusions

Data from this research support the hypothesis that herbicide bioavailability is a function of soil
propertiesandherbicide chemistry. E§gand EGo values tended tbe lowerin soils withlessorganic matter
content, clay content, and CE€lich as Candor samelativeto Portsmouth and Creedmoor sandy |Icauits
indicatingthat herbicide bioavailabilitis influenced bythese properties. Radish and canola were generally
more sensitive than sbgan. The influence of edaphic and environmental conditions on soil herbicide
persistence may cause regional differences in carryover residue concentrations, but it is important for growers to
keep in mind thatarryovercrop damage is also a function @rhicide bioavailability of residue and sensitivity
of the rotational crop. Similar soil properties that are attributed to longer herbicide persistence, such as organic
matter and clay content, may alssult inreduced bioavailability of herbicide reseldue to sorption and
binding of herbicides to these soil fractions. Therefore, growers should make herbicide selections considering

soil properties and rotational crop plan, giving significance to organic matter content, clay content, and CEC,

48



and the infuence of their interactions on herbicide bioavailability, along with the sensitivity of rotational crop

species to specific herbicides.
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Table 1. Properties of selected herbicites.

- Field half-life Water solubility Maximum application rate
Herbicide i T
days mg L' g ai ha
Atrazine 6.0 to 261.0 33(pH 7,22 C) 1.70 (21 C) 2,240
Mesosulfurormethyl 3.5t0 3180 483 (20 C) 4.35 (20 C) 15
Topramezone 10.8 to > 364.0 510(20 C) 4.06 (20 C) 25

aProperties from thelerbicide Handbook 10th edition, 2014.

b Abbreviations: K, organic carbonwvater partition coefficient; piacid dissociation constant.

¢ Propery from theNational Center for Biotechnologpformation 2021



Table 2.Series, texture, origitocation and poperties of selected sofs.

Soil series  Texture Origin GPS coordinates Sand Silt° Clay’ oMm° pH? CEC
000000000 %OOO0O0OBBOO mEq 100 §*
Candor Sand Jackson Springs, NC 35.18N, 79.68W 89.7 7.2 3.1 1.8 5.8 2.6
Creedmoor Sandy loam Butner, NC 36.13N, 78.79W 62.2 25.5 12.3 3.2 5.0 6.9
Portsmouth Sandy loam Kinston, NC 35.2PN, 77.65W 77.3 15.3 7.4 5.2 5.4 7.3

a Abbreviations:GPS, Global Positioning Syste@M, organic matter; CEC, cation exchange capacity; mEQ, milliequivalent; NC, North Carolina.
bSand, silt, and clay contents were characterized using hydrometer methodEbyitbemental and Agricultural Testing ServimeNorth Carolina
State University, Raleigh, NC (Gee and Orr 2002).

¢QOrganic matter content was quantified using the loss on ignition method (Nelson and Sommers 1982).

4Soil pH was measured from a saturated soil paste of 1:1 soil : distilledrativefThomas 1996).

€CEC was quantified using Mehliehextraction methodology by the NC Department of Agriculture & Consumer SerRialesgh, NC(Mehlich

1984).
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Table 3.Hill slopes (B), andECso and EGo values of atrazinér visual injury (%) in soybean or radi$fom regression analysis three soils at

different sampling dates.

Species DAE Soil type B (+ SEY ECs°¢ ECgo%®
8886 gaiha'688 8
Soybean 7 Candor sand 2.22 (0.14) 462.4 c 12424 ¢c
Creedmoor sandy loam 2.33(0.29) 917.0b 2,357.8b
Portsmouth sandy loam 2.23(0.18) 1,498.3 a 4,019.0 a
14 Candor sand 8.96 (0.63) 386.4c 4939b
Creedmoor sandy loam 19.93 (10.27) 541.6b 604.8 b
Portsmouth sandy loam 2.28 (0.16) 1,482.4 a 3,878.8a
21 Candor sand 12.09 (2.42) 3755¢ 450.4 c
Creedmoor sandy loam 2.69 (0.66) 484.1b 610.4 b
Portsmouth sandy loam 3.14 (0.14) 1,381.0a 3,483.5a
28 Candor sand 37.73 362.8b 384.2b
Creedmoor sandy loam 9.53 (0.52) 452.0b 569.1b
Portsmouth sandy loam 2.46 (0.16) 1,280.8 a 3,129.5a
Radish 7 Candor sand 0.96 (0.04) 42.1c¢c 4135b
Creedmoor sandy loam 3.95 (0.20) 246.6 b 430.3b
Portsmouth sandy loam 2.73 (0.16) 3334 a 744.7 a
14 Candor sand 1.38 (0.07) 46.2 c 226.5¢c
Creedmoor sandy loam 4.09 (0.19) 2454 b 420.1b
Portsmouth sandy loam 2.79 (0.17) 327.1a 718.6 a
21 Candor sand 1.42 (0.06) 481 c 2255¢
Creedmoor sandy loam 4.09 (0.17) 2454 b 4199b
Portsmouth sandy loam 2.67 (0.16) 321.3a 732.1a

aAbbreviations: DAE, days after emergenBeHill slope; EGo, effective concentration for 50% responsepf:Effective concentration for 90%

response.

bValues in parentheses indicate + standard error. Absentivnalicates constrained slope.
¢ Column means followed by the same lettgthin speciesand sampling dates r e

comparison teqtP > 0.05)
£ 100

dy =]

50% visual injury (%).

11+ exqB (logk) - 0gEG, )]

1

1
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Table3 (continued)

¢ EC5 :F[ EC ] B 11 whereECsois effective concentration for 50% visual injury (%ECx is effective concentration fot% (90%)
71(¥)/(100- x) {

visual injury (%), and is Hill Slope
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Table 4 Hill slopes (B), and EGo and EG values of atrazine fdreight reductior{% of contro) in soybean or radistiom regression analysis
in three soils at different sampling dafés.

Species DAE Soil type B (+ SEY ECso™e ECof
5386808 gaiha'los 6o
Soybean 7 Candor sand 1.06(0.11) 1,133.1b 9,053.1b
Creedmoor sandy loam 1.59 (0.19) 1,550.8 b 6,200.2 b
Portsmouth sandy loam 1.14 (0.21) 4,690.8 a 32,084.9 a
14 Candor sand 58.10 366.8 b 381L.7b
Creedmoor sandy loam 29.41 (16.32) 554.7b 597.7b
Portsmouth sandy loam 0.92 (0.19) 6,512.6 a 7,734.2 a
21 Candor sand 58.10 367.1b 382.3b
Creedmoor sandy loam 18.91 (25.22) 549.0b 616.6 b
Portsmouth sandy loam 0.95 (0.21) 8,093.9a 8,174.1 a
28 Candor sand 56.53 366.8 b 381.7b
Creedmoor sandy loam 18.44 (22.88) 548.4 b 617.8b
Portsmouth sandy loam 0.72 (0.17) 1,2329a 2,660.6 a
Radish 7 Candor sand 1.26 (0.14) 198.1c 1,140.2 a
Creedmoor sandy loam 3.00(0.43) 441.2 b 917.3a
Portsmouth sandy loam 5.55(0.74) 7059 a 1,048.7 a
14 Candor sand 1.79 (0.15) 115.1c 3934c
Creedmoor sandy loam 3.88 (0.46) 409.2 b 7206 b
Portsmouth sandy loam 6.58 (0.88) 689.2 a 962.4 a
21 Candor sand 2.14 (0.12) 75.8¢c 2119¢c
Creedmoor sandy loam 2.21(0.17) 2446 b 660.8b
Portsmouth sandy loam 3.97 (0.38) 5742 a 998.8 a

aAbbreviations: DAE, days after emergence; B, Hill slopesdifective concentration for 50% response;sf:Effective concentration for

90% response.

b Percent reductiorx{g NT- )’/ NTg]?O(} , whereNT andT are heights from nontreated and treated pots, respectively.

