
 

 
 

ABSTRACT 

RAMANATHAN, SHWETHA SRIVELLI. Characterization of Herbicide Persistence, Bioavailability, and 

Soybean Genotypic Sensitivity From a Herbicide Carryover Perspective. (Under the direction of Drs. Travis 

Gannon and Anna Locke). 

Herbicides applied to monocotyledonous crops can injure soybean (Glycine max (L.) Merr.) planted in 

rotation if  residual herbicides persist. The goal of this research was to characterize herbicide persistence and 

bioavailability, and soybean genotypic sensitivity to evaluate the risk of carryover damage to soybean from 

common soil-applied herbicides. The specific objectives were two-fold: to determine the effects of soil 

properties on persistence and bioavailability of commonly used herbicides to assess herbicide carryover 

potential in regional soils, and to evaluate the sensitivity of soybean varieties to atrazine. 

Laboratory incubation experiments were conducted to determine atrazine, mesosulfuron-methyl, and 

topramezone persistence in five regional soils. Half-life of atrazine and topramezone was longest in Portsmouth 

sandy loam (13% clay, 5% organic matter (OM), 4 pH) and shortest in Candor sand (4% clay, 2% OM, 5 pH). 

Half-life of mesosulfuron-methyl was longer at 7 ºC and varied among soil types. The half-li fe of atrazine and 

topramezone was positively correlated with soil OM and clay contents and negatively correlated with soil pH. 

Mesosulfuron-methyl half-life was negatively correlated with soil temperature. Negative correlation between 

soil OM content and soil pH may have influenced the effect of soil pH on atrazine and topramezone persistence, 

and the effect of soil OM content on mesosulfuron-methyl persistence. 

Local edaphic conditions may cause regional differences in herbicide carryover concentration. 

However, differences in the bioavailability of residue may influence the extent of carryover damage to crops. 

Herbicide EC50 and EC90 values were determined for soybean and an additional species for each herbicide using 

nine atrazine, mesosulfuron-methyl, or topramezone rates in three varying soils. Atrazine EC50 and EC90 for 

visual injury in soybean were lowest in Candor sand (3% clay, 2% OM, 5 pH) and highest in Portsmouth sandy 

loam (7% clay, 5% OM, 5 pH) at 21 days after emergence (DAE). Similarly, EC50 and EC90 for aboveground 

biomass reduction in soybean were highest in Portsmouth sandy loam. Mesosulfuron-methyl EC50 for visual 

injury in soybean was lowest in Candor sand at all sampling dates. Mesosulfuron-methyl EC50 and EC90 for 

soybean aboveground fresh biomass reduction was lowest in Candor sand and highest in Portsmouth sandy 

loam. Topramezone EC50 and EC90 for soybean visual injury were generally lower in Candor sand and similar in 



 

 
 

Portsmouth and Creedmoor sandy loam soils. Radish (Raphanus sativus L.) and canola (Brassica napus L.) 

were more sensitive than soybean. 

It is important to evaluate the sensitivity of genetically modified and conventional soybean varieties to 

herbicides to which they may not be inherently tolerant, and which may cause injury under conditions of 

carryover, like atrazine. The effects of five atrazine rates on five commonly cultivated soybean genotypes in the 

region were investigated in Candor sand (93% sand, 3% silt, 4% clay) under greenhouse conditions. Soybean 

genotypes differed in their sensitivity to atrazine injury and their recovery from damage. At 21 DAE, 9.0 g 

active ingredient (a.i.) haī1 atrazine reduced aboveground fresh biomass in óS52RS86ôand óSH 5515 LLô, and 

reduced net CO2 assimilation rate (A) and effective quantum yield of photosystem II (ūPSII) in óAG56X8ô and 

óNC-Dunphyô. However, óP53A67Xô treated with a similar atrazine rate recovered in ūPSII  and A by 21 DAE. 

At 3 DAE, ūPSII  was reduced by up to 82% across genotypes at 179.2 g a.i. haī1  even though no visual 

symptoms were observed. At 21 DAE, óAG56X8ô and óNC-Dunphyô had recovered in relative chlorophyll 

content at a similar atrazine rate. Linear regression analyses showed negative relationship between visual rating 

and photosynthetic parameters. Fluorescence measurements detected atrazine damage that was not evident 

through visual ratings.  

Overall, results indicate that herbicide carryover damage to soybean may be dependent on differences 

in herbicide persistence and bioavailability among regional soil types, and differences among soybean 

genotypes in their sensitivity to carryover herbicide residue.
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CHAPTER 1: INTRODUCTION  

Evaluated Herbicides 

Herbicides account for nearly 55% of the top 30 pesticides used worldwide, corresponding to about 

1.11 million metric tons, and are applied in agricultural settings to manage weeds (Duke & Dayan, 2018; Osteen 

& Fernandez-Cornejo, 2016). Residual herbicides are used in most agronomic cropping systems to protect crops 

from weed competition for an extended period of time, but herbicide carryover may injure susceptible rotational 

crops (Colquhoun, 2006; Walsh et al., 2016). Three herbicides widely used in cereal crops that are commonly 

rotated with soybean (Glycine max (L.) Merr.) were selected to evaluate their carryover potential in regional 

soils and injury risk to soybean ð a rotational crop with high value of production in North Carolina (USDA 

NASS, 2019). 

Atrazine is a triazine herbicide labeled for preemergence and postemergence weed control in sugarcane 

(Saccharum officinarum L.), corn (Zea mays L.), sorghum (Sorghum bicolor (L.) Moench), and evergreen trees 

(Shaner, 2014a). It is moderately water soluble (Ks = 33 mg Lī1), with a moderate soil organic carbon-water 

partition coefficient (Koc = 100 mL gī1) that varies with soil organic matter and clay content, and soil pH (Koc = 

39 mL gī1 for sand with 0.9% organic matter, 2.2% clay and pH 6.5; Koc = 70 mL gī1 for sandy loam with 1.9% 

organic matter, 16.8% clay and pH 7.5). It is a very weak base (pKa = 1.60) (Shaner, 2014a; Yalkowsky et al., 

2010). Atrazine application rate is stipulated to not exceed 2,240 g active ingredient (ai) ha-1 in corn for any 

single application (Shaner, 2014a; USEPA, 2016). Atrazine is characterized as mobile and persistent owing to 

dissipation into surface or ground water through runoff and by leaching (USEPA, 2016). Research has been 

conducted for atrazine in the context of carryover to soybean and leguminous cover crop species; however, 

visual injury or reduction in biomass or yield varied depending on soil texture and properties, and geographic 

and climatic conditions (Frank et al., 1983; Palhano et al., 2018; Pawlak et al., 1987).  

Mesosulfuron-methyl is a sulfonylurea herbicide labeled for postemergence control of grasses and 

broadleaf weeds in cereals including winter rye (Secale cereale L.) and spring, winter, and durum wheat 

(Triticum aestivum L. subsp. aestivum; Triticum durum Desf.) (Lewis et al., 2016). It is moderately soluble in 

water (Ks = 483 mg Lī1), solubility increases at higher pH (pH 9 ï10), and is a weak acid (pKa = 4.35) with an 

organic carbon-water partition coefficient of 11.0 mL gī1 (National Center for Biotechnology Information, 

2021; Shaner, 2014b; USEPA, 2004). The proposed maximum application rate for control of annual grasses and 
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broadleaf weeds in winter wheat is 15 g ai haī1 (USEPA, 2004). Rotational studies in spinach (Spinacia 

oleracea L.), carrot (Daucus carota L. var. sativus Hoffm.), and wheat (Triticum aestivum) at three plant back 

intervals suggested that significant residue is not taken up in succeeding crops; therefore, USEPA (2004) 

concluded that establishment of tolerances for inadvertent mesosulfuron-methyl 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 provided. Mesosulfuron-methyl may be persistent depending on 

edaphic conditions (half-life = 318 days, pH 9 and 25 ºC) (Shaner, 2014b). Carryover of other sulfonylurea 

herbicides, such as chlorsulfuron combined with metsulfuron, and sulfosulfuron, can cause plant height and 

yield reduction in cotton (Gossipium hirsutum) and soybean; however, information specific to mesosulfuron-

methyl regarding persistence and carryover potential in regional soils is lacking (Grey et al., 2012). 

Topramezone is a benzoylpyrazole herbicide labeled for postemergence broadleaf weed and annual 

grass control in maize (Zea mays L.), sweet corn (Zea mays convar. Saccharata var. rugosa), and popcorn (Zea 

mays var. everta) (Shaner, 2014c; Choudhary et al., 2019). It has high water solubility (Ks = 510 mg Lī1), 

exhibits a wide range in soil organic carbon-water partition coefficient (Koc) values (22 to 172 mL gī1), and is a 

weak base (pKa = 4.06) (Lewis et al., 2016; Shaner, 2014c). Maximum application rate of 25 g ai haī1 is 

proposed by the USEPA (2005) for topramezone, although carryover injury risk is anticipated in dicotyledonous 

non-target plants at this rate. Drift and runoff are the primary exposure routes in terrestrial and semi-aquatic 

ecosystems that are attributed to topramezone (USEPA, 2005). Effects of topramezone carryover have been 

elucidated in grass and broadleaf cover crop species, and injury in rice from topramezone may vary depending 

on location and cultivar (Cornelius and Bradley, 2017; Moore, 2019; Rector et al., 2020). However, carryover 

risk to soybean from topramezone in region-specific soil types has not been previously investigated. 

The use of atrazine, mesosulfuron-methyl, and topramezone in monocotyledonous crops commonly 

rotated with soybean, combined with diverse physicochemical properties that indicate potential for carryover, 

warrants additional research for the evaluation of selected herbicides from a carryover perspective to evaluate 

injury risk to soybean in regional soils.  

Herbicide Persistence 

The economic advantage of residual herbicides, from season-long weed control enabled by their 

persistence in soil, could be off-set by carryover 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 al., 1995). Soil physical and 

chemical properties which affect pesticide adsorption 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 adsorption to soil constituents dictates persistence by influencing the rate of chemical and microbial 

degradation of herbicides (Furmidge & Osgerby, 1967). Higher soil clay and organic matter contents have been 

most associated with increased pesticide adsorption and persistence (Durovic et al., 2009; Furmidge & Osgerby, 

1967). A common expression of herbicide persistence is half-life ð the time required for residual herbicide 

concentration to decrease by 50% (Helling, 2005).  

Atrazine has an average soil aerobic half-life of 60 days, ranging from 28 days to 150 days in the 

laboratory and 6 days to 261 days in the field (Lewis et al., 2016; Shaner, 2014a, USEPA 2006). Atrazine half-

life in non-sterile, surface soils from aerobic incubation studies varied from 37 days to 50 days based on soil 

geographical origin, depth, clay content, organic carbon content, pH, and temperature (Accinelli et al., 2001; 

Jenks et al., 1998). Atrazine half-life was up to 25 weeks in a comparative study conducted by Bowmer in 1991 

with soils from Australia, Romania, and USA. Laboratory studies indicate a half-life range between 7.6 days to 

140.1 days for mesosulfuron-methyl, with varying half -life depending on soil pH and temperature (7 days at pH 

5 at 20 ºC; 23 days at pH 7 and 40 ºC; 253 days at pH 7 and 25 ºC; and 318 days at pH 9 and 25 ºC) (Shaner, 

2014b). Topramezone has an aerobic laboratory half-life of 85 days to 495 days, and a lower field half-life 

between 10.8 days and 69.3 days (Lewis et al., 2016; Shaner, 2014c). Yet, the USEPA (2005) reports a 

topramezone half-life range from 125 days to greater than 365 days.  

The effect of soil properties on herbicide-specific binding and degradation mechanisms can influence 

herbicide persistence. Atrazine, mesosulfuron-methyl, 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, 2005). Herbicide binding to soil fractions, such as soil organic matter and clay, can result 

in decreased availability of herbicide residue in soil solution for microbial degradation (Shaner et al., 2012). 

Atrazine can undergo hydrolysis to its inactive hydroxy form in soil porewater, which is influenced by soil 

moisture conditions and pH (Hiltbold & Buchanan, 1977). Soil temperature is an important factor that affects 

degradation of sulfonylurea herbicides (Dinelli et al., 1997; James et al., 1995; Kuwatsuka & Yamamoto, 1997; 
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Saha & Kulshrestha, 2008). The 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). Topramezone persistence is controlled by the competition of 

chemical degradation and biotransformation with binding mechanisms to soil (USEPA, 2005).  

With evidence suggesting that the half-life of atrazine, mesosulfuron-methyl, and topramezone varies 

with soil properties and geographical conditions, it is critical to evaluate their persistence and availability for 

plant uptake in region-specific soil types to identify soils in which herbicide carryover and risk for injury to 

soybean may be of greater concern. 

Herbicide Bioavailability and Crop Sensitivity 

Herbicide bioavailability in the soil is controlled by the strength of adsorption of herbicides to soil 

components and herbicide concentration in soil solution (Helling, 2005; Furmidge & Osgerby, 1967; Soloneski 

&  Larramendy, 2011). Herbicide residue not adsorbed to soil may be partitioned in available soil water and 

absorbed by roots of plants, and this is regulated by soil texture, type, structure, and pore size distribution, and 

landscape and climatic conditions (Schmidt & Pestemer, 1980; Shaner, 2014a; Shaner, 2014c). Extent of 

carryover herbicide damage may be more prominent in soil where availability of herbicide residue for plant 

uptake is greater. Processes that determine the availability of herbicides for plant uptake are influenced by 

physiochemical properties of the herbicide, soil texture, and microbial activity in the soil, among other factors 

(Schmidt & Pestemer, 1980). Protonated atrazine adsorbs to negatively charged positions on clay minerals 

through physical sorption and to organic matter primarily through ionic bonding (Reinhardt & Nel, 1993; Laird 

et al., 1994). Sulfonylurea sorption in soil is positively associated with soil pH and is dependent on the pH 

buffering capacity of soil organic matter, although research specific to mesosulfuron-methyl sorption kinetics is 

lacking (Colquhoun, 2006; Rector et al., 2020). Topramezone is more prone to soil sorption and microbial 

biotransformation than hydrolysis and photolysis (USEPA, 2005).  

Herbicide translocated to actively growing shoots and leaves of plants from the roots can cause plant 

injury depending on its mode or mechanism of action. Atrazine causes leaf oxidative stress by inhibiting 

electron transport in photosystem-II, which results in foliar interveinal and/or marginal chlorosis and necrosis 

(Guimaraes et al., 2011; Wong & Romanowski, 1968; Zhu et al., 2009). Mesosulfuron-methyl inhibits the 

acetolactate synthase (ALS) enzyme in plants, which leads to the depletion of branched-chain amino acids 
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necessary for plant growth, and injury symptoms include plant stunting, leaf epinasty and malformations, and 

slow plant death (Blair & Martin, 1988; USEPA, 2004). Topramezone inhibits the hydroxyphenylpyruvate 

dioxygenase (HPPD) enzyme and induces leaf oxidative stress, leading to chlorophyll destruction and leaf 

bleaching symptoms (Rahman et al., 2013; van Almsick, 2009).  

Herbicide carryover damage is dependent on herbicide selectivity, susceptibility of crop species, and 

bioavailable concentration of herbicide residue, among other attributes. Yield reductions have been observed in 

oat (Avena sativa L.) and winter wheat at comparable atrazine rates in different locations and soil types 

(Burnside & Wicks, 1980). Leguminous species such as alfalfa (Medicago sativa L.) and lentil (Lens culinaris 

L.) were more sensitive to atrazine effects on plant height, chlorophyll content, shoot and root dry weights, and 

root length as compared to cereal crops such as wheat, barley (Hordeum vulgare L.), and oat at similar 

simulated carryover rates (Chowdhury et al., 2020). Additionally, injury from atrazine soil residue in soybean 

was lower in soil with higher organic matter content (Frank et al., 1983). Rotational crops such as barley, sugar 

beet (Beta vulagris), and canola (Brassica napus L.) are affected by low concentrations of sulfonylurea 

herbicides; however, there is a dearth in research specific to mesosulfuron-methyl carryover (Mehdizadeh, 

2016; Moyer, 1995). Pea (Pisum sativum L.), white clover (Trifolium repens L.), and radish (Raphanus sativus 

L.) are susceptible to topramezone applied at rates up to 202 g ai haī1, whereas wheat, sugarcane, and tomato 

(Solanum lycopersicum) are tolerant (Negrisoli et al., 2019; Rahman et al., 2014; Rector et al., 2020). Previous 

research suggests differing sensitivity among crop species to herbicide carryover but there is a knowledge gap 

regarding atrazine, mesosulfuron-methyl, and topramezone carryover damage to soybean in regional soils and 

whether the potential for injury varies depending on the influence of soil properties on bioavailability. 

Photosynthetic Responses Symptomatic for Herbicide Sensitivity 

Photosynthetic response measurements are used as powerful diagnostic tools in the study of herbicide 

interaction with the plant photosynthetic system at a molecular level (Draber et al., 1991). Plant physiological 

stress conditions that are developed from exposure to herbicides affect metabolism and productivity before 

visual symptoms may manifest (Agostinetto et al., 2016). The need for objective, rapid, non-invasive, and 

sensitive screening methods in intersecting areas of plant biology and agrochemical research has led to the 

development of quantitative and automated assessments of photosynthetic and metabolic impairment in plants 

(Barbagallo et al., 2003; Weber et al., 2017). Variations in chlorophyll fluorescence emission and net CO2 
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assimilation rate have been used to evaluate the effect of herbicides on crop performance and to distinguish 

between herbicide-tolerant and susceptible weed biotypes and crop varieties (Foes et al., 2016; Li et al., 2018; 

Weber et al., 2016; Zhang et al., 2016).  

Effective quantum yield of photosystem II (ūPSII) is calculated from measurements of maximum 

fluorescence yield in a light-adapted state and steady-state fluorescence by applying a saturating flash of light to 

a light-adapted leaf (Maxwell & Johnson, 2000). Juneau et al. (2006) suggested that ūPSII may integrate the 

entire physiological state of the plant and be more sensitive than maximal quantum yield of PSII (Fv/Fm), which 

is a fluorescence parameter measured from a dark-adapted leaf. Herbicides with PSII-inhibiting  

mode of action, like atrazine, disrupt electron flow by binding to the D1 protein in the reaction center (Hess, 

2000; van Rensen, 1989). Excitation energy from continued absorption of light energy is dissipated to prevent 

photodamage of the reaction center, and can be observed via enhanced chlorophyll fluorescence, indicating PSII 

damage (Draber et al., 1991). Thus, ūPSII measurement is a convenient and non-destructive method for 

inspecting herbicide damage without relying on plant responses visible to the human eye. Furthermore, 

chlorophyll fluorescence has been successfully employed to study effects of several herbicides with diverse 

modes of action that inhibit metabolic processes but can indirectly modify fluorescence kinetics (Barbagallo et 

al., 2003; Li et al., 2018).  

Relative chlorophyll content is a useful photosynthetic parameter for elucidating effects of PS-II 

inhibitors since these herbicides lead to chlorophyll loss due to oxidative stress (Zhu 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 940 ï 950 nm, at which no absorption occurs, using a 

SPAD meter (Xiong et al., 2015). Net CO2 assimilation rate (A) is commonly measured by an open gas 

exchange system that computes the difference between mass flow of CO2 per time in and out of a leaf  

chamber. A is directly associated with electron transport reduction and has been used in combination with 

fluorescence measurements to provide deeper insight into effect of herbicides on plant photosynthetic or 

metabolic mechanisms (Agostinetto et al., 2016; Ferrell et al., 2003; Hassannejad et al., 2020). Therefore, the 

present research utilized photosynthetic response measurements in combination with conventional evaluation 

methods to distinguish atrazine sensitivity among soybean genotypes to identify  varieties that may 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 for Weed Science 

Shwetha S. Ramanathan1*, Travis Gannon1, Wesley Everman1, and Anna Locke2 

 

Investigation into effects of soil properties on herbicide persistence can aid in evaluating herbicide 

carryover potential and consequent injury risk to rotational crops in regionally diverse soils. Laboratory 

incubation experiments were conducted to quantify the persistence of atrazine, mesosulfuron-methyl, and 

topramezone under aerobic conditions at 23 C. Mesosulfuron-methyl persistence was also tested at 7 C, 

representative of winter-soil temperatures in North Carolina. Herbicide half-lives were calculated by linear 

regression using the logarithmic form of the first-order kinetics reaction. Half-lives of atrazine (37.3 to 73.2 

days) and topramezone (15 to 19 days) varied among soil types. Mesosulfuron-methyl half-life varied among 

soil types at 7 C (8.8 to 9.8 days) and 23 C (5.4 to 5.8 days). A significant temperature effect (P < 0.001) was 

observed for mesosulfuron-methyl persistence within soil types. Atrazine and topramezone half-lives were 

shortest in Candor sand (3.8% clay, 1.8% organic matter, 5.1 pH) and longest in Portsmouth sandy loam (13.0% 

clay, 5.3% organic matter, 4.3 pH). Mesosulfuron-methyl half-life was longer at lower soil temperature. Half-

life of atrazine, mesosulfuron-methyl, and topramezone were correlated with soil organic matter (r = 0.834, 

ī0.530, and 0.626, respectively) and soil pH (r = ī0.856, 0.547, and ī0.567, respectively). Additionally, 

atrazine and topramezone half-lives were positively correlated with soil clay content (r = 0.829 and 0.707, 

respectively), and mesosulfuron-methyl half-life was negatively correlated with soil temperature (r = ī0.970). 

Correlations between soil clay content, organic matter content, and pH among soil types may have also 

influenced herbicide persistence. Growers practicing crop rotation should consider field soil properties and the 

relationships between soil organic matter content, clay content, pH, soil temperature, and herbicide persistence 

to make suitable herbicide selections in a rotational system to prevent carryover crop injury. 

1First, 1second, 1third, and 2fourth authors: Graduate Research Assistant, Associate Professor, Associate 

Professor, and USDA Assistant Professor, respectively, 1Department of Crop and Soil Sciences, North Carolina 

State University, Raleigh, NC 27607; and 2USDA-ARS, Department of Crop and Soil Sciences, North Carolina 

State University, Raleigh, NC 27607. 
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Introduction  

Atrazine, mesosulfuron-methyl, and topramezone are herbicides with residual soil activity that are 

currently labelled for use in corn (Zea mays L.) or winter wheat (Triticum aestivum L. subsp. aestivum) and are 

commonly applied in North Carolina. These crops are commonly followed by dicotyledonous rotational crops 

that may be injured if herbicide residue persists in the soil at the time of rotational crop planting (Colquhoun 

2006). In contemporary no-til lage 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 adsorption and persistence 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 2011). Additionally, soil temperature and moisture may affect herbicide 

residue and bioactivity (Allen and Walker 1987, Reinhardt et al. 1990). Reduction 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). Sorption 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 plant-back intervals be redefined based on soil properties, but more data are needed to 

make appropriate recommendations for many soil types.  

Atrazine (6-chloro-4-N-ethyl-2-N-propan-2-yl-1,3,5-triazine-2,4-diamine) is a photosystem 

IIīinhibiting triazine herbicide labeled for pre- and postemergence annual grass and broadleaf control in 

sugarcane (Saccharum officinarum L.), corn, sorghum (Sorghum bicolor (L.) Moench), and evergreen trees 

(Shaner 2014a, Zhu et al. 2009). Atrazine has an average soil aerobic half-life of 60 days, ranging from 28 to 

150 days in the laboratory and 6 to 261 days in the field (Lewis et al. 2016, Shaner 2014a, USEPA 2006). 

Mesosulfuron-methyl (2-[(4,6-dimethoxypyrimidin-2-yl)carbamoylsulfamoyl]-4-(methanesulfonamidomethyl) 

benzoate) is a sulfonylurea herbicide that inhibits the acetolactate synthase (ALS) enzyme (USEPA 2004). It is 

labeled for broadleaf control in cereals including winter rye (Secale cereale L.) and spring, winter, and durum 

wheat (Triticum aestivum L. subsp. aestivum; Triticum durum Desf.) (Lewis et al. 2016). Laboratory studies 

indicate a half-life range of 7.6 to 140.1 days (Lewis et al. 2016). Mesosulfuron-methyl half-life varies 

depending on soil pH, with reported half-life of 3.5, 253, and 318 days at pH 4, 7, and 9, respectively, at 25 C 

(Shaner 2014b). Topramezone ([3-(4,5-dihydro-3-isoxazolyl)-2-methyl-4-(methylsulfonyl) phenyl]5-hydroxy-
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1-methyl-1H-pyrazol-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 mays L.), sweet corn (Zea mays convar. Saccharata var. rugosa), and popcorn (Zea mays var. everta) 

(Shaner 2014c, Choudhary et al. 2019). The half-life of 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 has moderate 

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, Rector et al. 2020, Torre et al. 2018). However, a knowledge gap exists regarding 

specific soil properties that may influence topramezone persistence and carryover. 

 Differences in herbicide persistence among varying soil types as well as rotational crop sensitivity to 

herbicides can influence the potential for, and severity of, crop injury. Brecke et al. (1981) reported that atrazine 

carryover did not reduce soybean (Glycine max (L.) Merr.) yield in sandy soils under warm and wet conditions 

in Florida, US. In contrast, Pawlak et al. (1987) observed up to 38% soybean injury one year after atrazine 

application in a fine-loamy soil under reduced tillage in Michigan, US. Globally, cooler and drier soils have 

been shown to increase atrazine persistence and damage to subsequent crops (Frank et al. 1983, Moyer and 

Blackshaw 1993, Reinhardt 1995). Carryover injury potential of sulfonylurea herbicides vary depending on 

application rate, rotational crop species, and soil and environmental conditions (Mehdizadeh et al. 2017, Moyer 

1995). Small residual concentrations of sulfosulfuron and tribenuron-methyl damaged rotational plantings of 

barley (Hordeum vulgare L.), corn, canola (Brassica napus L.), and sugar beet (Mehdizadeh 2016). Several 

plant species, such as pea (Pisum sativum L.), white clover (Trifolium repens L.), and radish (Raphanus sativus 

L.), have shown susceptibility to carryover from topramezone applied at rates up to 202 g ai ha-1 in soil with 6% 

organic carbon and pH 6 (Rahman et al. 2014). Though there is evidence for individual soil properties affecting 

persistence of herbicides with carryover risk, investigation into multiple correlations between soil pH, soil 

organic matter content, and soil clay constituents is needed to fully understand the risk of phytotoxic carryover. 