®Values in parentheses indicate + standard error. Absent value indicates constrained slope.

dColumn means followed by the same letkéthin speciesandsampling datesare not significantly differerdc c or di ng t

comparison teqtP > 0.05)
:jTé 100

ey

11+ exqB (logk) - 0gEG, )]

}, wherey is height reduction%), B is Hill Slope, x is herbicide rate, an&GCs, is effective

!

concentration for 50% height reduction (%).
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Table 4 (continued)

"ECso :F[ S ]1/5 1[ whereECsis effective concentration for 50% height reduction (EgJy is effective concentration fo%
7107 (100- x) {

(90%) height reduction (%), ariglis Hill Slope.
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Table 5 Hill slopes (B), and EGoand EGo values of atrazine faboveground freshiomass reduction (%f contro) and dry biomass reducti@® of contro)
in soybearor radishfrom regression analysis three soils at respective sampling dates.

Fresh biomass reduction Dry biomass reduction
% of control % of control
Species DAE®  Soil type B (£ SEY¥ EGso™® ECoo™f B (+ SEY¥ EGso*® ECo™f
086 gaiha'6 88 8808 gaiha'6 698
Soybean 28 Candor sand 58.89 369.0 b 383.3b 52.13 (35.21) 368.5b 382.8b
Creedmoor sandy loam  9.18 (2.23) 499.1b 634.0b 8.18 (1.72) 463.1b 594.1b
Portsmouth sandy loam  1.50 (0.59) 4,288.3 a 18,505.9 a 1.17 (0.38) 2977.7a 19,494.1 a
Radish 21 Candor sand 1.48 (0.14) 44.4 b 196.8 c 1.89(0.22) 446 b 1425b
Creedmoor sandy loam  4.82 (0.38) 258.4 a 407.6b 4,11 (0.37) 2714 a 463.4 a
Portsmouth sandy loam  2.95 (0.38) 286.5 a 603.8 a 2.64 (0.30) 303.3a 698.3 a

aAbbreviations: DAE, days after emergence; B, Hill slopesifective concentration for 50% response o Effective concentration for 90% response.
b Percent reductiorx{g NT- )’/ NTg]?O(} , whereNT andT are aboveground fresh or dry biomass from nontreated and treated pots, respectively.
®Values in parentheses indicate * standard error. Absent value indicates constrained slope.

dColumn means followed by the same lettéthin speciesaindsampling dates r ¢ not significantly different accord
(P> 0.05)

£ 100 | . . . - . - . . .
= i, wherey is fresh or dry biomass reductig¢®), B is Hill Slope,x is herbicide rate, anfiCs is effective concentration
{1+ exdB (logk) - 0gEG, )} |
for 50% fresh or dry biomass reduction (%).
f E :IF ECX 1[
A B
i [(x)7(200- x)] i
fresh or dry biomass reduction (%), a@ddbs Hill Slope.

¢y

whereEGCspis effective concentration for 50% fresh or dry biomass reductionH@)is effective concentration fo€bo (90%)
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Table 6.Hill slopes (B), and EGo and EGo values of mesosulfuremethyl forvisual injury (%) in soybean or candi@am regression analysis
three soils at different sampling dates.

Species DAE Soil type B (+ SEY ECso™ ECos™®
08808 gaihd'd 5486

Soybean 7 Candor sand 1.58 (0.08) 7.2b 29.0b
Creedmoor sandy loam 2.80(0.17) 222 a 48.6 a

Portsmouth sandy loam 2.40 (0.17) 233 a 58.1a

14 Candor sand 1.75 (0.08) 8.1b 28.3b

Creedmoor sandy loam 2.73 (0.15) 210a 46.8 a

Portsmouth sandy loam 2.82 (0.22) 21.1a 459 a

21 Candor sand 1.70 (0.08) 8.2¢c 30.0b

Creedmoor sandy loam 2.99 (0.15) 196b 409 a

Portsmouth sandy loam 2.80 (0.19) 21.7 a 47.7 a

28 Candor sand 1.63 (0.07) 83c 31.7b

Creedmoor sandy loam 2.91 (0.14) 18.3b 39.0a

Portsmouth sandy loam 2.85(0.19) 21.2 a 46.0 a

Canola 7 Candor sand 1.08 (0.05) 35¢c 26.4b
Creedmoor sandy loam 1.25 (0.09) 69b 40.2 a

Portsmouth sandy loam 1.53 (0.12) 110a 46.1 a

14 Candor sand 1.03 (0.05) 3.0c 25.2b

Creedmoor sandy loam 1.14 (0.08) 6.5b 44.8 a

Portsmouth sandy loam 1.78 (0.12) 11.0a 37.6a

21 Candor sand 1.05 (0.04) 30c 24.1b

Creedmoor sandy loam 1.14 (0.07) 6.1b 42.0a

Portsmouth sandy loam 1.79 (0.12) 109 a 37.3a

aAbbreviations: DAE, days after emergenBeHill slope; EGo, effective concentration for 50% responsepg:Effective concentration for 90%

response.

bValues in parentheses indicate + standard error. Absent value indicates constrained slope.

¢Column means followed by the same lettgéthin species andampling dtesa r e

comparison tegtP > 0.05)
B: 100

dy =]

50% visual injury (%).

1
11+ exgB (logk) - 0gEG, )}
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Table 6 (continued)

¢ EC5 :F[ EC ] B 11 whereECsois effective concentration for 50% visual injury (%ECx is effective concentration fot% (90%)
71(¥)/(100- x) {

visual injury (%), and is Hill Slope
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Table 7 Hill slopes (B), and EGoand EGp values of mesosulfuremethyl forheight reductior{% of contro) in soybean or canofaom regression
analysisin three soils at different sampling dafés.

Species DAE® Soil type B (+ SEY ECso™e ECoo™f
8886 gaiha'd6 888
Soybean 7 Candor sand 1.21(0.11) 10.6b 64.6 c
Creedmoor sandy loam 0.66 (0.15) 80.8 a 306.5b
Portsmouth sandy loam 0.87 (0.18) 73.1a 907.0a
14 Candor sand 1.75 (0.19) 14.7b 516D
Creedmoor sandy loam 0.80 (0.212) 88.7a 1,383.8 a
Portsmouth sandy loam 0.69 (0.15) 1150a 2.,848.1 a
21 Candor sand 2.31(0.35) 145b 375c
Creedmoor sandy loam 0.62 (0.10) 73.2 a 591.40b
Portsmouth sandy loam 0.90 (0.19) 729 a 834.6 a
28 Candor sand 2.23 (0.24) 135b 36.2b
Creedmoor sandy loam 0.74 (0.15) 80.1a 597.5b
Portsmouth sandy loam 0.94 (0.18) 72.7 a 760.0 a
Canola 7 Candor sand 1.15 (0.28) 242 a 164.8 a
Creedmoor sandy loam 1.20 (2.44) 25.0a 1555a
Portsmouth sandy loam 1.45 (0.40) 286a 129.7 a
14 Candor sand 3.14 (0.38) 27.0b 54.4b
Creedmoor sandy loam 1.21 (0.19) 56.5a 346.6 a
Portsmouth sandy loam 1.49 (0.28) 67.2 a 294.0a
21 Candor sand 0.99 (0.09) 16.3 a 149.7 a
Creedmoor sandy loam 0.15(0.18) 18.5a 76.8b
Portsmouth sandy loam 1.88 (0.16) 205a 66.3b

aAbbreviations: DAE, days after emergence; B, Hitipe; EGo, effective concentration for 50% response;qofzEffective concentration for 90%

response.

b Percent reductiorx{g NT- )’/ NTg]?O(} , whereNT andT are heights from nontreated and treated pots, respectively.

“Values in parentheses indicate + standard error. Absent value indicates constrained slope.
4 Column means followed by the same lettdthin species and sampling datare nots i gni fi cantly different
comparison teqtP > 0.05)

100 . . . L . - . . .
=F 1| wherey is height reductioif%s), B is Hill Slope,x is herbicide rate, aniCs, is effective concentration for

11+ exB (logk) - 0gEG, )} i
50% height reduction (%).

ey
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Table 7 (continued)

"ECso :F[ S ] 5 1[ whereECsois effective concentration for 50% height reduction (B is effective concentration fo% (90%)
7107 (100- x) {

height reduction (%), and is Hill Slope.
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Table 8.Hill slopes(B), and EGpand EGp values of mesosulfuremethyl foraboveground freshiomass reduction (%f contro) and dry biomass reduction

(% of contro) in soybearor canolafrom regression analysis in threeils at respective sampling datés.