The objective of this research was to determine the effect of soil properties on atrazine, mesosulfuron-methyl, 

and topramezone in five representative soil types from a region where crop rotation is commonly practiced and 

to elucidate herbicide carryover potential in the selected soils. 
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Materials and Methods 

Soil Preparation and Herbicide Selection 

Soils were collected from five locations, and were selected to represent a range of soil textures and soil 

organic matter content (Table 1). Candor sand (sandy, kaolinitic, thermic Grossarenic Kandiudults) was 

collected from the Sandhills Research Station at Jackson Springs, NC; Creedmoor sandy loam (fine, mixed, 

semiactive, thermic Aquic Hapludults) was collected from the Umstead Research Farm at Butner, NC; Noboco 

sandy loam (fine-loamy, siliceous, subactive, thermic Oxyaquic Paleudults) was collected from the 

Horticultural Crops Research Station at Wallace, NC; Portsmouth sandy loam (fine-loamy, mixed, semiactive, 

thermic Typic Umbraquults) was collected from Caswell Farm at Kinston, NC; Vance sandy loam (fine, mixed, 

semiactive thermic Typic Hapludults) was collected from the Oxford Tobacco Research Station at Oxford, NC. 

Soil was collected to a depth of 0 to 10 cm from agricultural fields, after discarding surface residue to limit 

extraneous plant organic residue. Each soil was air dried, sieved to 2mm diameter, and characterized for particle 

size using the hydrometer method by the Environmental and Agricultural Testing Service at North Carolina 

State University (Gee and Orr 2002). 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 like soybean. Also, the wide range in reported field 

persistence values and moderate organic carbon sorption, among other properties, indicate the potential for 

carryover of the selected herbicides under certain soil conditions (Jeffries and Gannon 2016, Schmidt and 

Pestemer 1980). Therefore, atrazine, mesosulfuron-methyl, and topramezone were selected as the herbicides of 

interest for the present study. 

Herbicide Extraction and Half-life Determination 

Laboratory incubation studies were conducted to determine atrazine, mesosulfuron-methyl, and 

topramezone half-life in varying soils. Stock and fortification solutions were prepared using technical-grade 

atrazine, mesosulfuron-methyl, and topramezone (99.1, 99.2, and 98.4% purity, respectively). For each soil, 25 
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g was placed into individual wide-mouthed 240 mL amber polyethylene bottles, brought to field capacity, and 

then spiked via micropipette with fortification solution to deliver 6.34, 0.05, or 0.07 µg gī1 atrazine, 

mesosulfuron-methyl or topramezone, respectively. Nontreated controls were spiked with an equivalent volume 

of distilled water. Bottles were vortexed for 1 minute after fortification to ensure uniform distribution of 

analyte. Samples were incubated at room temperature, 23 C, with caps lightly secured to ensure aerobic 

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

duration of the experiment. Using similar methods, replicate samples of mesosulfuron-methyl-treated soils were 

incubated at 7 C in a refrigerator, and temperature was maintained using an Inkbird digital temperature 

controller (ITC-308S, Luohu District, Shenzhen, PRC). Two replicates treated with atrazine, mesosulfuron-

methyl or topramezone, including nontreated controls, were removed from incubation at 0, 4, 8, 15, 30, 45, 60, 

and 90 days after treatment (DAT); 0, 3, 6, 11, and 23 DAT; 0, 3, 6, 11, 23, 34, 45, and 68 DAT. Sampling 

times were based on respective reported average half-life of the herbicides (Shaner 2014a, Shaner 2014b, 

Shaner 2014c). All bottles were stored at ī18 C until analysis. Each experimental run was repeated twice. 

Herbicides were extracted from soil samples and analyzed for parent compound concentration using 

published methodology with modifications to accommodate specific laboratory instrumentation (BASF 2002, 

Steinheimer 1993, USEPA n.d.). For atrazine-treated soil samples and respective nontreated controls, with 25 g 

dry weight at study initiation, 85 mL of acetonitrile and water (80:5 v/v) extraction solvent was added to each 

sample bottle and placed on an orbital shaker at 220 rpm for 45 minutes, and then allowed to settle for 10 

minutes. An 10 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 µm) and vialed for analysis. For mesosulfuron-methyl treated soil samples and 

respective nontreated controls, with 25 g dry weight at study initiation, 80 mL of acetone extraction solvent was 

added to each bottle and placed on an orbital shaker at 220 rpm for 45 minutes, and then allowed to settle for 10 

minutes. Resulting solution from each sample was centrifuged at 3500 rpm for 15 minutes at 20 C, and the 

supernatant was filtered through grade 4 Whatman filter paper into separate 250 mL round bottom flasks and 

concentrated to dryness using a rotary evaporator. Concentrated residue was dissolved in 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 residue was dissolved in 

5 mL acetonitrile. 1 mL of solution from each sample was filtered (0.45 µm) and vialed for analysis. For 
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topramezone-treated soil samples and respective nontreated controls, with 25 g dry weight at study initiation, 80 

mL dichloromethane extraction solvent was added to each sample bottle and placed on an orbital shaker at 220 

rpm for 45 minutes, and then allowed to settle for 10 minutes. Solution from each sample was centrifuged at 

3500 rpm for 15 minutes at 20 C and the supernatant was fi ltered through grade 4 Whatman filter paper into 

separate 250 mL round bottom flasks and concentrated to dryness using a rotary evaporator. Concentrated 

residue was dissolved in 10 mL dichloromethane 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 residue was dissolved in 2.5 mL acetonitrile. 1 mL of solution from each sample was 

filtered (0.45 µm) and vialed for analysis. Herbicide degradation is described by the first-order kinetics with the 

equation: 

 [] []
0

e kt

t
A A

-
=    [1] 

where [A] t is the herbicide soil concentration (µg gī1 soil) at time t (days), [A]0 is the initial herbicide concentration 

(µg gī1 soil) at time 0, and k is the first-order degradation rate constant. Herbicide concentrations were converted 

to percent remaining of the initial concentration, and the natural logarithm of these values were fitted using linear 

regression to the logarithmic form of the exponential first-order rate law on SAS (SAS/STAT 9.4, SAS Institute, 

Cary, NC, USA) to determine half-life with the equation: 

 [] []
0

ln ln
t
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where [A] t is the herbicide concentration (% of initial concentration) at time t (days), [A]0 is the initial herbicide 

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

Residue Analysis 

Atrazine, mesosulfuron-methyl and topramezone samples with nontreated control samples were 

analyzed with high-performance liquid chromatography-diode array detector (HPLC-DAD) using an Agilent 

Poroshell C18 column (4.6 x 75 mm, 1.8 µm). Standard solutions were analyzed to test extraction efficiency by 

adding appropriate volume of technical grade herbicide standard solution to nontreated soil samples by 

volumetric pipette and extracting as previously described. Control spike solutions were included for analysis by 

treating supernatant from nontreated soil to ensure that analyte enhancement or suppression due to soil matrix 

effects did not occur. Flow rates for atrazine and mesosulfuron-methyl analysis were 0.80 mL minī1 and 0.90 
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mL minī1 for topramezone. Injection volume was 10 µL for all compounds. Atrazine, mesosulfuron-methyl 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. Residue was quantified with Agilent OpenLab-CD software version C.01.04 (ChemStation 

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

quantification (LOQ) of 0.0125 µg gī1 and 0.025 µg gī1 , respectively.  

Statistical Design and Analyses 

The experiment was conducted in a completely randomized design and repeated twice. Each run of the 

study included two replicates for each soil-herbicide and treatment combination. Concentration below the LOD 

where sister replicates had concentration above the LOD, were substituted with the LOD/ã2 to minimize error 

(Hornung and Reed 1990). Data from the two runs of the experiment were combined for analysis since effect of 

experimental run was not significant at Ŭ = 0.05. Herbicide concentration was averaged over four replicates and 

half-li fe was calculated as described above in Equation 2 (Accinelli et al. 2001). Half-life was determined for 

each replicate and data were subject to ANOVA using PROC GLM in SAS (SAS/STAT 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 mesosulfuron-methyl, with significant soil type and temperature interaction at 

Ŭ = 0.05. Half-life means were separated according to Fisherôs protected LSD with an Ŭ value of 0.05. 

Additionally, Pearson correlation coefficients (r) were calculated for herbicide half-life and soil properties, and 

a P value Ò 0.05 was used to determine significant correlations. 

Results and Discussion 

Effect of Soil Properties on Atrazine Persistence 

Coefficient of determination (R2) values for linear regression of the natural logarithm of percent 

atrazine concentration remaining against time ranged from 0.95 to 0.98 across soils, indicating a strong 

association of atrazine concentration with time (Figure 1). The half-life of atrazine was compared among soil 

types after finding a significant effect of soil type (P < 0.001, Table 3). Atrazine half-life ranged from 37.3 to 

73.2 days among the evaluated soils. Atrazine was most persistent in Portsmouth sandy loam, less persistent in 

Creedmoor, Noboco, and Vance sandy loam soils, and least persistent in Candor sand. Atrazine half-life was 

positively correlated with soil organic matter (r = 0.834) and soil clay content (r = 0.829), and negatively 
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correlated with soil pH (r = ī0.856) (Table 4). Other aerobic incubation studies using non-sterile, surface soils, 

similar to the present research, have found atrazine half-life to be 37 days in soil from Nebraska, USA, at 0-30 

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 atrazine half-life and soil organic 

matter content or clay content can be explained by adsorption of protonated atrazine to negatively charged 

positions on clay minerals and humus (Reinhardt and Nel 1993). The negative correlation of atrazine half-life 

with soil pH observed in this study is supported by previous research demonstrating that adsorption of 

protonated atrazine to clay and organic soil fractions is higher at lower soil pH (Clay and Koskinen 1990, 

Reinhardt and Nel 1993). The range for atrazine half-life from this study and from previous literature indicate 

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

correlation between atrazine half-life and soil pH can be attributed to correlations between soil pH and soil 

organic matter and clay contents (Table 4). Negative correlation of soil pH with soil organic matter content (r = 

ī0.916), and clay content (r = ī0.552) may have influenced the effect of soil pH on atrazine half-life. Atrazine 

persistence increased with increase in soil organic matter and clay contents (Table 4). However, atrazine half-

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

contents also had relatively lower soil pH among the studied soils. Due to the narrow range in soil pH among 

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

Effect of Soil Properties and Temperature on Mesosulfuron-methyl Persistence   

Coefficient of determination (R2) values for mesosulfuron-methyl regression equations at 7 and 23 C 

ranged from 0.92 to 0.95 across all soil types (Figures 3 and 4). The effect of soil type on mesosulfuron-methyl 

persistence was significant at 7 and 23 C (P < 0.001, Table 3). Mesosulfuron-methyl half-life ranged from 8.8 to 

9.8 days at 7 C and 5.4 to 5.8 days at 23 C, across soil types (Table 3). At 7 C, mesosulfuron-methyl was more 

persistent in Portsmouth and Noboco sandy loam soils than in Creedmoor sandy loam, Vance sandy loam, or 

Candor sand. At 23 C, mesosulfuron-methyl was more persistent in Candor sand, Creedmoor sandy loam, and 

Noboco sandy loam than in Vance or Portsmouth sandy loam. Mesosulfuron-methyl half-life was correlated 

with soil textural properties and temperature (Table 4). Mesosulfuron-methyl persistence was negatively 
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correlated with soil organic matter (r = ī0.53) and temperature (r = ī0.97) and positively correlated with pH (r 

= 0.547) (Table 4). Degradation rate of sulfonylurea herbicides slows as pH increases since associated 

degradation processes are more active at lower pH (Rector et al. 2020). Association between soil pH and 

buffering capacity attributed to organic matter, and multiple correlations between soil temperature, pH, and 

organic matter content may influence mesosulfuron-methyl degradation. Results indicate that risk of 

mesosulfuron-methyl carryover may be minimal in soils with low pH. However, carryover potential of 

mesosulfuron-methyl may be greater in fields with higher soil pH from liming or presence of calcareous soils. 

Carryover from mesosulfuron-methyl could be of concern when it is applied to winter crops, at a low soil 

temperature. 

The half-lives observed in this study at 7 and at 23 C fit within the published range for mesosulfuron-

methyl, with half-life increasing with decrease in temperature and increase in soil pH (Lewis et al. 2016). A 

decrease in the rate of sulfonylurea herbicide hydrolysis has been attributed to lower soil and soil water 

temperatures (Kuwatsuka and Yamamoto 1997). Mesosulfuron-methyl persistence is pH- and temperature-

dependent, lending support to the strong correlation of its half-life with temperature and pH found in the present 

study (Table 4) (Shaner et al. 2014b). Shorter mesosulfuron-methyl half-life at lower soil temperature may be 

due to slower microbial activity at lower soil temperatures (Flint and Witt 1997, Grey and McCullough 2012).  

Effect of Soil Properties on Topramezone Persistence 

Coefficient of determination (R2) values for topramezone linear regression equations ranged from 0.83 

to 0.93 across soils (Figure 2). There were significant differences in topramezone half-life between soil types (P 

< 0.001) (Table 3). Topramezone half-life ranged from 14.9 to 19.2 days among the evaluated soils. 

Topramezone was more persistent in Portsmouth, Creedmoor, and Vance sandy loam soils than in Noboco 

sandy loam, and least persistent in Candor sand. Topramezone half-life was positively correlated with soil 

organic matter (r = 0.626), soil clay content (r = 0.707), and negatively correlated with soil pH (r = ī0.567) 

(Table 4).  

Topramezone half-life in all five soils tested was 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 2014c). Since topramezone degradation may likely involve microbial 
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biotransformation, variations in soil sterility may explain differences in topramezone persistence between other 

published laboratory incubation data and present research (USEPA 2005).  

Soil Properties 

Pearson correlation coefficients (r) were calculated for soil particle size parameters, soil organic matter 

and pH to investigate correlation among soil properties. In general, strong correlations were observed between 

soil clay content, organic matter content, and pH (Table 4). Increase in soil clay content can increase adsorption 

of pesticides, but organic matter usually accounts for a greater fraction of herbicide adsorption in soil (Durovic 

et al. 2009, Furmidge and Osgerby 1967). Atrazine and topramezone half-lives were positively correlated with 

soil clay and organic matter contents, and negatively correlated with soil pH (Table 4). Soil pH was negatively 

correlated to soil clay and organic matter content (r = ī0.552 and ī0.916, respectively), justified by the positive 

correlation between clay and organic matter content (r = 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 and the negative correlation between mesosulfuron-methyl half-life and soil organic matter content. Lower 

organic matter content has been associated with reduced soil pH due to microbial degradation of organic 

compounds to strong organic and inorganic acids. Conversely, factors such as precipitation, leaching and 

mineralization could result in higher soil pH at low levels of organic matter (McCauley et al. 2017). Moisture 

and temperature directly affect microbial proliferation and thermodynamic processes in soils (Gannon et 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 should be investigated through further research, particularly in soils with repeated 

applications of these compounds, which may vary in the number or species of microbial populations that can 

cause enhanced degradation of herbicides (Jablonowski et al. 2010). 

Research Implications 

Carryover concentrations of persistent herbicides have the potential to injure rotational crops, 

depending on herbicide-soil bioavailability and species-specific sensitivity to herbicide residual concentrations. 

These results indicate that soil factors, such as soil organic matter content and clay content may impede 

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 bioavailability of carryover residue to rotational crops as 

well. Although herbicides 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 when soil moisture is sufficient 

for crop growth (Westra et al. 2003).  

Results from this research show that atrazine has a longer half-life in soil with higher organic matter 

content and clay content, and lower pH, suggesting that growers should consider these edaphic variables when 

planning atrazine application for corn, sugarcane, or sorghum in a rotational cycle. Regions like the 

Southeastern states in USA may incur higher carryover atrazine concentrations and rotational crop damage 

where soils contain high organic matter and clay contents, and where crop rotation is commonly practiced, if 

residual atrazine becomes bioavailable for plant uptake. Severity of injury to soybean from atrazine carryover 

residue above 0.1 g kgī1 has been related to soil type, species, amount of residue and weather conditions (Frank 

et al. 1983). Injury to rotational crops such as oat (Avena sativa L.), soybean, navy bean (Phaseolus vulgaris), 

and sugar beet from atrazine concentrations depends on soil characteristics and environmental conditions (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 residue and 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 system, which is commonly implemented by growers. The effect of temperature on 

mesosulfuron-methyl half-life elucidated in the present study, indicate that carryover concentrations may be 

greater when mesosulfuron-methyl is applied to winter wheat at cooler soil temperatures. Triasulfuron, another 

sulfonylurea herbicide, reduced alfalfa (Medicago sativa L.), canola, corn, and sugar beet growth one year after 

application (Mehdizadeh 2016, Moyer 1995). Soybean or sensitive, cool-season vegetable crops planted in 

rotation in spring could suffer damage from persistent mesosulfuron-methyl residue. Overall risk of carryover 

from mesosulfuron-methyl may be low in the specific soils that were evaluated, as indicated by persistence 

data; however, carryover may be of concern in soils with higher pH. Similar to atrazine, topramezone half-life 

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 soils with corresponding properties. While wheat and 

sugarcane are tolerant to topramezone, a wide range of injury severity has been reported for rice (Oryza sativa) 
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under field conditions, ranging from minimal injury to severe crop loss across different locations, rates, 

application timing and rice cultivars (Moore 2019). It may be posited that environmental conditions and soil 

properties may have influenced differences in rice injury to topramezone; however, these effects have not been 

thoroughly elucidated. Future investigations into relationships between carryover injury risk, herbicide-soil 

bioavailability, and rotational crop susceptibility will benefit from herbicide half-life evaluation in regional soil 

types since carryover herbicide concentration is a function of herbicide persistence. 

Conclusions 

Our findings indicate that herbicide persistence varies among North Carolina soil types and is 

dependent on soil organic matter content, clay content, pH, and temperature, and is influenced by herbicide 

properties. Half-life data for herbicides evaluated in this study indicate that soil properties, and correlations 

among them, can affect herbicide persistence and subsequent carryover of residual herbicide concentrations to 

rotational crops. Therefore, herbicide carryover from persistent herbicide residue may vary depending on 

edaphic, geographic, and climatic conditions of the region. Based on the results from this study, carryover from 

persistent atrazine and topramezone soil residue may be higher in soils with greater organic matter and clay 

contents, such as Portsmouth or Creedmoor sandy loam, and lower in coarse textured soils, such as Candor 

sand. Carryover risk of mesosulfuron-methyl can be greater when it is applied to winter wheat at cooler soil 

temperatures, such as 7 C. Factors such as soil clay and organic matter contents, and temperature of field soil 

should be considered while selecting 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 herbicide persistence and subsequent carryover. However, 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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Table 1. Series, texture, origin location, and properties of selected soils. 

Soil series Texture Origin GPSa coordinate Sand Silt Clay OM pH 

    ðððððððð % ððððððð  

Candor Sand Jackson Springs, NC 35.18ºN, 79.68ºW 90.3 5.9 3.8 1.8 5.1 

Creedmoor Sandy loam Butner, NC 36.13ºN, 78.79ºW 62.2 24.1 13.7 3.2 5.0 

Noboco Sandy loam Wallace, NC 34.71ºN, 77.97ºW 66.4 23.1 10.5 4.5 4.7 

Portsmouth Sandy loam Kinston, NC 35.27ºN, 77.65ºW 77.2 9.8 13.0 5.3 4.3 

Vance Sandy loam Oxford, NC 36.30ºN, 78.61ºW 64.7 26.1 9.2 3.8 4.9 
a Abbreviations: GPS, Global Positioning System; OM, organic matter; NC, North Carolina. 
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Table 2. Properties of selected herbicides. 

Herbicide 
Field half-lifea 

days 
Water solubility 

mg Lī1 

Koc
b 

mL gī1 pKa
 Maximum application rate 

g ai haī1 

Atrazine 6.0 to 261.0 33 (pH 7, 22 C) 100 1.70 (21 C) 2,240 

Mesosulfuron-methyl 3.5 to 318.0 483 (20 C) 11c 4.35 (20 C) 15 

Topramezone 10.8 to > 364.0 510 (20 C) 22 to 172 4.06 (20 C) 25 
a Properties from the Herbicide Handbook 10th edition, 2014. 
b Abbreviations: Koc, organic carbon-water partition coefficient; pKa, acid dissociation constant. 
c Property from the National Center for Biotechnology Information, 2021. 
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Table 3. Atrazine, mesosulfuron-methyl, and topramezone half-life (days) under aerobic conditions and respective temperatures in 

selected soils.a 

a Herbicide half-life was calculated by fitting natural logarithm of % of initial concentration to the equation: 

[] []
0

ln ln
t

A A kt= - , where [A] t is the herbicide concentration (% of initial concentration) at time t (days), [A]0 is the initial herbicide  

concentration (%) at time 0, and k is the slope. 
b Fisherôs LSD at the 0.05 level of probability for comparing mesosulfuron-methyl row means at different temperatures within 

soil type. 
c Fisherôs LSD at the 0.05 level of probability for comparing column means. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Atrazine Topramezone Mesosulfuron-methyl  

 

Temperature 23 C 23 C 7 C 23 C LSD(0.05)
b 

           ððððððððððð half-life (days) ððððððððð  

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 5.4 0.6 

 LSD(0.05)
c 4.9 1.7 0.8 0.2  
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Table 4. Pearson correlation coefficients (r) between half-life of atrazine, mesosulfuron-methyl, and topramezone and properties of selected soils. 

 
Atrazine 

half-life 

Mesosulfuron-methyl 

half-life 

Topramezone 

half-life 
Silt     Clay         OMa          pH 

 days days days      ððððððð % ððððððð  

    ðððððððððððððððððððððððð r ððððððððððððððððððððððððð 

Sand    ī0.287  0.018      ī0.403 ī0.954* ī0.715* ī0.432 0.052 

Silt      0.009  0.033        0.206           0.474**   0.238    0.171 

Clay      0.829**                 ī0.127        0.707**      0.718* ī0.552** 

OM      0.834**                 ī0.530**        0.626**    ī0.916* 

pH    ī0.856**    0.547**      ī0.567**     

Temperature -                 ī0.970**b -     
a Abbreviations: OM, organic matter. 
b Pearson correlation coefficient (r) of herbicide half-life with temperature presented only for mesosulfuron-methyl due to evaluation at 2 temperatures 

ð 7 and 23 C. 
**  Significance at the 0.05 and 0.01 levels of probability are denoted by * and **, respectively.
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Candor sand y = 4.541-0.01685x, R2 = 0.95

Creedmoor sandy loam y = 4.660-0.0131x, R2 = 0.97

Noboco sandy loam y = 4.547-0.01161x, R2 = 0.97

Portsmouth sandy loam y = 4.618-0.00964x, R2 = 0.95

Vance sandy loam y = 4.577-0.01434x, R2 = 0.98

 

Figure 1. Atrazine persistence in five soils at 23 C using linear regression. Vertical bars represent ± SE of means 

(n = 4). 
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Candor sand y = 4.794-0.05925x, R2 = 0.93

Creedmoor sandy loam y = 4.905-0.05543x, R2 = 0.87

Noboco sandy loam y = 4.858-0.05776x, R2 = 0.91

Portsmouth sandy loam y = 4.900-0.05147x, R2 = 0.83

Vance sandy loam y = 4.888-0.05549x, R2 = 0.90

 

Figure 2. Topramezone persistence in five soils at 23 C using linear regression. Vertical bars represent ± SE of 

means (n = 4). 
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Creedmoor sandy loam y = 4.766-0.09472x, R2 = 0.95
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Portsmouth sandy loam y = 4.685-0.07860x, R2 = 0.95

Vance sandy loam y = 4.768-0.09625x, R2 = 0.93

 

Figure 3. Mesosulfuron-methyl persistence in five soils at 7 C using linear regression. Vertical bars represent ± 

SE of means (n = 4). 
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Candor sand y = 5.007-0.19037x, R2 = 0.94

Creedmoor sandy loam y = 4.875-0.16524x, R2 = 0.94
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Portsmouth sandy loam y = 4.912-0.18616x, R2 = 0.95

Vance sandy loam y = 5.005-0.20200x, R2 = 0.95

Figure 4. Mesosulfuron-methyl persistence in five soils at 23 C using linear regression. Vertical bars represent ± 

SE of means (n = 4). 
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CHAPTER 3: CHARACTERIZING BIOAVAILABILITY OF ATRAZINE, MESOSULFURON -

METHYL, AND TOPRAMEZONE WITH BIOASSAY METHODOLOGY  

 

Formatted for Weed Science 

 

Shwetha S. Ramanathan1*, Travis W. Gannon1, Anna M. Locke2 and Wesley J. Everman1 

 

Differences in herbicide bioavailability in varying soils must be considered when evaluating carryover 

injury risk of herbicides since availability of herbicide residue for plant uptake can determine the severity of 

carryover damage to rotational crops. Greenhouse bioassays were conducted to evaluate dose response of three 

herbicides in three soil types on bioassay species ð a crop and sensitive indicator species. Nonlinear regression 

analyses were used to estimate herbicide EC50 and EC90 values across soil types. Bioavailability of all three 

herbicides, as estimated by EC50 and EC90 values, was greater in Candor sand compared to two sandy loam 

soils. For atrazine, EC50 and EC90 for visual injury in soybean (Glycine max (L.) Merr.) and radish (Raphanus 

sativus L.) at 7 and 21 days after emergence (DAE) was lowest in Candor sand (3.1% clay, 1.8% organic matter 

(OM), 5.8 pH, 2.6 mEq 100 gī1 cation exchange capacity (CEC)) and highest in Portsmouth sandy loam (7.4% 

clay, 5.2% OM, 5.4 pH, 7.3 mEq 100 gī1 CEC). Mesosulfuron-methyl EC50 and EC90 for soybean visual injury 

at 7 and 14 DAE, and EC50 for height reduction at all sampling dates, were lowest in Candor sand. 

Mesosulfuron-methyl EC50 for soybean aboveground biomass reduction was highest in Portsmouth sandy loam 

at 28 DAE. Topramezone EC50 and EC90 for soybean visual injury were lowest in Candor sand and EC50 for 

height and biomass reduction in soybean were similar across soil types. Radish and canola (Brassica napus L.) 

were more sensitive to herbicide treatments than soybean. Herbicide concentrations that caused 50 and 90% 

damage to bioassay species indicate that herbicide concentrations available for plant uptake are a function of 

soil properties and herbicide chemistry. Overall, herbicides tended to be more bioavailable in coarse-textured 

soil with lower OM and clay contents and CEC. 

1First, 1second, 2third, and 1fourth authors: Graduate Research Assistant, Associate Professor, USDA Assistant 

Professor, and Associate Professor, respectively, 1Department of Crop and Soil Sciences, North Carolina State 

University, Raleigh, NC 27607; and 2USDA-ARS, Department of Crop and Soil Sciences, North Carolina State 

University, Raleigh, NC 27607. 
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Introduction  

Carryover depends on herbicide persistence and fate in soil, which is influenced by 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. 1995, Curran 2016, Leavitt et al. 1991, 

Schmidt and Pestemer 1980, Walsh 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 phytotoxicity in plants (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 concentrations (Chivinge 

and Mpofu 1990, Greenland 2003, Loux 1990, Obrigawitch et al. 1997).  