Fresh biomass reduction

% of control

Dry biomass reduction
% of control

Species DAE® Soil type B (£ SEY EGso™® ECoo™f B (£ SEY EGso™® ECoo™f
888 gaihd'6 988 8808 gaiha'6 88

Soybean 28 Candor sand 2.23(0.24) 12.3¢c 33.0c 2.19 (0.40) 12.1c 33.1a
Creedmoor sandy loam 2.16 (0.52) 38.3b 105.8b 2.16 (0.70) 309b 85.4a
Portsmouth sandy loam 0.97 (0.85) 2349 a 2,289.5a 1.80(2.01) 85.0a 2889 a

Canola 21 Candor sand 1.04 (0.08) 19a 16.0a 1.06 (0.12) 13a 104 b
Creedmoor sandy loam 1.15 (0.10) 49 a 335a 1.10 (0.12) 4.7 a 34.7 a
Portsmouth sandy loam 2.31(0.24) 9.1a 235a 2.33 (0.25) 99a 255a

aAbbreviations: DAE, days after emergence; B, Hill slopesifective concentration for 50% response o Effective concentration for 90% response.
b Percent reductiorx{g NT- )’/ NTg]?O(} , whereNT andT are aboveground fresh or dry biomass from nontreated and treated pots, respectively.

®Values in parentheses indicate * standard error. Absent value indicates constrained slope.
dColumn means followed by the same lettéthin species and sampling dates e

(P> 0.05)
_f 100
{1+ exdB (logk) - 0gEG, )} |

for 50% fresh or dry biomass reduction (%).

o b ES

¢y

! 1B |
P [(x)/(100- x)| i
fresh or dry biomass reduction (%), a@ddb Hill Slope.
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significantly

di fferent

}, wherey is fresh or dry biomass reducti@¥n), B is Hill Slope,x is herbicide rate, anfCsq is effective concentration

(, whereECsois effective concentration for 50% fresh or dry biomass reductionH@)is effective concentration fo€o (90%)
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Table 9.Hill slopes (B), and EGy and EGp values of topramezone feisual injury (%) in soybean or radisfom regression analysis three

soils at differensampling date8.

Species DAE Soil type B (+ SEY ECso™ ECos™®
8886 gaiha'd6d8 8

Soybean 7 Candor sand 1.65 (0.15) 43.0c 162.7b
Creedmoor sandy loam 1.66 (0.19) 89.4b 336.0a

Portsmouth sandy loam 2.72 (0.32) 66.2 a 148.7b

14 Candor sand 2.27 (0.14) 239b 63.0b
Creedmoor sandy loam 1.82 (0.24) 943 a 315.7a
Portsmouth sandy loam 2.15(0.29) 84.4a 234.1a

21 Candor sand 2.17 (0.12) 22.1b 60.7 b
Creedmoor sandy loam 1.65 (0.24) 96.1 a 364.6 a
Portsmouth sandy loam 2.18 (0.28) 78.1 a 2143 a

28 Candor sand 1.52 (0.08) 17.7b 74.7 b

Creedmoor sandy loam 1.35(0.21) 103.1a 523.8a

Portsmouth sandy loam 2.13 (0.28) 82.5a 231.0a

Radish 7 Candor sand 1.38 (0.06) 8.3c 412 c¢c
Creedmoor sandy loam 1.11 (0.05) 15.7b 1132 b

Portsmouth sandy loam 1.91 (0.15) 258 a 8l.2a

14 Candor sand 1.35 (0.06) 7.8c 39.6¢

Creedmoor sandy loam 1.10 (0.06) 14.2b 104.8 a

Portsmouth sandy loam 1.40 (0.14) 25.3 a 89.9b

21 Candor sand 1.35(0.02) 7.3cC 37.3b

Creedmoor sandy loam 1.22 (0.05) 150b 914 a

Portsmouth sandy loam 1.50 (0.10) 244 a 105.9 a

aAbbreviations: DAE, days after emergenBeHill slope; EGo, effective concentration for 50% responsepg:Effective concentration for 90%

response.

bValues in parentheses indicate + standard error. Absent value indicates constrained slope.

¢Column means followed by the same lettgéthin species and samplingaésa r e

comparison tegtP > 0.05)
B: 100

dy =]

50% visual injury (%).

1
11+ exgB (logk) - 0gEG, )}
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not

significantly

di fferent

wherey is visual injury (%) B is Hill Slope,x is herbicide rate, anBCs is effective concentration for
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Table 9 (continued)

°E _f EC 7R 11 whereECsois effective concentration for 50% visual injury (%ECx is effective concentration fot% (90%)

0=1
1[()7(100- x)| i
visual injury (%), and is Hill Slope
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Table 10Hill slopes(B), and EGoand EGoVvalues of topramezone foeight reductior{% of contro) in soybean or radisinom regression analysis
in three soils at different sampling dafés.

Species DAE Soil type B (+ SEY ECso™e ECoo™f
88386 gaiha'd6 588
Soybean 7 Candor sand 2.00 (0.59) 82.3a 246.7 a
Creedmoor sandy loam 1.37 (0.44) 125.2 a 620.0 a
Portsmouth sandy loam 1.09 (0.51) 228.6 a 1,733.2a
14 Candor sand 2.13 (0.04) 54.0a 1515a
Creedmoor sandy loam 1.17 (0.30) 123.0a 809.8 a
Portsmouth sandy loam 1.07 (0.32) 152.2 a 1,186.7 a
21 Candor sand 1.55 (0.31) 8l.7a 336.5a
Creedmoor sandy loam 1.32 (0.26) 919a 4859 a
Portsmouth sandy loam 1.56 (0.44) 103.2 a 420.7 a
28 Candor sand 2.57 (0.45) 58.8 a 138.5a
Creedmoor sandy loam 1.64 (0.41) 92.2a 352.0a
Portsmouth sandy loam 1.89 (0.51) 89.2 a 286.1a
Radish 7 Candor sand 2.49 (0.43) 37.2b 89.8b
Creedmoor sandy loam 1.32 (0.30) 60.8 b 320.6 a
Portsmouth sandy loam 1.18 (0.32) 114.4 a 741.4 a
14 Candor sand 3.14 (0.38) 27.0b 54.4b
Creedmoor sandy loam 1.21 (0.19) 56.5a 346.6 a
Portsmouth sandy loam 1.49 (0.28) 67.2 a 294.0a
21 Candor sand 1.77 (0.18) 206 c 71.2b
Creedmoor sandy loam 1.38 (0.18) 40.4b 197.8 a
Portsmouth sandy loam 1.29 (0.20) 63.5a 347.1a

aAbbreviations: DAE, days after emergence; B, Hliipe; EGo, effective concentration for 50% response & Effective concentration for 90%

response.

b Percent reductiorx{g NT- )’/ NTg]?O(} , whereNT andT are heights from nontreated and treated pots, respectively.

“Values in parentheses indicate + standardr efosent value indicates constrained slope.
4 Column means followed by the same lettéthin species and sampling dates e

comparison teqtP > 0.05)
:jTé 100

ey

11+ exgB (logk ) - 0gEG, )}
for 50% height reduction (%).

not

significantly

di fferent

}, wherey is height reductiotf%), B is Hill Slope,x is herbicide rate, anBCs is effective concentration

!
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Table 10(continued)

"ECso :F[ S ] 5 1[ whereEGsis effective concentration for 50% height reduction (EJ, is effective concentration fo% (90%)
7107 (100- x) {

height reduction (%), and is Hill Slope.
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Table 11 Hill slopes (B), and EGo and EGp values of topramezone faboveground freshiomass reduction (%f contro) and dry biomass reducticb
of contro) in soybearor radishfrom regression analysis three soilsat respective sampling dafes

Fresh biomass reduction Dry biomass reduction
% of control % of control
Species DAE Soil type B (£ SEY¥ EGso™® ECo™f B (£ SEY EGso™® ECoo™f
888 gaiha'6d8 8 80808 gaiha'6 8 8
Soybean 28 Candor sand 2.60 (0.32) 39.3a 91.7b 1.73 (0.45) 416 a 148.3 a
Creedmoor sandy loam 1.28 (1.02) 162.7 a 904.3 a 1.40 (0.51) 724 a 349.0a
Portsmouth sandy loam 1.44 (1.11) 130.6 a 598.4 a 1.68 (0.94) 76.7 a 284.4 a
Radish 21 Candor sand 1.01 (0.13) 11.4b 1009 a 1.02 (0.10) 6.0b 52.1b
Creedmoor sandy loam 1.02 (0.12) 21.6a 188.5a 1.36 (0.15) 16.3 a 82.2 ab
Portsmouth sandy loam 1.09 (0.15) 26.0 a 194.4 a 1.12 (0.13) 16.5a 118.1a

aAbbreviations: DAE, days after emergence; B, Hill slopesd=fective concentration for 50% response pfzEffective concentration for 90% response.
b Percent reductiorx{g NT- )’/ NTgFO(} , whereNT andT are aboveground fresh or dry biomass from nontreated and treated pots, respectively.

®Values in parentheses indicate * standard error. Absent value indicates constrained slope.
dColumn means followed by the same lettéthin species and samplingdates e not significantly different accordi
(P> 0.05)

£ 100 | . . . - . - . . .
ey =j i, wherey isfresh or dry biomass reducti¢¥b), B is Hill Slope,xis herbicide rate, arCsois effective concentration
{1+ exdB (logk) - 0gEG, )} |
for 50% fresh or dry biomass reduction (%).
f E =IF ECX i
b B
P[(x)7@00- x}™ §
(90%) fresh or dry biomass reduction (%), &id Hill Slope.

whereEGCspis effective concentration for 50% fresh or dry biomass reductionE@)js effective concentration fo%
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CHAPTER 4: IDENTIFICATION OF SOYBEAN GENOTYPIC DIFFERENCES IN ATRAZINE
SENSITIVITY USING PHOTOSYNTHETIC RESPONSE MEASUREMENTS

Formatted folCrop Science
Shwetha S. Ramanathan, Anna M. Ld¢Keavis W. Gannon, and Wesley J. Everman

S. S. Ramanathan, T. W. Gannon, and W. J. Everman, Department of Crop and Soil Sciences, North Carolina
State University, 101 Derieux PI., Raleigh, NC 27607; A. M. Lotk8DA-ARS, Department of Crop and Soil
Sciences, North Carolina State University, 101 Derieux PI., Raleigh, NC 27607.

"Corr es pon dinmijanaalocke@usdagov e

Abstract

Atrazineapplied to a monocot crop can injus@ybean Glycine maxL.) Merr.] when it is planted in
rotationif residue persists in the soifhis study was conducted to determine whether commercially relevant
soybean genotypes differ in their sensitivity to atrazikieazine dose response tests were conducted with fiv
soybean genotypes @andor sand93% sand, 3% silt, 4% clay) under controlled environmental conditins.
3 days after emergence (DAE), effective quantum yield of photosysteémd) vas reduced up to 82% across
genotypes at 179.2 g a.i."hdespite no visible plannjury. At 21 DAE, atrazine applied 8t0 g a.i. ha'did
notaffect visual ratingsabovegroundlry biomass, orelative chlorophyll contertf herbicidetolerant or
conventional genotypel contrastplantheightwass i gni fi cantly r edbwcrmhy &, 6862 RS
0 P 5 3 A;6hét GassimilationrateA)a n destie r e reduced i n-DaAGARIE8S and O6NC
aboveground fresh biomass was reduced in é8aBdARS8606 ar
reductionby 21 DAEat 9.0 g a.i. Hal At 21 DAE,6 AG5 6 X8 6 -Daimdp hyMC t reat ed *wi t h 17¢
recovered irrelative chlorophyll contenitrazine applied a858.4 and 716.8 g a.i. h&kaused death in all
genotypedy 14 DAE. Within sampling dates, visual ratthgerenegatively correlated withlantheight,
aboveground fresh and dry biomass, relative chlorophyll comkent, a g d Differences in atrazine sensitivity
amongsoybean genotypes were a function of atrazine concentration in the soil and gespetsifie tolerance
or recoveryFluorescenceneasurementsere better indicators of photosystem || damtéga visual ratings
and nondestructive photosynthetic measurensecomplemented conventional methods in evaluating genotypic

differences in sensitivity to atrazine
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Abbreviations: 0 pgy, effective quantum yield of photosystemAl;net CQ assimilation rate; ATP, adenosine
triphosphate; CEC, cation exchange capa@i#E, d after emergence; GM, genetically modified; LED, light
emitting diodeN, nontreated; NADPH, nicotinamide adenine dinucleotide phosphate; OM, organic matter;

PAM, pulseamplitude modulation; PSII, photosystem li;,@lastoquinone AT, treated
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Introduction

Atrazine is a triazine herbicide labeled fseemergencandpostemergencese on cornfea mays
L.), which is commonly followed by soybea@lycine maxL.) Merr.] in rotation. Variable field persistence
(half-life = 60 daysto 261 days) and moderate organic carbon sorptiag £#<L00 ml ¢ 3, together with
moderate aqueous solubility {& 33 mg L' }, may result in atrazine carryover when soybean istpth
(Jeffries & Gannon, 2016; Schmidt & Pestemer, 1980; Shaner, 2014; USEPA, Dt®@ptential for tmazine
carryover damage to succeeding crops depends on interactions among soil properties, herbicide
physicochemical properties, landscape and environmental conditions, and their effect on herbicide persistence
and bioavailability, as well as the senstiinof therotational cropspeciegChivinge& Mpofu, 1990) For
example, soybean is more sensitive to atrazine residue than sorghum (oconl990) Soybean genotypes
vary in their response to herbicides like metolachlor, metribuzin, and metribuzin mixtures, but there is a dearth
in research investigating soybean varietal performance in ésempece of atrazine residue, especially involving
measurements of physiological parame(gveber et al., 2017)Conventional evaluatiaof soybean damage
from atrazine soil residue hautilized subjective visual injury estimations, destructive sampling methods for
biomass assessment, and sedeag trials for yield measureme(Brecke Currey, & Teem1981; Frank
Sirons, & Andersonl1983; Pawlak et al., 198 AVeber et al. (2017) called for objective and reproducible
quantification of herbicide phytotoxicitgince data from currémethods can be influenced by environmental
conditions or discrepancies among investigators.

Atrazineis absorbed by the roots and transported to actively growing leaves, where it inhibits electron
transport through photosystem Il (PSNYalker& Featherstone, 1973; Zhu et al., 200%yazine binds to D1
protein in the PSII reaction center core, preventing electron transport from the D2 protein complex beyond
plastoquinone A (@) (van Rensen, 1989yhus, dstruction of energy transfer in PS Il by atrazine results in
leaf oxidative stess and chlorophyll loss, which manifest as fahiéerveinal and/or marginal chlorosis and
necrosis, and reduced plant developn{€éxtimaraes et al., 2011; Wong & Romanowski, 1968; Zhu et al.,
2009)Effect i ve quant um vy i epk)landadativp thiorophydl gosténenmeaslirémer{tsican
provide a nordestructive estimation of the extent to which PSII photosynthetic apparatus has been damaged by
atrazineg(Li et al., 2018; Chowdhury et al., 202Q)ght energy continues to be absorbed in plants that do not

die as a result agxposure to sukethalconcentratiorof atrazine thus chlorophyll fluorescencean be used to
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assesdamageo photosynthetic electron transp@ie Sousa et al., 2014, Maxw&llJohnson 2000)Plants
exposed to PSlinhibiting herbicidedave lowemphotosynthesi therefore net CQ assimilation rateX) can
alsobe anindicabr of plant response tatrazine(de Sousa et al., 2018apid, nondestructive photosynthesis
measurementsan be used for early detection of injury fr@8lIinhibiting herbicides before measurable
morphological responses may be expressed

Genetically modified (GM) herbicideesistant or tolerant soybean varieties have revolutionized weed
management by allowing pestnergent herbicide applications whichynieve otherwise caused crop injury,
and are important tools in higgfficiency and higkproduction agriculturéGreen, 2012)Commercially
available herbicidéolerarcetraits in soybean currently include stacked tolerance to diaamd glyphosate
(Roundup Ready 2 Xtef)lassociated witdmogene tolerance talyphosateandsulfonylurea herbicide
(Roundup Ready 2 YiefdSTS®) conferred bycp4 epspsn combination withAls1andAls2genes, and
tolerance to glufosinate.ipertyLink®) from thepatgene(Walter et al., 2014; Nandula, 201%jowever,GM
tolerance trds have not been released for many herbicides that are used for crops in rotation with soybean, so
is important to evaluate the sensitivitylmdth GM and conventional soybean genotypes to herbicides to which
they maybe sensitiveSuch herlgides, including atrazine, may be encountered as the result of carryover.
Stoller, Wax, & Alm (1993) surveyed soybean growers in corn producing regions and recorded that herbicide
carryover was their primary environmental concern, and this issue remdingiteto this day. The main
objective of this study was to explore genotypic variations in sensitivégraaine Our aim was to include
rapid, earlyseason, nowlestructive photosynthesis measurements with standard morphological methods to
evaluate atzine stress among different soybean genotypes. Additionally, photosynthetic and morphological
methods for assessing herbicide carryover injury to soybean were conffaagbal was to aid growers in

soybearvariety selectionin areasvhereatrazine carryover may be of concern.