Long field half-li fe and moderate organic carbon sorption may cause carryover of herbicide in some 

soils (Jeffries and Gannon 2016, Schmidt and Pestemer 1980). Atrazine is a triazine herbicide labeled for 

preemergence and postemergence use in sugarcane (Saccharum officinarum L.), corn and sorghum (Sorghum 

bicolor (L.) Moench) (Shaner 2014a). Average soil aerobic half-life of atrazine is 60 days, ranging from 6 to 

261 days in the field (Lewis et al. 2016, Shaner 2014a, USEPA 2006). Atrazine inhibits electron transport at 

photosystem II, causing leaf oxidative stress, and leads to injury symptoms which include foliar interveinal 

and/or marginal chlorosis and necrosis, resulting in visible leaf discoloration and reduced plant development 

(Guimaraes et al. 2011, Wong and Romanowski 1968, Zhu et al. 2009). Soil organic matter, clay content, pH, 

and cation exchange capacity are strongly 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 haī1 did not reduce yield in oat (Avena sativa L.) planted in the following year in eastern 

Nebraska. In 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 attributed to variations 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 reduced in soils with 1.0% and 

3.5% organic matter, but injury was reduced in soil with higher organic matter content.  
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Mesosulfuron-methyl is a sulfonylurea herbicide labeled for postemergence use in winter rye (Secale 

cereale L.) and spring, winter and durum wheat (Triticum aestivum L. subsp. aestivum; Triticum durum Desf.) 

(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, leaf epinasty and 

malformations, failure in internode extension, and slow plant death (Blair and Martin 1988). Published half-life 

range for mesosulfuron-methyl is from 3.5 to 318 days depending on soil pH and temperature (Shaner 2014b). 

Sulfonylurea herbicides have 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 tribenuron-methyl at low concentrations have been found to injure rotational crops such as 

barley (Hordeum vulgare L.), sugar beet (Beta vulagris), and canola (Mehdizadeh 2016, Moyer 1995). 

Carryover of chlorsulfuron combined with metsulfuron, and sulfosulfuron, can cause height yield reduction in 

cotton (Gossipium hirsutum) and soybean (Grey et al. 2012). However, carryover research specific to 

mesosulfuron-methyl is limited. 

Topramezone is a benzoylpyrazole herbicide labeled for use in maize, sweet corn (Zea mays convar. 

Saccharata var. rugosa), and popcorn (Zea mays var. everta) (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 bleaching-induced necrosis (Gitsopoulos et 

al. 2010, Rahman et al. 2013, Soltani et al. 2007, van Almsick 2009). Topramezone reported field half-life 

range is between 10.8 and 69.3 days (Lewis et al. 2016, Shaner 2014c). Topramezone residue is mainly 

confined to the top layers 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). 

Cover crop species have been investigated for sensitivity to topramezone 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, physicochemical properties of selected herbicides suggest that they may be persistent and 

absorbed by rotational crops long after their application, based on edaphic factors and environmental conditions 

(Frank 1966, Rahman et al. 2014). Our objective was to investigate the influence of herbicide bioavailability 

differences in varying soils on carryover injury risk to soybean from commonly used herbicides. Quantification 
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of atrazine, mesosulfuron-methyl, and topramezone persistence in varying soils from previous experiments 

allow us to estimate carryover residue concentration that may be present at the time of soybean planting in 

different regions. However, characterizing bioavailability in representative soils will provide further insight 

regarding the effect of actual concentration that may be available for plant uptake. This research aims to 

investigate bioavailability of three herbicides that are commonly applied to corn or winter wheat to identify 

whether potential for carryover damage differs based on soil properties using bioassay methodology. Bioassay 

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 bioavailability estimation (Jeffries 2016, Streibig and 

Kudsk 1993). They are inexpensive, relatively easy to conduct, and are powerful tools in evaluating soil-

herbicide-plant relationships (Loux 1990, Sandín-España et al. 2011). Therefore, greenhouse bioassays were 

conducted using soybean to describe dose response curves of the herbicides in different soil types. Radish and 

canola (Brassica napus L.) were included as sensitive indicator species since radish is sensitive to atrazine and 

topramezone, and canola is sensitive to sulfonylurea herbicides (Mehdizadeh 2016, Moyer 1995, Rahman et al. 

2014).  

Materials and Methods 

Soil Collection and Bioassay Methods 

Greenhouse experiments were conducted at North Carolina State University Method Road Greenhouse 

Facilities and the USDA-ARS Soybean and Nitrogen Fixation Research Unit in Raleigh, NC, between fall of 

2018 and spring of 2020. Herbicides were selected based on use in monocotyledons crops that are commonly 

rotated with soybean as well as differing physicochemical properties (Table 1). Three soils with varying 

properties were collected from agronomic fields to a depth of 0 to 10 cm after discarding surface residue to limit 

extraneous plant organic residue (Table 2). Candor sand (sandy, kaolinitic, thermic Grossarenic Kandiudults) 

was collected from the Sandhills Research Station at Jackson Springs, NC; Creedmoor sandy loam (fine, mixed, 

semiactive, thermic Aquic Hapludults) was collected from the Umstead Research Farm at Butner, NC; and 

Portsmouth sandy loam (fine-loamy, mixed, semiactive, thermic Typic Umbraquults) was collected from 

Caswell Farm at Kinston, NC. Soils were air dried and sieved to a 2mm diameter, then stored in plastic 

containers. Soybean (óParanagoianaô, Cober 2011) was planted into one-liter, 15 cm diameter pots; and radish 
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(óCherry Belleô, Wyatt-Quarles Seed Co., Garner, NC) and canola (óTrapperô, Rubisco Seeds LLC, Philpot, 

KY) were planted into 10 cm by 10 cm 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. Greenhouse day/night  temperatures were 30 /24 C, and 14-h photoperiod with 

supplemental lighting was provided for soybean experiments. Greenhouse day/night temperatures were 21/16 C 

for radish and canola experiments. Pots were fertilized weekly (soybean) or biweekly (radish and canola) after 

emergence with a 24ī8ī16 (Miracle-GroÑ Water Soluble All Purpose Plant Food, The Scotts Company, 

Marysville, OH) water soluble fertilizer to deliver the equivalent of 45 kg N haī1 for soybean and 12 kg N haī1 

for radish and canola. A randomized complete block design was used for each herbicide-species combination 

blocked by soil type, and each herbicide treatment was replicated four times in each soil type. Each 

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

Herbicide Application 

Atrazine (Atrazine 4L® Syngenta, Greensboro, NC) rates were 0.0, 44.8, 179.2, 358.4, 537.6, 716.8, 

890.0 1,075.2, and 2,150.4 g ai haī1; mesosulfuron-methyl (OSPREYÑ, Bayer CropScience LP, St. Louis, MO) 

rates were 0.0, 0.006, 0.6, 2.4, 6.0, 11.4, 15.0, 18.6, and 27.6 g ai haī1; and topramezone (ArmezonÑ, BASF 

Corporation, Research Triangle Park, NC) rates were 0.0, 0.0002, 1.7, 3.4, 8.4, 16.8, 23.5, 28.6, and 43.7 g ai 

haī1. Herbicide rates were selected based on predicted carryover concentrations at the time of soybean planting 

in the region, using regression equations from persistence data in the same soils and assuming herbicides were 

applied at maximum field application rate to previous season corn (atrazine and topramezone) or winter wheat 

(mesosulfuron-methyl) (Chapter 2). Herbicides were applied using a CO2-pressurized backpack sprayer 

equipped with a hand boom equipped with 4 XR 8006-VS nozzles (TeeJetÑ, Spraying Systems Co., Wheaton, 

IL) calibrated to deliver at 748 L haī1 at 166 kPa. Soil weighing 0.75 kg from the top 6.35 cm of 15 cm diameter 

pots for soybean from four replicated pots, totaling 3 kg soil, was spread on 26 cm by 61 cm plastic liners at 

1.27 cm thickness, and then the herbicide was applied at appropriate rate. Similarly, 0.48 kg soil from top 5 cm 

of 10 cm by 10 cm pots for 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 thickness, and then the appropriate herbicide rate was applied. Soil for 

nontreated control pots were sprayed similarly with water. Treated soil was transferred into 38 L polyethylene 

bags, homogenized, and then returned 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 canola. Herbicide injury was rated on a percent scale between 

0 and 100, where 0% indicated no visible injury and 100% indicated plant death (Frans et al. 1986, 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 biomass and 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: 

                 ( )o
o / 100= - ³è øê úreduction NT T NT                                                              [1] 

where NT and T are from a treated and nontreated pot, respectively. 

The experiment was conducted as a randomized complete block design with four replications of a 

factorial arrangement of soil type, herbicide, and herbicide rate for each species. Measured response data were 

subjected to analysis of variance using PROC GLM in SAS (SAS/STAT 9.4, SAS Institute, Cary, NC). F-ratios 

in a randomized complete block experiment combined over soils and sampling dates for visual ratings and 

height data, or combined over soils for aboveground biomass data, were used to test main effects and 

interactions, as prescribed by McIntosh (1983). F-tests for main effects and interactions were considered 

significant with P values Ò 0.05. Soil type and herbicide rate were considered fixed effects, and interactions 

were investigated within sampling date. Experimental run was considered a random effect, and data were 

pooled. A two-parameter log-logistic response curve was used to describe the relationship between measured 

plant response (y) and the logarithm of the herbicide rate (x): 

                                                       [2]                                                   

 

where EC50 denotes the dose required to produce 50% response between the upper and lower limits, and B is the 

Hill slope around the EC50 (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 response could not exceed 100. Any one dose response 

level can be expressed by a function of the parameters B and EC50, in that:      
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where ECx represents the effective dose that elicits x% response between the upper and lower limits of the 

curve. This equation was used to calculate the effective herbicide concentration in soil that elicited 90% 

response (EC90).  Curve fitting was performed 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 herbicide-species combination at every evaluation date 

using Akaikeôs Information Criterion (AIC) method to determine the relative likelihood that unshared 

regression parameters were different (Motulsky and Christopoulos 2003). For curves where data could not 

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

slope was constrained to determine the curve of best-fit. Differences among EC50 values and EC90 values across 

soil types for each herbicide-species combination were determined by comparing the standard errors using F-

tests at the 5% significance level and from subsequent testing using Tukeyôs multiple comparison test with Ŭ = 

0.05 (Knevezic et al. 2009). 

Results and Discussion 

Hill slopes, and EC50 and EC90 values are presented for measured responses by herbicide for each 

species within sampling dates (Tables 3 ï 11). Differences from Tukeyôs multiple comparison tests (P Ò 0.05) 

among EC50 values and EC90 values across soil types were used as indicators for differences in herbicide 

bioavailability to plant species (Gannon et al. 2014). 

Atrazine Bioavailability 

Soil type and atrazine rate interactions were significant (P Ò 0.05) for plant visual ratings and percent 

reduction in height and aboveground biomass for soybean and radish at all sampling dates. Therefore, EC50 and 

EC90 values were calculated from regression analysis of atrazine dose responses in each soil and bioassay 

species at each sampling date (Tables 3 ī 5). In general, EC50 and EC90 varied with soil type for both species, 

and lower atrazine concentrations were required for 50 or 90% injury in soil with lower soil organic matter and 

clay contents, and CEC. Atrazine EC50 for visual injury in soybean ranged from 362.8 to 462.4 g ai haī1 in 

50 1
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Candor sand, 452.0 to 917.0 g ai haī1 in Creedmoor sandy loam, and 1,281.0 to 1,498.3 g ai haī1 in Portsmouth 

sandy loam. EC90 followed a similar trend among soil types for visual injury to soybean. EC50 and EC90 for 

visual injury to soybean at 7 and 21 DAE and to radish at 7, 14, and 21 DAE was lowest in Candor sand and 

higher in sandy loam soils (Table 3). EC50 or EC90 for soybean fresh and dry biomass reduction ranged from 

369.0 to 634.0 g ai haī1, and was not different between Candor sand and Creedmoor sandy loam (Tables 4 and 

5). Radish was a more sensitive bioassay species than soybean. Overall, for both bioassay species, atrazine 

bioavailability was higher in soil with relatively lower organic matter content, clay content, and CEC. 

As previously reported with other soil applied herbicides, higher atrazine EC50 and EC90 values in soil 

with greater organic matter content can indicate lower bioavailability, resulting from atrazine adsorption to 

organic matter through ionic bonding (Gannon et al. 2014, Knezevic et al. 2009, Reinhardt and Nel 1993). In a 

growth chamber experiment with simulated atrazine carryover rates, Frank et al. (1983) reported that soybean 

plant death was observed at 0.3 mg kgī1 atrazine in a sandy loam soil with 1% organic matter, 0.5 mg kgī1 

atrazine in a loam soil with 3.5% organic matter content, but up to 0.7 mg kgī1 resulted in no plant death in a 

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, and no plant death observed in Portsmouth sandy loam (5.2% organic matter). Differences in 

EC50 and EC90 between Candor sand and sandy loam soils was likely due to atrazine sorption to clay and 

organic matter contents, which may reduce bioavailability (Furmidge 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 be posited to reduce atrazine bioavailability for plant uptake (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 Florida, U.S. In contrast, Pawlak et al. 