Materials and Methods

Plant Material and Growth Conditions
A greenhouse experiment was conductetth@tUSDA-ARS, Soybean and Nitrogen Fixation Research
Unit, Raleigh, NC, from Sep. to Nov. 2020. Five commercial soylgeantypes with different herbicide

resistant traittommonlycultivated in the regiowere selected (Table 1). Candor sand (sandy, kaolinitic,
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thermic Grossarenic Kandiudults) was collected from an agriculturaldialte Sandhills Research Station
Jackson Springs, N@ a depth of 0 to 10 cm after discarding surface residue to limit extraneous plant organic
residue. Soil was auried and svedto a2mm diameter. Soil used in this study had a pH of 6.2, 1.8% organic
matter, 3.7mEq 100¢* CEC, and20% field capacity (v/v). Soil textural analysis by tBavironmental and
Agricultural Testing ServicatNorth Carolina State University, Raleigh, [d6owed the following

composition: 93% sand, 3% silt, and 4% clayeliter plastic pots15 cm in diameter ant4 cm in height,

were halffilled with 1.3 kg soilat 1.55 g cd bulk density Greenhouseonditiors weremaintained atlay/night
mean temperatas 0f30 + 4 °G24+ 2 °C and mean relative humidiby 60 + 15%, measured by HOBO data
loggers (U12012, Onset Computer Corporation, Bourne, MPJtted soil including the treated sadil was

brought to field capacity, and five soybean seeds of a single genotype were planted at a depth of 1.5 cm into
individual pots.Upon emergencelants were thinned to one plant per pot. Plants were irrigated every day to
maintain favorable growing conditiomghile ensuring that watdoss did not occuirom the bottom of the pots

to prevent leaching of atrazifimm thetreatedsoil. Plants were provided with supplemental lighting to extend
the daylight periodo 14 h.The experiment wasonductedn two consecutive trialfotsin both trialswere

fertilized weekly after emergence with ai B416water solubledrtilizer (MiracleGro" Water Soluble All

Purpose Plant Food, The Scotts Company, Marysville, OH) to deliver the equivalent of 45k§Thaa

second trial was fertilized with ammonium sulfate (Plant Food Company, Cranbury, NJ) to deliver the

equivalent of 9 kg S hdand additional kg N ha !

Herbicide Application

Atrazine (Atrazine 4B Syngenta Crop Protection, Greensboro, M@¥ applied ad.0, 9.0, 179.2,
358.4, and 716.8 g a.i. hhAtrazine ratesvere selected based on predicted atrazine carryover concentrfation
9.0 g a.i. hh'at the time of soybean planting in the region. The predicted value was calculated based on
atrazine application at maximum field application rate to previous seasorusimmga regression equation from
a previous study of persistence in the same soil {§pagter 2. Atrazine rates for the present study were
selected to evoke plant stress without causing complete death before the first sampling datefyased on
obsevations insoybean varietp Par anagoi an at@trating ateeranging #dml44.8§ g a.i. Ha
2150.4 g a.i. Hal(Chapter 3)Herbicides were applied using a £@¥essurized backpack sprayer equipped with

a hand boom equipped with 4 X®06VS nozzles (TeeJét Spraying Systems Co., Wheaton, IL) calibrated to
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deliver 748 L ha'at 166 kPaSoil from thetop 6.35 cm of 1 L poté0.9 kg)from each replication fdive
genotypes, totaling 4.5 kg soilaslaid onfour individual plastic lirersrepresenting four replicationand
sprayed with respective herbicide rate. Soil for nontreated control pots were sprayed similarly witBoiater.
from each linemwas transferred intmdividual 50 L polyethylene bags, homogenized, agttirned back to pots

prior to plantingPots were arranged in a completely randomized design

Measurements and Data Collection

Visual ratings and plant height measurements were recorded 3, 7, 14, and 2Rddédnt injury was
visually assessed on a 0 to 100 scale, wherin@¥ated no visible injury and 100%ndicated plant death
(Frans et al., 198@Rector etal.,2020) Ef f ect i ve quant umpgyanckrelaliveof phot osys
chlorophyll content were measured using a handheld fluorometer (Multispe@thbi@synq Inc., East
Lansing, MI). These measurements wenade orthe fully expanded unifoliate leat 3 DAE anda fully
expanded leaflet of the youngest thidde leafat7, 14, and 21 DAE between 1100 h and 1500 h. Chamber
aperture was 1 ¢ psiiwasmeasuredising pulseamplitude modulation (PAM) fluorometry by the
MultispeQ device using pulsed orange LED light for fluorescence excitation at a maximusioamiesak of
605 nm and 1 s saturating pulses of approximately 10,000 pmol photdgsiat 650 nm(Kuhlgert et al.,
2016) Maximum fluorescence yield during a saturating flash and fluorescence emission at steady state were
measuredinbight-adapt ed | eaf | egyusihgdhe mlowing eduatiofte Sdusaet al 2014,

Kuhlgert et al., 2016)

fesi =(Fu'" -Fs)/Fy' (1]

whereFuXs maximum fluorescence in a lightlapted state ariesis steadystate fluorescence. The relative
chlorophyll content was measured as a modified versidimeoBoil Plant Analysis Developme@RAD)
chlorophyll meteby measuring relative transmissions of infrared (950 nm) and red (650 nm) light through the
leaflet over increasing light intensiti@uhlgert et al., 2016)

Net CQ assimilation rateX) a msigwerg measured using a portable infrared gas analyz&8Q0,
LI-COR, Lincoln, NE) equipped with a Multiphase Flash fluorometer (680%) with a 6 crileaf aperture.
Measurements weraadeon the fully expanded leaflet of the youngest trifoliate le&fvben 1100 h and 1600

h at 10, 16, and 21 DAE. The chamber@@ssetto match greenhouse Gpproximately 415 umol CO
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mol' ! Airflow through the instrument was maintained at 800 prhéland temperature amdlativehumidity
were adjusted to 30 °C &60%, respectively, to match ambient greenhouse condifiolight-adapted leaflet
was exposed to actinic ligatambient light intensityo drive photosynthesis. After this, a saturating light flash
of 8000 umol photons hvs' ‘was applied for 1000 nte measure maximum fluorescence in a ligapted
state. Steadg t at e fl uorescence was measur gydvasrcalcgltedusingf or e t h
Equation 1.
At the end of each experiment, all aboveground vegetative growth was removgipimgeach plant
at the soil surface, weighed for fresh biomass, and placed into a paper bag to dry. Weight of aboveground dry

biomass was recorded after the samples were oven dried at 60 °C for 96 h. Height (cm), relative chlorophyll

contentA (umol m2g § adivekre gonverted to percent reductimithe nontreated controlising the
equation:
9 reduction=g NT - T)/ NT gF00 [2]

whereNT andT are from a treated and nontreated pot, respectively.

Statistical Analyses

Fourreplications of a factorial arrangement of soybean genotype and atrazgfearatéwo trials
were evaluated across sampling dates in a completely randomized design. Response data were subjected to
ANOVA using PROC MIXED in SAS (version 9.4, SAS Institu@ary, NC). Genotype, treatment rate, trial,
and sampling date were considered fixed effects. Trial was removed from a model where its main and
interaction effects were not significant at a 5% probability Ieélere main effects and interactions of
samp i ng date and trial within s a figetiofigangtypd andtrazingrager e s i gni
interactionwere testedvi t hi n sampling date and within trial. Dunn
significance for multiple compass betweemnesponseneans and respective contwathin genotypes
Correlation coefficients wer e cpa,landuelativé ahldrophyt ween vi st
content, and aboveground fresh and dry biomass at respective sampling datak p&sa, visual ratingat 7,
14, and 21 DAE wrecorrelated withA a n dbsireasured at 10, 16, and 21 DAE, respectively. Additionally,

linear regression analysis was performed between wiatiafjand photosynthetic parameters to determine their
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relationship. Correlation and regression analysis were conductedGisipgPad Prism software (version 8.0.0

for Windows, GraphPad Software, San Diego, CA).

Results

Threeway interaction osampling datggenotypeand treatment rateagsignificant PO . 01) f or
visual rating plantheightreduction andreduction inphotosynthetic parameters; therefore, treatment means
were analyzed within sampling da{@able 2) Trial main effect and/ointeractions were significanP(< .05)
within sampling datefor visual ratingplantheight reduction, and reduction in photosynthetic parameters
measured using Multispe@herefore datafor these variablewere not pooled fothetwo trials. Statistical
validity dictatedthe consideration of trial as fixed effect since sulfur fertilization was unique to trial two (trial
). Trial interactions were not significan®® & .05) for reduction in net C{assimilaton rate A) and effective
guantum yi el d od) mpasuwed osgy L8800atr 0,116, anfl 20 DAE within sampling date
or for reduction in aboveground biomass; therefdega from the two trials were pooled for these variables
(Tables 3 ad 4). Correlation and linear regression analysis were conducted wihipling dateand data

from the two trias were either pooled or not pooled in accordance with ANOVA results .

Visual RatingPlantHeight, and Aboveground Biomass
Visual injury in soybean genotypes at different atrazine rates was estimated through visualraimgs.
5515 LL6 was visually injured (7%) of9i0gaihha'atpdaed i ct ed &
21 DAE inthe first trial(trial I), while other genotypes were not (FigureAl). genotypes wereisually
unaffectedby atrazine at this rate at aamplingdates irnthe second triaftrial 11) (Figure 2).No visible injury
was observed at 3 DAE any genotype at 179.2 g shd ‘but all genotypesvere injured a¥, 14, and 21 DAE
at this rate (Figures 1 and. Domplete plant deatlindicated by 100% visual rating apthntheight reduction
had occurredh all genotypesit 358.4 g a.i. Hatacross trialstt 14 DAE (Figure 1 4). Complete plant death
occurred in all soybean genotypes at 716.8 g d.idteazine by 7 DAE in trial (Figures 1 and 3. At similar
rate and sampling date in trial Il, visual ratings9 8 % and 95 % i n IUMPpAFE_6tiGelyand O NC
(Figure 2)
Differences in plant height responses to atrazine were observed among soybean geXt@ypas,

height was not sigDhDumfmpiw@dil|l Y512 dulcé datedetragipnCaes t he ev a
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(Figures 3 and 4). In trial Il, onlghe highest atrazine rafé]6.8 g a.i. ha! reduced plartieightin 6 AG5 6 X 8 0 ,
6S52RS8bBPanptNE, and O6P53A67X06 (14% to 52%) "'at 3 DAE (
caused 15%lanth ei ght reduction in 6SHe@btBdLHAGEBXKS8BS5Bedght
trial 1 at a similar sampling dat{&igure 3).Plant height was reduced 9.0 g a.i. halin all genotypes at 14
DAE and/or 21 DAE, exceph 6 S H1 5 5 (Flgudres 3 and 4Rlant height was reduced 9.2 g a.i. halin
all genotypes at 14 and 21 DAPlant teightwasreduedbetweernl 5%and33% in all genotypes treated with
3584 gaihdlat 7 DAE in trial I'l; however, OAG56X806 height
in trial I.

Aboveground fresh biomass wasluced a®.0ga.i.hali n 6S52RS8606 gTable5)) SH 5515
In contrast, boveground dry biomass did not chamgmpared to respective continlany of the genotypess
a result of exposure to the predicted atrazine carryover concentration, and the lowest atrazine rate that affected
aboveground dry biomass all genotypesvas 179.2 g a.i. hd(Table5).

Plant hégght was inversely correlated with visual ratirag respective sampling datés< .01), and the
strength of the correlation increased from 3 DAE to 14 DAE in both trials (Tab¥b6yeground fresh and dry
biomass werstrongly,negativdy corrdated with visuaratingsin all genotypes across atrazine rateggh r =

1T.96 for bofTdbled)ompari sons

Photosynthetic Parameters Measured Using MultispeQ

At 9.0g a.i. ha ! atrazine did not reduders) in any genotype at 3, 7, 14, or 21 DAE (Figures 5 and
6). Relativechlorophyll contenst 9.0g a.i. ha ‘was never lower than the control in any genotype, except
6AG56X806 at 14 DAE in tri adiwasredudedimal geectypel O 9.2l 8) . At
ai.ha! In trial 1I1-Dudpshye®&®SBE O mmweductéddobdenven at 170.2 g a.i' fat

7 DAE (Figure 6)At 21 DAE, G psiwas lowerthanthe controlin all genotypesit 179.2 g a.i. Ha(Figures 5

[eni]

and 6). Ef fecti ve qu a ng)am relativedchldropoyll comientaverersdpucedby m | 1 (
100% in all genotypes at 358.4 g a.i' k&t 7 DAE, despite plants visually rated toibjared but not deadt

this rate and samplingate (Figures % 8). Chlorophyll content was reducedénSH 5515 LL&é at 179. 2
hd lat all sampling dates. Rel ative chlorophyll content
at any sampling date (Figures 7 andA&)179.2ga.i.B'and 21 DAE, OAGGGXBYO6 and 6NC

recovered from reduction in relative chlorophyll <cont
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chl orophyll content only at this s asiapdrelaivg chtbraghgl at a
werestrongly,inversely correlated with visual ratiagt every sampling dat®  .01) Theweakest
correlatiors wereat 3 DAE for all parametetsut by 7 DAE r values for correlations between visual ratings

a n dbgy a@r relative chlorophyll content weggeater tham .2 @Table6).

Photosynthetic Parameters Measured Using800
OpsnandAreductionverec onsi dered 100% i n 6 SHatBlDABbedausd at 179
leaflet symptoms were so severe that measurements could not be performed (Figures 9dr0iPy. i.
hd ! A reduction was not significant at any sampling dat@ S5 2 R88 %1 5 5 (Figurel9L.AH9.0g
a.i. hd 'and by16 DAE,6 N-D u n p ([69%)decovered from 21% reduction A at 10 DAE.However, at 21
DAE, 6 N-Du n p h y dwagsigrfieéantlyreduced inA ata similar atrazine raté was reduced between
53% and 84%n all genotypes at 10 DAEt179.2 g a.i. ha'atrazinghowever6 S52 RS8606 (10%) reco!
Aby 16 DAE. At 21 DAE, all genotypes we25% to 100%educed imA at this atrazine raté\ similar trend
of lower O ps)in response to increasing atrazine ratas observed at 10 and 21 DAE (Figures 9 and 10). At 16
DAE, r e d wewas rosigriifinant @t 9.0 g a.i.’hdior any of the genotypésstedputat 179.2 g a.i.
hd fall genotypes were reducediins; (Figure 10)NetAa n des) Were reduced by 100in all genotypes at
358.4 g a.i. ha'at 10 DAE (Figures 9 and 10¥isual rating at 7, 14, and 21 DAE and photosynthetic
parameters measured at 10, 16, and 21 DAE, respectivalg,strongly, inverselgorrelatedat eachsampling
date P < .01) (Tabler). CorrelationbetweenrA andvisual rating was highest at 10 DAE and lowest at 21 DAE.

U psiwas more strongly correlated at 16 DAt&Nn10 DAE.

Relationship of Visual Rating with Photosynthetic Parameters
Regression analysis conveyed the linear, negative relationship of photosynthetic parameters with visual
rating, and--tests indicated that the slope was always-reno < .001) (Figures 1114). Residual plots
reflected the laclof-fit ascribed to #value-interpretation accurately. Linear regression models for visual rating
wi t daiméasured using MultispeQ had the highésaluesof .90 and .94t 7 DAE and 14 DAEN trials |
and I, respectively (Figure 11). The linear relationshigf psi@nd elative chlorophyll contenwith visual
rating was weakest at 3 DAE (Figures 11 and 12). Linear association of visual rating with relative chlorophyll

content at 7 DAE and 21 DAE described 82% to 87% of the total variation (Figure 12). Linear regression
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between visual rating at 7, 14, and 21 DAE &d n deg) ilneasured using L6800 at 10, 16, and 21 DAE,
respectively, revealed that visual rating could expl@¥ 80 8% of the variation irA, and 84% to 88% of the

v ar i atpkjacrossisampling dates (Figures 13 and 14).