(1987) observed up to 38% soybean injury one year after application at the same atrazine rate in a fine-loamy 

soil under reduced tillage conditions in Michigan, U.S. We found that atrazine EC50 values for soybean visual 

injury were higher than the average predicted carryover concentration of 44.8 g ai ha-1 for all responses. For 

radish, EC50 and EC90 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 carryover. This may be more 

prominent in soils with less organic matter and clay contents where bioavailability of carryover residue is 
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greater, and under geographic or climatic conditions that can enhance atrazine carryover (Hiltbold and 

Buchanan 1977).  

Mesosulfuron-methyl Bioavailability 

Soybean response varied among soil types and mesosulfuron-methyl rates. Canola visual injury and 

aboveground biomass reduction varied at all sampling dates in response to meosulfuron-methyl treatments; 

however, soil type and mesosulfuron-methyl interaction did not significantly affect height in this species at 7 

and 14 DAE (P > 0.05). Regression analysis followed by Tukeyôs multiple comparison procedure demonstrated 

that EC50 and EC90 for visual injury, height reduction, and aboveground biomass reduction in soybean and 

canola were generally lower in Candor sand compared to Portsmouth and Creedmoor sandy loam soils (Tables 

6 ï 8). Mesosulfuron-methyl EC50 and EC90 for visual injury to soybean was similar in Creedmoor sandy loam 

and Portsmouth sandy loam at early sampling dates; however, EC50 showed separation across all three soils at 

21 and 28 DAE (Table 6). EC90 for visual injury to canola was similar in Creedmoor and Portsmouth sandy 

loam soils and was lowest in Candor sand across all sampling dates (Table 6). However, EC50 for canola visual 

injury was lowest in Candor sand and highest in Portsmouth sandy loam. EC50 for soybean aboveground 

biomass reduction was also lowest in Candor sand and highest in Portsmouth sandy loam at 28 DAE (Table 8). 

EC90 followed a similar trend for fresh biomass reduction in soybean. In general, EC50 and EC90 were similar 

across all soils for height and aboveground biomass reduction in canola, indicating higher sensitivity of this 

bioassay species to mesosulfuron-methyl in all soil types (Tables 8 and 9). Mesosulfuron-methyl EC50 values 

for visual injury, and height and aboveground biomass reduction in Portsmouth sandy loam and Creedmoor 

sandy loam, and EC90 in all soils, were always above the maximum field application rate (15 g ai ha-1). EC50 

values for similar responses in Candor sand were above the predicted carryover concentration of mesosulfuron-

methyl, 0.006 g ai haī1. When applied in winter, at cooler soil temperature, greater risk of mesosulfuron-methyl 

carryover may exist on account of longer persistence (Chapter 2). Injury-risk from carryover to soybean may be 

higher in soils where mesosulfuron-methyl is more bioavailable, such as soils with lower organic matter and 

clay contents, and CEC. EC50 for canola in any soil type never exceeded 11.0 g ai haī1 for visual injury, 67.2 g 

ai haī1 for reduction in height, and 9.9 g ai haī1 for reduction in aboveground biomass. Overall, these values are 

higher than the predicted carryover rate; however, EC50 for visual injury and aboveground biomass reduction are 

between 40% to 76% of the maximum field application rate. It may be posited that canola could be at risk to 
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mesosulfuron-methyl carryover in all evaluated soils depending on factors influencing carryover residue, such 

as climatic conditions and soil microbial populations (Singh et al. 2018). 

The trend in lower mesosulfuron-methyl bioavailability in soil with greater organic matter content, 

may be attributed to sorption of mesosulfuron-methyl to soil organic matter fraction. Other sulfonylurea 

herbicides such as chlorsulfuron and metsulfuron have been shown to adsorb strongly to and desorb weakly 

from soil organic matter (Abdullah et al. 2001). Grey et al. (2012) found that carryover residue from 

chlorsulfuron and metsulfuron applied in combination at rates of 88.0 and 18.0 g ai haī1, respectively, caused 

significant height reduction in soybean, and height and yield reduction in cotton, and sulfosulfuron applied at 

70.0 g ai haī1 caused significant carryover injury and height reduction in soybean. Triasulfuron reduced alfalfa 

(Medicago sativa L.), canola, corn, and sugar beet growth one year after application at 22.0 g ai haī1 

(Mehdizadeh 2016). Along with other soil properties, soil pH also plays an important role in the carryover of 

sulfonylurea herbicides, but the pH of soils collected from the region may be too narrow to fully evaluate the 

effect of soil pH on mesosulfuron-methyl bioavailability (Shaner et al 2014b, Rector et al. 2020).  

Topramezone Bioavailability 

Soybean and radish visual injury from topramezone varied among soil types and herbicide rates and at 

all sampling dates. Interaction between soil type and topramezone rate did not significantly affect soybean 

height at 7, 21, and 28 DAE (P > 0.05) but the interaction was significant at 14 DAE (P < 0.001). Trends in 

EC50 and EC90 calculated from dose response curves for soybean visual injury from topramezone indicated 

lower bioavailability in Candor sand and similar bioavailability in Portsmouth and Creedmoor sandy loam soils 

at 14, 21, and 28 DAE (Table 9). However, both EC50 and EC90 for height reduction in soybean were similar 

among soil types, indicating an absence in the overall effect of topramezone bioavailability on plant height in 

soybean (Table 10). EC50 and EC90 for reduction in soybean aboveground biomass was not different among soil 

types, with the exception of EC90 for fresh biomass reduction being lowest in Candor sand (Table 11).  

EC50 for visual injury in radish was lowest in Candor sand at all sampling dates, and a similar trend 

was observed for height reduction at 21 DAE (Tables 9 and 10). EC90 for visual injury at 21 DAE and height 

reduction at all sampling dates was lowest in Candor sand. Lower topramezone EC50 values were estimated in 

Candor sand for aboveground biomass reduction in radish (Table 11). EC50 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 g ai haī1 for soybean, except for visual injury in Candor sand at 21 and 28 DAE (22.1 and 

17.7 g ai haī1, respectively). This implies low risk of injury from topramezone to soybean among the evaluated 

soils; however, topramezone carryover injury may be enhanced in soils with low organic matter and clay 

contents, and CEC, and in drier climate and cooler soil temperature that can enhance herbicide carryover 

(Helling, 2005). EC50 for radish visual injury at all sampling timings, and aboveground fresh biomass reduction 

were lower than the maximum field application rate in Candor Sand and Creedmoor sandy loam. EC50 values 

were generally higher than the application rate for height reduction in radish, except in Candor sand at 21 DAE 

(20.6 g ai ha-1). 21. Radish may be more sensitive to topramezone than soybean, and susceptible to carryover 

injury in soils with lower organic matter content and clay content, and CEC. Chemisorption and hydrogen 

bonding of topramezone to soil components may affect its soil bioavailability; however, high water solubility 

can still result in root uptake of topramezone residue (USEPA 2005). Rahman et al. (2014) observed differences 

in radish visual damage from topramezone applied at up to 202 g ai ha-1 dissipating over time, but this was not 

observed in our study. Differences in radish damage between the studies may be owed to increased sorption, 

and consequent lower bioavailability of topramezone, due to greater organic matter content and CEC in the soils 

used by Rahman et al. (2014).  

Conclusions 

Data from this research support the hypothesis that herbicide bioavailability is a function of soil 

properties and herbicide chemistry. EC50 and EC90 values tended to be lower in soils with less organic matter 

content, clay content, and CEC, such as Candor sand relative to Portsmouth and Creedmoor sandy loam soils, 

indicating that herbicide bioavailability is influenced by these properties. Radish and canola were generally 

more sensitive than soybean. 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 that carryover crop damage is also a function of herbicide 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 also result in reduced bioavailability of herbicide residue due 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, 
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and the influence 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 herbicides.a,b 

Herbicide 
Field half-life  

days 
Water solubility 

mg Lī1 

Koc
 

mL gī1 

pKa 

 

Maximum application rate 

g ai haī1 

Atrazine 6.0 to 261.0 33 (pH 7, 22 C) 100 1.70 (21 C) 2,240 

Mesosulfuron-methyl 3.5 to 318.0 483 (20 C) 11c 4.35 (20 C) 15 

Topramezone 10.8 to > 364.0 510 (20 C) 22 to 172 4.06 (20 C) 25 
a Properties from the Herbicide Handbook 10th edition, 2014. 
b Abbreviations: Koc, organic carbon-water partition coefficient; pKa, acid dissociation constant. 
c Property from the National Center for Biotechnology Information, 2021. 
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Table 2. Series, texture, origin location, and properties of selected soils.a 

Soil series Texture Origin GPS coordinates Sandb Siltb Clayb OMc pHd CECe 

      ððððððððð % ðððððððð  mEq 100 gī1 

Candor Sand Jackson Springs, NC 35.18ºN, 79.68ºW 89.7 7.2 3.1 1.8 5.8 2.6 

Creedmoor Sandy loam Butner, NC 36.13ºN, 78.79ºW 62.2 25.5 12.3 3.2 5.0 6.9 

Portsmouth Sandy loam Kinston, NC 35.27ºN, 77.65ºW 77.3 15.3 7.4 5.2 5.4 7.3 
a Abbreviations: GPS, Global Positioning System; OM, organic matter; CEC, cation exchange capacity; mEQ, milliequivalent; NC, North Carolina.  
b Sand, silt, and clay contents were characterized using hydrometer method by the Environmental and Agricultural Testing Service at North Carolina 

State University, Raleigh, NC (Gee and Orr 2002). 
c Organic matter content was quantified using the loss on ignition method (Nelson and Sommers 1982). 
d Soil pH was measured from a saturated soil paste of 1:1 soil : distilled water ratio (Thomas 1996). 
e CEC was quantified using Mehlich-3 extraction methodology by the NC Department of Agriculture & Consumer Services, Raleigh, NC (Mehlich 

1984). 
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Table 3. Hill slopes (B), and EC50 and EC90 values of atrazine for visual injury (%) in soybean or radish from regression analysis in three soils at 

different sampling dates.a 

Species DAE Soil type B (± SE)b EC50 
c,d EC90 

c,e 

     ðððð g ai haī1 ðððð 

Soybean 7 Candor sand 2.22 (0.14) 462.4 c 1,242.4 c 

  Creedmoor sandy loam 2.33 (0.29) 917.0 b 2,357.8 b 

  Portsmouth sandy loam 2.23 (0.18) 1,498.3 a 4,019.0 a 

 14 Candor sand 8.96 (0.63) 386.4 c 493.9 b 

  Creedmoor sandy loam 19.93 (10.27) 541.6 b 604.8 b 

  Portsmouth sandy loam 2.28 (0.16) 1,482.4 a 3,878.8 a 

 21 Candor sand 12.09 (2.42) 375.5 c 450.4 c 

  Creedmoor sandy loam 2.69 (0.66) 484.1 b 610.4 b 

  Portsmouth sandy loam 3.14 (0.14) 1,381.0 a 3,483.5 a 

 28 Candor sand 37.73 362.8 b 384.2 b 

  Creedmoor sandy loam 9.53 (0.52) 452.0 b 569.1 b 

  Portsmouth sandy loam 2.46 (0.16) 1,280.8 a 3,129.5 a 

      

Radish 7 Candor sand 0.96 (0.04) 42.1 c 413.5 b 

  Creedmoor sandy loam 3.95 (0.20) 246.6 b 430.3 b 

  Portsmouth sandy loam 2.73 (0.16) 333.4 a 744.7 a 

 14 Candor sand 1.38 (0.07) 46.2 c 226.5 c 

  Creedmoor sandy loam 4.09 (0.19) 245.4 b 420.1 b 

  Portsmouth sandy loam 2.79 (0.17) 327.1 a 718.6 a 

 21 Candor sand 1.42 (0.06) 48.1 c 225.5 c 

  Creedmoor sandy loam 4.09 (0.17) 245.4 b 419.9 b 

  Portsmouth sandy loam 2.67 (0.16) 321.3 a 732.1 a 
a Abbreviations: DAE, days after emergence; B, Hill slope; EC50, effective concentration for 50% response; EC90, effective concentration for 90% 

response. 
b Values in parentheses indicate ± standard error. Absent value indicates constrained slope. 
c Column means followed by the same letter within species and sampling dates are not significantly different according to Tukeyôs multiple 

comparison test (P > 0.05). 
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Table 3 (continued). 
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Table 4. Hill slopes (B), and EC50 and EC90 values of atrazine for height reduction (% of control) in soybean or radish from regression analysis 

in three soils at different sampling dates.a,b 

Species DAE Soil type B (± SE)c EC50
d,e EC90

d,f 

     ðððð g ai haī1 ðððð 

Soybean 7 Candor sand 1.06 (0.11) 1,133.1 b 9,053.1 b 

  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 381.7 b 

  Creedmoor sandy loam 29.41 (16.32) 554.7 b 597.7 b 

  Portsmouth sandy loam 0.92 (0.19) 6,512.6 a 7,734.2 a 

 21 Candor sand 58.10 367.1 b 382.3 b 

  Creedmoor sandy loam 18.91 (25.22) 549.0 b 616.6 b 

  Portsmouth sandy loam 0.95 (0.21) 8,093.9 a 8,174.1 a 

 28 Candor sand 56.53 366.8 b 381.7 b 

  Creedmoor sandy loam 18.44 (22.88) 548.4 b 617.8 b 

  Portsmouth sandy loam 0.72 (0.17) 1,232.9 a 2,660.6 a 

      