Discussion

In the past,nvestigatios into atrazine carryover sensitivity in soybdave been conductersing
visual injury and yield measuremeliEgank et al., 1983; Pawlak et al., 198Vlpre recently, tili zation of
fluorescence measurements to estimate pimiibitory herbicide stress has become pop(llaet al., 2018
Weber et al., 20175ince chlorophyll fluorescence and related photosynthetic parameters are affected by
changes in photochemistry, thesen beuseful measurements to evaluRtll-inhibiting herbicidestress, as
evidenced by our present stualyd ty Ahrens Arntzen, & Stollelin 1981 Visual rating, plant height, and
aboveground biomass evaluataould identify atrazine rates that caused plant deetlsupported by previous
research findingéFrank et al., 1983Plant death may occur whéme absorbed herbicide dose exceeds a
certain critical threshold in plants, above which plants are unable to metabolize the active infjreeliexit,
2018) Analyesof photosynthetic parameters measuwgad in our s
relative chlorophyll content at 358.4 g a.i! fat 7 DAE, revealing theeverity of atrazindamage before plant
death could be visually assessed at 14 DAE. Visual ratings ranged from 58% to 88% across genotypes at 716.8
gai.hda'at 3 DA Bsimeasulierheats at a similar rate and sampling date ranged from 89% talB9%.
genotypes at this rate dpgamasirgmentsiwere anearly predicgright i ng dat e
mortality. Also, photosynthetic measurements were more adept at identifying recovery of photosynthetic ability
in soybean genotypes betweampling time points, which could not be inferred from visual ratings or
aboveground biomass measurements alone. For example, measurephetdsfnthetic parameters showed
that O6P53A67X6 was abl e to r ecassimnlationatthe pradiotédatsaginet het i ¢
carryover concentration rate of 9.0 g a.i. ly 21 DAE, whereas this distinction could not be inferred from
visual ratings or aboveground biomass measurements. Also, readvelgtive chlorophyll conterib
6 AG56 X8 &C-Daumdp hoyd t r eat e d ‘anil DAE inltrial9 was nag peeceivied thraugh
visualrating Regaining chlorophyll content and the ability to assimilate iGficate metabolic recovery

hypothesized to be due to atrazdetoxification and restoration of normal electron fldeber et al., 2017)
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Rapid recovery from metribuzin injury in tolerant soybean cultivars revealed by fluorescence imaging
measuremestwas attributed to detoxification of metribuzin, another f8libiting triazine herbicide, within
106 h after treatmerfLi et al., 2018) Recovery from atrazine injury in sorghu®ofghum bicolo(L.)
Moench) was dependeon time of exposure, and persistence and degree of tofiatRBillot & Nel, 1985)
Genotypespecific tolerance to herbicide stress, or the ability to recover from herbicide damage, may originate
from multiple mechanisms in plants to selectively prevent atrazine herbicidal étioth & Wilkinson, 1974;
Zhu et al., 2009; Weber et al., 201Tplerance to atrazine photoinhibition has bpewposed to be contributed
by selective absorption, @anslocation, or metabolism into nphytotoxic compounds, or combinations of these
mechanism¢$Corbett, 1974Walker& Featherstone, 197.3Reducecdherbicidetranslocation throughout
resistant plantby selective absorptiom therootsor altered plantransportrates anddetoxification through
conjugation by glutathione-Bansferase enzyme or through dealkylation into nonlethal alkyl derivative in
soybeanhave been linked to atrazine tolerai@himabukurg1967; Zhu et al., 2009)Additional fertilization
was provided in trial Il, to prevempntreatment relatedutrientdeficiencysymptoms Sulfur fertilization may
account for differences between trials and recovery of photosynthetic parameters in&palitlation of
sulfur has been associated withlorophyllsynthesis, and future research could involve studying fertilization of
atrazinestressed plants with micror macronutrients to aid in photosynthesis recoynmawat et al., 2006)

Our results show that fluorescence measurements are more sensitive than visual ratings in evaluating
herbicide damage and can be especially useful in conditions with low atrazine concentatibras
carryover where symptoms from PSIlI damage maytmtistinguished visuallyi psmeasurements revealed
46%to 82%reduction ineffective quantum yield across genotypested with179.2 g a.i. Wa'atrazine
wheraasPSIlI damagénduced by atrazineould not be discernedith visualratingsat thesame atrazine rate
Fluorescence measurements are effective at assessing injury associated with herbicides that alter light
dependent plant reactions, althodlylorescence has also been used to evaluateffinets of several herbicides
that inhibitothermetabolic processes, such as inhibitors of fatty acid biosynthesis, branched chain amino acid
synthesis, porphyrin synthesis, microtubule assembly, and cell diyBasbagallo et al., 2003; Day&n
Zaccaro, 2012; Weber et al., 2017; Li et al., 20T8) strong correlation and linear relationship between visual
ratingand photosynthetic parameters at all sampling dates indicated that visual injury could adequately describe

much of the variation imtrazine stresamongsoybean genotypgBowever sonme amount of variatiowas still
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accounted for bfluorescence, chlorophyll content, and gas exchange measureatintdicated by the

values. Physiological measurements are valuable toelsripseasorherbicide injury evaluation by nature of

their mn-destructive sampling methods, and can complement traditional estimations to provide a deeper insight
into the difference imerbicide sensitivitamong valuable croparieties Overall, our study revealed thaere

were differences in soybean variegsponses to atrazine carryover residue as measured by conventional visual
ratings, plant height, or biomass measuoedy photosynthetic parametektowever, photosynthetic

measurements allowed for earlier detectibinjury, where PSII inhibition wasat evident through visual

ratings.

Conclusions

At the predicted carryover ratef 9 g a.i. hal 6 S 5 wbksBléhtiéd as sensitivio atrazine owing
to reducecheight andaboveground fresh biomag3ther varieties that were affected at this rate included
OP53A67X6, O6AG56 X8a8lt h anglh 66R5 HSELHBXA Lrbecovered in phot
DAE. At179.2gai.hat O AG56 X8Dummpmhly ® NCecovered in enh8mnce relati\
recovery from atrazine injury signifieesumed productivitygenotypes with this capacity mbhg
recommended for planting under atrazine carryover conditRersovery in photosynthesis can prevent early
season defoliationaused by atrazir@ducedleaf necrosiswhich is pertinent sincgreatercanopy covem
soybearcanenhanceveed suppression and yield potential (Liebert & Ryan, 2017; Place et al., 20 dre
thoroughly evaluatéhis, field trialscanbe conductedinder atrazine carryer conditionsusing selected
genotypes from greenhouse screening experiments to assess changes in phsitoayaticanopy coverage
through the growing season and to quantify yieldwever, lowcost greenhouse triat®uldhelp in rapidly
identify specific genotypes of interest without relying on sedsng field experiments/Ne found that atrazine
rates at 358.4 g a.i. h&and 716.8 g a.i. hdcausedplant death in all evaluadegenotypes by 14 DAENd
these rateare comparable tquantified carryoveatrazine residue concentratgoaf0.29 mg k¢ ‘to 2.82 mg
kg' lin loam soilsfrom fieldswhere soybean plant death was suspected to result from atrazine cafFyankr
et al., 1983)Our data suggest that evaluations of genotypic variation in carryover sensitivity magfbkein
prevent damage to rotational crops such as soyeaiding growers in appropriate variety selectibarther

researcttould helpdevelop strategies to prent atrazine carryover or mitigatarryoverdamage through
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variety selectionCombining arly-season photosynthetic measurements and conventional méiraxsiess

herbicideinjury providesin-depth understandirgboutcrop sensitivity, especially at logarryover rates where
visual injury may not be apparef@rowers practicingoybearcrop rotation should be cognizant of soybean
genotypic differences in sensitivity to atrazine while making soybean seed selections to avoid carryover

damage.
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Table 1. Description of selected soybean genotypes.

Genotype Variety producer Tolerance trait Trade name Maturity Growth habit
group

AG56X8 Asgrow, Creve Couer, MO Glyphosate and dicamba Roundup Ready 2 Xtefid \% Determinate

S52RS86 DynaGro, Geneseo, IL Glyphosate and sulfonyluree Roundup Ready 2 YiefdSTS \% Indeterminate

NC-Dunphy NC Foundation Seed, Raleigh, N - (conventional) Vi Determinate

P53A67X Pioneer, Johnston, IA Glyphosate and dicamba Roundup Ready 2 Xtefid \% Determinate

SH5515 LL Southern Harvest, Severn, NC Glufosinate LibertyLink® V Determinate
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Table 2.F, P, and df for effect of genotype, atrazine rate, sampling date, trial, and interactions on visual rafatant@hgighteduction (% of control), and
reduction (% of control) in effective quantum yield of photosystem dkf) and relative chlorophyllantent (measured using MultispeQ) analyzed using four

way ANOVA for a completely randomized designld = . 05)

Visual Height Upsi? Relative chlorophyll

rating reduction reduction content reduction

% 0000000000000 08 %ofcontrold 0080000800000

Source of variation df F P F P F P F P
Genotype (G) 4 76.32 <0.001 8.46 <0.001 6.49 <0.001 12.06 <0.001
Atrazine ratgR) 4 6,688.70 <0.001 2,940.80 <0.001 2,412.39 <0.001 3,510.82 <0.001
Sampling date (S) 3 857.66 <0.001 1,435.84 <0.001 7.70 <0.001 489.05 <0.001
Trial (T) 1 0.01 0.986 25.65 <0.001 7.02 0.008 37.16 <0.001
GxR 16 26.26 <0.001 4.67 <0.001 6.15 <0.001 3.65 <0.001
GxS 12 3.54 <0.001 3.84 <0.001 1.02 0.432 2.73 0.001
GxT 4 0.15 0.962 5.25 0.001 3.47 0.008 2.46 0.045
RxS 12 165.44 <0.001 385.11 <0.001 1.76 <0.001 155.13 <0.001
RxT 4 0.27 0.900 1.83 0.122 5.28 0.001 5.63 0.001
SxT 3 0.81 0.680 46.15 <0.001 3.69 0.012 5.60 0.001
GxRxS 48 5.52 <0.001 2.56 <0.001 0.94 0.595 2.97 <0.001
GxRxT 16 5.18 0.002 4.75 <0.001 3.05 <0.001 2.73 0.001
GxSxT 12 0.47 0.930 6.96 <0.001 1.85 0.038 1.84 0.039
RxSxT 12 3.35 <0.001 29.13 <0.001 3.43 <0.001 6.45 <0.001
GXRxSxT 48 0.28 1.000 3.43 <0.001 1.59 0.008 1.03 0.416

aAbbreviations pgy;, effective quantum yield of photosystemdf, degrees of freedom.
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Table 3.F, P, and df for effect of genotype, atrazine rate, sampling date, trial, and interactions on reduction (% of
control) in net CQ@ assimilation rate4) and effective quantum yield of photosystemubk§) (measured using LI

6800) analyzed using fowvay ANOVA for a completely randomized desigrld = . 05)
A?reduction 0 psi reduction
0000000 Wofcontrold 0 90000800
Source of variation df F P F P
Genotype (G) 4 8.21 <0.001 5.80 <0.001
Atrazinerate (R) 4 1,336.97 <0.001 1,614.11 <0.001
Sampling date (S) 2 3.64 0.027 2.71 0.068
Trial (T) 1 0.13 0.717 0.68 0.411
GxR 16 5.07 <0.001 4.75 <0.001
GxS 8 3.69 0.001 3.52 <0.001
GxT 8 0.13 0.971 2.17 0.071
RxS 8 1.55 0.137 1.98 0.047
RxT 4 0.43 0.783 0.74 0.568
SxT 2 7.28 0.001 12.68 <0.001
GxRxS 32 4.01 <0.001 2.25 0.001
GxRxT 16 1.25 0.223 1.55 0.079
GXxSxT 8 2.82 0.005 0.97 0.461
RxSxT 8 3.29 0.001 7.54 <0.001
GXRXSXT 32 0.79 0.430 0.77 0.806

aAbbreviations:0 psy, effective quantum yield of photosystemAl;net CQ assimilation rate; df, degrees of freedom.
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Table 4 F, P, and df for effect of genotype, atrazine rate, and trial on aboveground fresh and dry biomass analyzed

using threevay ANOVA for acompletely randomized designU = . 05)

Fresh biomass Dry biomass

000000006 g0o00006000060
Source of variation df? F P F P
Genotype (G) 4 6.54 <0.001 3.66 0.007
Atrazinerate (R) 4 1,124.41 <0.001 866.87 <0.001
Trial (T) 1 0.73 0.396 0.19 0.662
GxR 16 6.39 <0.001 3.56 <0.001
GxT 4 1.26 0.287 0.38 0.822
RxT 4 0.72 0.579 0.07 0.990
GXRXxT 16 1.14 0.327 0.41 0.977

aAbbreviations df, degrees of freedom.
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Table 5. Effect of atrazine rate on aboveground fresh and dry biomass of five soybean genotypes 21 d after

emergence. Results are means staddard errors of eight replications.

Rate
g a.i. ha!

0.0

9.0

179.2

358.4

716.8

00000000000000000 ygdododd0000000300000029

Genotype Aboveground fresh biomass

AG56X8 7.1 (0.273& 6.9 (0.42) a 2.9(0.25)b 0.0b 0.0b
S52RS86 8.1(0.27) a 7.1(0.23)b 46(0.42)b 0.0b 0.0b
NC-Dunphy 7.2 (0.35) a 6.3 (0.29) a 1.7(0.41)b 0.0b 0.0b
P53A67X 7.5(0.30) a 6.6 (0.43) a 1.8(0.31)b 0.0b 0.0b
SH5515LL  7.1(0.33)a 6.4(0.34) b 0.8(0.19) b 0.0b 0.0b

Aboveground dry biomass

AG56X8 1.6 (0.08) a 1.6 (0.13)a 0.5 (0.05) b 00b 0.0b
S52RS86 1.8 (0.07)a 1.7 (0.06) a 0.9 (0.10) b 0.0b 0.0b
NC-Dunphy 1.7 (0.07) a 1.5 (0.09) a 0.3(0.07) b 0.0b 0.0b
P53A67X 1.7 (0.07) a 15(0.12)a 0.3(0.07) b 0.0b 0.0b
SH 5515 LL 1.6 (0.06) a 1.5(0.07)a 0.1 (0.03) b 0.0b 0.0b

aValues in parentheses are standard error.
bMeans within genotype for each biomass type followed by the same letter as corresponding control are not
significantlyd i f f er ent from control according to Dunnettds

test (U . 05) .
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Table6. Correlationcoefficients forvisual ratingand,plantheight (cm), effective quantum yield of photosystem
Il (Gpsi), and relative chlorophyll content (measured using MultispeQ) at different sampling dates for five
genotypes across atrazine treatment rates. idtpooled for two trialgn = 100).

Trial Sampling date Height U psi? Relative chlorophyll content
cm

d after emergence 000000000000 r0006000000

I 3 T0.33: 1T0. 7¢ 10.801
7 10.568 10.950 10.933
14 10.910 10.969 10.902
21 10.900 10.906 10.924

Il 3 10.495 10.751 10.785
7 10.801 10.931 10.920
14 10.876 10.923 10.875
21 10.915 10.940 10.908

aAbbreviations ps, effective quantum yield of photosystem |I.
b All values are significant at the .01 probability level.
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Table 7. Correlationcoefficients forvisual rating and net CQ assimilation rate A) (umol m?2 s'Y) andeffective quantum yield of

photosystem Il psi) (measured using L6800) at different sampling datas<£ 188), and aboveground fresh biomass (g) and dry biomass
(9) 21 d after emergence £ 200) for five genotypes across atrazine rates. Data pémiédo trials.

Sampling date AR U psi Fresh biomass Dry biomass
pumol m'2s * g g
d after emergence 000000006000000000r60000000000000000290
10 1T0.926 10.918
16 10.919 10.941
21 10.848 10.918 10.961 10.956
aAbbreviations ps, effective quantum yield of photosystemAl; net CQ assimilation rate.

b All values are significant at the .01 probability level.
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