Radish 7 Candor sand 1.26 (0.14) 198.1 c 1,140.2 a 

  Creedmoor sandy loam 3.00 (0.43) 441.2 b 917.3 a 

  Portsmouth sandy loam 5.55 (0.74) 705.9 a 1,048.7 a 

 14 Candor sand 1.79 (0.15) 115.1 c 393.4 c 

  Creedmoor sandy loam 3.88 (0.46) 409.2 b 720.6 b 

  Portsmouth sandy loam 6.58 (0.88) 689.2 a 962.4 a 

 21 Candor sand 2.14 (0.12) 75.8 c 211.9 c 

  Creedmoor sandy loam 2.21 (0.17) 244.6 b 660.8 b 

  Portsmouth sandy loam 3.97 (0.38) 574.2 a 998.8 a 
a Abbreviations: DAE, days after emergence; B, Hill slope; EC50, effective concentration for 50% response; EC90, effective concentration for 

90% response. 

b ( ){ } / 100Percent reduction NT T NT= - ³è øê ú , where NT and T are heights from nontreated and treated pots, respectively.  

c Values in parentheses indicate ± standard error. Absent value indicates constrained slope. 
d Column means followed by the same letter within species and sampling dates are not significantly different according to Tukeyôs multiple 

comparison test (P > 0.05). 
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, where y is height reduction (%), B is Hill Slope, x is herbicide rate, and EC50 is effective 

concentration for 50% height reduction (%). 
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Table 4 (continued). 
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, where EC50 is effective concentration for 50% height reduction (%), ECx is effective concentration for x% 

(90%) height reduction (%), and B is Hill Slope. 
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Table 5. Hill slopes (B), and EC50 and EC90 values of atrazine for aboveground fresh biomass reduction (% of control) and dry biomass reduction (% of control) 

in soybean or radish from regression analysis in three soils at respective sampling dates.a,b 

   Fresh biomass reduction 

% of control 

Dry biomass reduction 

% of control 

Species DAEc Soil type B (± SE)c      EC50
d,e   EC90

d,f B (± SE)c      EC50
d,e       EC90

d,f 

         ððð g ai haī1 ððð   ððð g ai haī1 ððð 

Soybean 28 Candor sand 58.89 369.0 b 383.3 b 52.13 (35.21) 368.5 b 382.8 b 

  Creedmoor sandy loam 9.18 (2.23) 499.1 b 634.0 b 8.18 (1.72) 463.1 b 594.1 b 

  Portsmouth sandy loam 1.50 (0.59) 4,288.3 a 18,505.9 a 1.17 (0.38) 2,977.7 a 19,494.1 a 

         

Radish 21 Candor sand 1.48 (0.14) 44.4 b 196.8 c 1.89 (0.22) 44.6 b 142.5 b 

  Creedmoor sandy loam 4.82 (0.38) 258.4 a 407.6 b 4.11 (0.37) 271.4 a 463.4 a 

  Portsmouth sandy loam 2.95 (0.38) 286.5 a 603.8 a 2.64 (0.30) 303.3 a 698.3 a 
a Abbreviations: DAE, days after emergence; B, Hill slope; EC50, effective concentration for 50% response; EC90, effective concentration for 90% response. 

b ( ){ } / 100Percent reduction NT T NT= - ³è øê ú , where NT and T are aboveground fresh or dry biomass from nontreated and treated pots, respectively. 

c Values in parentheses indicate ± standard error. Absent value indicates constrained slope. 
d Column means followed by the same letter within species and sampling dates are not significantly different according to Tukeyôs multiple comparison test 

(P > 0.05). 
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, where y is fresh or dry biomass reduction (%), B is Hill Slope, x is herbicide rate, and EC50 is effective concentration 

for 50% fresh or dry biomass reduction (%). 
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, where EC50 is effective concentration for 50% fresh or dry biomass reduction (%), ECx is effective concentration for x% (90%) 

fresh or dry biomass reduction (%), and B is Hill Slope. 
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Table 6. Hill slopes (B), and EC50 and EC90 values of mesosulfuron-methyl for visual injury (%) in soybean or canola from regression analysis in 

three soils at different sampling dates.a 

Species DAE Soil type B (± SE)b EC50
c,d EC90

c,e 

               ðððð g ai haī1 ðððð 

Soybean 7 Candor sand 1.58 (0.08) 7.2 b 29.0 b 

  Creedmoor sandy loam 2.80 (0.17) 22.2 a 48.6 a 

  Portsmouth sandy loam 2.40 (0.17) 23.3 a 58.1 a 

 14 Candor sand 1.75 (0.08) 8.1 b 28.3 b 

  Creedmoor sandy loam 2.73 (0.15) 21.0 a 46.8 a 

  Portsmouth sandy loam 2.82 (0.22) 21.1 a 45.9 a 

 21 Candor sand 1.70 (0.08) 8.2 c 30.0 b 

  Creedmoor sandy loam 2.99 (0.15) 19.6 b 40.9 a 

  Portsmouth sandy loam 2.80 (0.19) 21.7 a 47.7 a 

 28 Candor sand 1.63 (0.07) 8.3 c 31.7 b 

  Creedmoor sandy loam 2.91 (0.14) 18.3 b 39.0 a 

  Portsmouth sandy loam 2.85 (0.19) 21.2 a 46.0 a 

      

Canola 7 Candor sand 1.08 (0.05) 3.5 c 26.4 b 

  Creedmoor sandy loam 1.25 (0.09) 6.9 b 40.2 a 

  Portsmouth sandy loam 1.53 (0.12) 11.0 a 46.1 a 

 14 Candor sand 1.03 (0.05) 3.0 c 25.2 b 

  Creedmoor sandy loam 1.14 (0.08) 6.5 b 44.8 a 

  Portsmouth sandy loam 1.78 (0.12) 11.0 a 37.6 a 

 21 Candor sand 1.05 (0.04) 3.0 c 24.1 b 

  Creedmoor sandy loam 1.14 (0.07) 6.1 b 42.0 a 

  Portsmouth sandy loam 1.79 (0.12) 10.9 a 37.3 a 
a Abbreviations: DAE, days after emergence; B, Hill slope; EC50, effective concentration for 50% response; EC90, effective concentration for 90% 

response. 
b Values in parentheses indicate ± standard error. Absent value indicates constrained slope. 
c Column means followed by the same letter within species and sampling dates are not significantly different according to Tukeyôs multiple 

comparison test (P > 0.05). 
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Table 6 (continued). 
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, where EC50 is effective concentration for 50% visual injury (%), ECx is effective concentration for x% (90%) 

visual injury (%), and B is Hill Slope. 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

63 
 

Table 7. Hill slopes (B), and EC50 and EC90 values of mesosulfuron-methyl for height reduction (% of control) in soybean or canola from regression 

analysis in three soils at different sampling dates.a,b 

Species DAEc Soil type B (± SE)c EC50
d,e EC90

d,f 

     ðððð g ai haī1 ðððð 

Soybean 7 Candor sand 1.21 (0.11) 10.6 b 64.6 c 

  Creedmoor sandy loam 0.66 (0.15) 80.8 a 306.5 b 

  Portsmouth sandy loam 0.87 (0.18) 73.1 a 907.0 a 

 14 Candor sand 1.75 (0.19) 14.7 b 51.6 b 

  Creedmoor sandy loam 0.80 (0.21) 88.7 a 1,383.8 a 

  Portsmouth sandy loam 0.69 (0.15) 115.0 a 2 ,848.1 a 

 21 Candor sand 2.31 (0.35) 14.5 b 37.5 c 

  Creedmoor sandy loam 0.62 (0.10) 73.2 a 591.4 b 

  Portsmouth sandy loam 0.90 (0.19) 72.9 a 834.6 a 

 28 Candor sand 2.23 (0.24) 13.5 b 36.2 b 

  Creedmoor sandy loam 0.74 (0.15) 80.1 a 597.5 b 

  Portsmouth sandy loam 0.94 (0.18) 72.7 a 760.0 a 

      

Canola 7 Candor sand 1.15 (0.28) 24.2 a 164.8 a 

  Creedmoor sandy loam 1.20 (2.44) 25.0 a 155.5 a 

  Portsmouth sandy loam 1.45 (0.40) 28.6 a 129.7 a 

 14 Candor sand 3.14 (0.38) 27.0 b 54.4 b 

  Creedmoor sandy loam 1.21 (0.19) 56.5 a 346.6 a 

  Portsmouth sandy loam 1.49 (0.28) 67.2 a 294.0 a 

 21 Candor sand 0.99 (0.09) 16.3 a 149.7 a 

  Creedmoor sandy loam 0.15 (0.18) 18.5 a 76.8 b 

  Portsmouth sandy loam 1.88 (0.16) 20.5 a 66.3 b 
a Abbreviations: DAE, days after emergence; B, Hill slope; EC50, effective concentration for 50% response; EC90, effective concentration for 90% 

response. 

b ( ){ } / 100Percent reduction NT T NT= - ³è øê ú , where NT and T are heights from nontreated and treated pots, respectively.  

c Values in parentheses indicate ± standard error. Absent value indicates constrained slope. 
d Column means followed by the same letter within species and sampling dates are not significantly different according to Tukeyôs multiple 

comparison test (P > 0.05). 
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, where y is height reduction (%), B is Hill Slope, x is herbicide rate, and EC50 is effective concentration for 

50% height reduction (%). 
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Table 7 (continued). 
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, where EC50 is effective concentration for 50% height reduction (%), ECx is effective concentration for x% (90%) 

height reduction (%), and B is Hill Slope. 
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Table 8. Hill slopes (B), and EC50 and EC90 values of mesosulfuron-methyl for aboveground fresh biomass reduction (% of control) and dry biomass reduction 

(% of control) in soybean or canola from regression analysis in three soils at respective sampling dates.a,b 

   Fresh biomass reduction 

% of control 

Dry biomass reduction 

% of control 

Species DAEc Soil type B (± SE)c EC50
d,e      EC90

d,f B (± SE)c EC50
d,e EC90

d,f 

       ððð g ai haī1 ððð         ððð g ai haī1 ððð 

Soybean 28 Candor sand 2.23 (0.24) 12.3 c 33.0 c 2.19 (0.40) 12.1 c 33.1 a 

  Creedmoor sandy loam 2.16 (0.52) 38.3 b 105.8 b 2.16 (0.70) 30.9 b 85.4 a 

  Portsmouth sandy loam 0.97 (0.85) 234.9 a 2,289.5 a 1.80 (2.01) 85.0 a 288.9 a 

         

Canola 21 Candor sand 1.04 (0.08) 1.9 a 16.0 a 1.06 (0.12) 1.3 a 10.4 b 

  Creedmoor sandy loam 1.15 (0.10) 4.9 a 33.5 a 1.10 (0.12) 4.7 a 34.7 a 

  Portsmouth sandy loam 2.31 (0.24) 9.1 a 23.5 a 2.33 (0.25) 9.9 a 25.5 a 
a Abbreviations: DAE, days after emergence; B, Hill slope; EC50, effective concentration for 50% response; EC90, effective concentration for 90% response. 

b ( ){ } / 100Percent reduction NT T NT= - ³è øê ú , where NT and T are aboveground fresh or dry biomass from nontreated and treated pots, respectively. 

c Values in parentheses indicate ± standard error. Absent value indicates constrained slope. 
d Column means followed by the same letter within species and sampling dates are not significantly different according to Tukeyôs multiple comparison test 

(P > 0.05). 
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, where y is fresh or dry biomass reduction (%), B is Hill Slope, x is herbicide rate, and EC50 is effective concentration 

for 50% fresh or dry biomass reduction (%). 
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, where EC50 is effective concentration for 50% fresh or dry biomass reduction (%), ECx is effective concentration for x% (90%) 

fresh or dry biomass reduction (%), and B is Hill Slope. 
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Table 9. Hill slopes (B), and EC50 and EC90 values of topramezone for visual injury (%) in soybean or radish from regression analysis in three 

soils at different sampling dates.a 

Species DAE Soil type B (± SE)b EC50
c,d EC90

c,e 

    ðððð g ai haī1 ðððð 

Soybean 7 Candor sand 1.65 (0.15) 43.0 c 162.7 b 

  Creedmoor sandy loam 1.66 (0.19) 89.4 b 336.0 a 

  Portsmouth sandy loam 2.72 (0.32) 66.2 a 148.7 b 

 14 Candor sand 2.27 (0.14) 23.9 b 63.0 b 

  Creedmoor sandy loam 1.82 (0.24) 94.3 a 315.7 a 

  Portsmouth sandy loam 2.15 (0.29) 84.4 a 234.1 a 

 21 Candor sand 2.17 (0.12) 22.1 b 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 214.3 a 

 28 Candor sand 1.52 (0.08) 17.7 b 74.7 b 

  Creedmoor sandy loam 1.35 (0.21) 103.1 a 523.8 a 

  Portsmouth sandy loam 2.13 (0.28) 82.5 a 231.0 a 

      

Radish 7 Candor sand 1.38 (0.06) 8.3 c 41.2 c 

  Creedmoor sandy loam 1.11 (0.05) 15.7 b 113.2 b 

  Portsmouth sandy loam 1.91 (0.15) 25.8 a 81.2 a 

 14 Candor sand 1.35 (0.06) 7.8 c 39.6 c 

  Creedmoor sandy loam 1.10 (0.06) 14.2 b 104.8 a 

  Portsmouth sandy loam 1.40 (0.14) 25.3 a 89.9 b 

 21 Candor sand 1.35 (0.02) 7.3 c 37.3 b 

  Creedmoor sandy loam 1.22 (0.05) 15.0 b 91.4 a 

  Portsmouth sandy loam 1.50 (0.10) 24.4 a 105.9 a 
a Abbreviations: DAE, days after emergence; B, Hill slope; EC50, effective concentration for 50% response; EC90, effective concentration for 90% 

response. 
b Values in parentheses indicate ± standard error. Absent value indicates constrained slope. 
c Column means followed by the same letter within species and sampling dates are not significantly different according to Tukeyôs multiple 

comparison test (P > 0.05). 
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, where y is visual injury (%), B is Hill Slope, x is herbicide rate, and EC50 is effective concentration for 

50% visual injury (%). 
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Table 9 (continued). 
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, where EC50 is effective concentration for 50% visual injury (%), ECx is effective concentration for x% (90%) 

visual injury (%), and B is Hill Slope. 
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Table 10. Hill slopes (B), and EC50 and EC90 values of topramezone for height reduction (% of control) in soybean or radish from regression analysis 

in three soils at different sampling dates.a,b 

Species DAE Soil type B (± SE)c EC50
d,e EC90

d,f 

                ðððð g ai haī1 ðððð 

Soybean 7 Candor sand 2.00 (0.59) 82.3 a 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 1,733.2 a 

 14 Candor sand 2.13 (0.04) 54.0 a 151.5 a 

  Creedmoor sandy loam 1.17 (0.30) 123.0 a 809.8 a 

  Portsmouth sandy loam 1.07 (0.32) 152.2 a 1,186.7 a 

 21 Candor sand 1.55 (0.31) 81.7 a 336.5 a 

  Creedmoor sandy loam 1.32 (0.26) 91.9 a 485.9 a 

  Portsmouth sandy loam 1.56 (0.44) 103.2 a 420.7 a 

 28 Candor sand 2.57 (0.45) 58.8 a 138.5 a 

  Creedmoor sandy loam 1.64 (0.41) 92.2 a 352.0 a 

  Portsmouth sandy loam 1.89 (0.51) 89.2 a 286.1 a 

      

Radish 7 Candor sand 2.49 (0.43) 37.2 b 89.8 b 

  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) 27.0 b 54.4 b 

  Creedmoor sandy loam 1.21 (0.19) 56.5 a 346.6 a 

  Portsmouth sandy loam 1.49 (0.28) 67.2 a 294.0 a 

 21 Candor sand 1.77 (0.18) 20.6 c 71.2 b 

  Creedmoor sandy loam 1.38 (0.18) 40.4 b 197.8 a 

  Portsmouth sandy loam 1.29 (0.20) 63.5 a 347.1 a 
a Abbreviations: DAE, days after emergence; B, Hill slope; EC50, effective concentration for 50% response; EC90, effective concentration for 90% 

response. 

b ( ){ } / 100Percent reduction NT T NT= - ³è øê ú , where NT and T are heights from nontreated and treated pots, respectively.  

c Values in parentheses indicate ± standard error. Absent value indicates constrained slope. 
d Column means followed by the same letter within species and sampling dates are not significantly different according to Tukeyôs multiple 

comparison test (P > 0.05). 
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, where y is height reduction (%), B is Hill Slope, x is herbicide rate, and EC50 is effective concentration 

for 50% height reduction (%). 
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Table 10 (continued). 
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, where EC50 is effective concentration for 50% height reduction (%), ECx is effective concentration for x% (90%) 

height reduction (%), and B is Hill Slope. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

70 
 

Table 11. Hill slopes (B), and EC50 and EC90 values of topramezone for aboveground fresh biomass reduction (% of control) and dry biomass reduction (% 

of control) in soybean or radish from regression analysis in three soils at respective sampling dates.a,b 

   Fresh biomass reduction 

% of control 

Dry biomass reduction 

% of control 

Species DAE Soil type B (± SE)c   EC50
d,e      EC90

d,f B (± SE)c     EC50
d,e    EC90

d,f 

    ððð g ai haī1 ððð   ððð g ai haī1 ððð 

Soybean 28 Candor sand 2.60 (0.32) 39.3 a 91.7 b 1.73 (0.45) 41.6 a 148.3 a 

  Creedmoor sandy loam 1.28 (1.02) 162.7 a 904.3 a 1.40 (0.51) 72.4 a 349.0 a 

  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) 11.4 b 100.9 a 1.02 (0.10) 6.0 b 52.1 b 

  Creedmoor sandy loam 1.02 (0.12) 21.6 a 188.5 a 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) 16.5 a 118.1 a 
a Abbreviations: DAE, days after emergence; B, Hill slope; EC50, effective concentration for 50% response; EC90, effective concentration for 90% response.  

b ( ){ } / 100Percent reduction NT T NT= - ³è øê ú , where NT and T are aboveground fresh or dry biomass from nontreated and treated pots, respectively. 

c Values in parentheses indicate ± standard error. Absent value indicates constrained slope. 
d Column means followed by the same letter within species and sampling dates are not significantly different according to Tukeyôs multiple comparison test 

(P > 0.05). 
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, where y is fresh or dry biomass reduction (%), B is Hill Slope, x is herbicide rate, and EC50 is effective concentration 

for 50% fresh or dry biomass reduction (%). 
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, where EC50 is effective concentration for 50% fresh or dry biomass reduction (%), ECx is effective concentration for x% 

(90%) fresh or dry biomass reduction (%), and B is Hill Slope.
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CHAPTER 4:  IDENTIFICATION OF  SOYBEAN GENOTYPIC DIFFERENCES IN ATRAZINE 

SENSITIVITY USING PHOTOSYNTHETIC RESPONSE MEASUREMENTS  

 

Formatted for Crop Science 

Shwetha S. Ramanathan, Anna M. Locke*, Travis 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 Pl., Raleigh, NC 27607; A. M. Locke, USDA-ARS, Department of Crop and Soil 

Sciences, North Carolina State University, 101 Derieux Pl., Raleigh, NC 27607. 

*Corresponding authorôs e-mail: anna.locke@usda.gov 

Abstract 

Atrazine applied to a monocot crop can injure soybean [Glycine max (L.) Merr.] when it is planted in 

rotation if residue persists in the soil. This study was conducted to determine whether commercially relevant 

soybean genotypes differ in their sensitivity to atrazine. Atrazine dose response tests were conducted with five 

soybean genotypes in Candor sand (93% sand, 3% silt, 4% clay) under controlled environmental conditions. At 

3 days after emergence (DAE), effective quantum yield of photosystem II (ūPSII) was reduced up to 82% across 

genotypes at 179.2 g a.i. haī1 despite no visible plant injury. At 21 DAE, atrazine applied at 9.0 g a.i. haī1 did 

not affect visual ratings, aboveground dry biomass, or relative chlorophyll content of herbicide-tolerant or 

conventional genotypes. In contrast, plant height was significantly reduced in óS52RS86ô, óNC-Dunphyô, and 

óP53A67Xô; net CO2 assimilation rate (A) and ūPSII were reduced in óAG56X8ô and óNC-Dunphyô; and 

aboveground fresh biomass was reduced in óS52RS86ô and óSH 5515 LLô. óP53A67Xô recovered in ūPSII  and A 

reduction by 21 DAE at 9.0 g a.i. haī1. At 21 DAE, óAG56X8ô and óNC-Dunphyô treated with 179.2 g a.i. haī1 

recovered in relative chlorophyll content. Atrazine applied at 358.4 and 716.8 g a.i. haī1 caused death in all 

genotypes by 14 DAE. Within sampling dates, visual ratings were negatively correlated with plant height, 

aboveground fresh and dry biomass, relative chlorophyll content, A, and ūPSII. Differences in atrazine sensitivity 

among soybean genotypes were a function of atrazine concentration in the soil and genotype-specific tolerance 

or recovery. Fluorescence measurements were better indicators of photosystem II damage than visual ratings, 

and non-destructive photosynthetic measurements complemented conventional methods in evaluating genotypic 

differences in sensitivity to atrazine. 
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Abbreviations: ūPSII, effective quantum yield of photosystem II; A, net CO2 assimilation rate; ATP, adenosine 

triphosphate; CEC, cation exchange capacity; DAE, d after emergence; GM, genetically modified; LED, light 

emitting diode; N, nontreated; NADPH, nicotinamide adenine dinucleotide phosphate; OM, organic matter; 

PAM, pulse-amplitude modulation; PSII, photosystem II; QA, plastoquinone A; T, treated 
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Introduction  

 Atrazine is a triazine herbicide labeled for preemergence and postemergence use on corn (Zea mays 

L.), which is commonly followed by soybean [Glycine max (L.) Merr.] in rotation. Variable field persistence 

(half-life = 60 days to 261 days) and moderate organic carbon sorption (Koc = 100 ml gī1), together with 

moderate aqueous solubility (Ks = 33 mg Lī1), may result in atrazine carryover when soybean is planted 

(Jeffries & Gannon, 2016; Schmidt & Pestemer, 1980; Shaner, 2014; USEPA, 2006). The potential for atrazine 

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 sensitivity of the rotational crop species (Chivinge & Mpofu, 1990). For 

example, soybean is more sensitive to atrazine residue than sorghum or corn (Loux, 1990). 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 the presence of atrazine residue, especially involving 

measurements of physiological parameters (Weber et al., 2017). Conventional evaluations of soybean damage 

from atrazine soil residue have utilized subjective visual injury estimations, destructive sampling methods for 

biomass assessment, and season-long trials for yield measurement (Brecke, Currey, & Teem, 1981; Frank, 

Sirons, & Anderson, 1983; Pawlak et al., 1987). Weber et al. (2017) called for objective and reproducible 

quantification of herbicide phytotoxicity, since data from current methods can be influenced by environmental 

conditions or discrepancies among investigators.  

Atrazine is absorbed by the roots and transported to actively growing leaves, where it inhibits electron 

transport through photosystem II (PSII) (Walker & Featherstone, 1973; Zhu et al., 2009). Atrazine binds to D1 

protein in the PSII reaction center core, preventing electron transport from the D2 protein complex beyond 

plastoquinone A (QA) (van Rensen, 1989). Thus, obstruction of energy transfer in PS II by atrazine results in 

leaf oxidative stress and chlorophyll loss, which manifest as foliar interveinal and/or marginal chlorosis and 

necrosis, and reduced plant development (Guimaraes et al., 2011; Wong & Romanowski, 1968; Zhu et al., 

2009). Effective quantum yield of photosystem II (ūPSII) and relative chlorophyll content measurements can 

provide a non-destructive estimation of the extent to which PSII photosynthetic apparatus has been damaged by 

atrazine (Li et al., 2018; Chowdhury et al., 2020). Light energy continues to be absorbed in plants that do not 

die as a result of exposure to sub-lethal concentration of atrazine; thus, chlorophyll fluorescence can be used to 
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assess damage to photosynthetic electron transport (de Sousa et al., 2014, Maxwell &  Johnson 2000). Plants 

exposed to PSII-inhibiting herbicides have lower photosynthesis; therefore, net CO2 assimilation rate (A) can 

also be an indicator of plant response to atrazine (de Sousa et al., 2014). Rapid, non-destructive photosynthesis 

measurements can be used for early detection of injury from PSII-inhibiting herbicides before measurable 

morphological responses may be expressed. 

Genetically modified (GM) herbicide-resistant or tolerant soybean varieties have revolutionized weed 

management by allowing post-emergent herbicide applications which may have otherwise caused crop injury, 

and are important tools in high-efficiency and high-production agriculture (Green, 2012). Commercially 

available herbicide tolerance traits in soybean currently include stacked tolerance to dicamba and glyphosate 

(Roundup Ready 2 Xtend®) associated with dmo gene, tolerance to glyphosate and sulfonylurea herbicides 

(Roundup Ready 2 Yield®/STS®) conferred by cp4 epsps in combination with Als1 and Als2 genes, and 

tolerance to glufosinate (LibertyLink®) from the pat gene (Walter et al., 2014; Nandula, 2019). However, GM 

tolerance traits have not been released for many herbicides that are used for crops in rotation with soybean, so it 

is important to evaluate the sensitivity of both GM and conventional soybean genotypes to herbicides to which 

they may be sensitive. Such herbicides, 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 remains pertinent to this day. The main 

objective of this study was to explore genotypic variations in sensitivity to atrazine. Our aim was to include 

rapid, early-season, non-destructive photosynthesis measurements with standard morphological methods to 

evaluate atrazine stress among different soybean genotypes. Additionally, photosynthetic and morphological 

methods for assessing herbicide carryover injury to soybean were compared. The goal was to aid growers in 

soybean variety selection in areas where atrazine carryover may be of concern. 

Materials and Methods 

Plant Material and Growth Conditions 

A greenhouse experiment was conducted at the USDA-ARS, Soybean and Nitrogen Fixation Research 

Unit, Raleigh, NC, from Sep. to Nov. 2020. Five commercial soybean genotypes with different herbicide 

resistant traits commonly cultivated in the region were selected (Table 1). Candor sand (sandy, kaolinitic, 
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thermic Grossarenic Kandiudults) was collected from an agricultural field at the Sandhills Research Station in 

Jackson Springs, NC, to a depth of 0 to 10 cm after discarding surface residue to limit extraneous plant organic 

residue. Soil was air-dried and sieved to a 2mm diameter. Soil used in this study had a pH of 6.2, 1.8% organic 

matter, 3.7 mEq 100gī1 CEC, and 20% field capacity (v/v). Soil textural analysis by the Environmental and 

Agricultural Testing Service at North Carolina State University, Raleigh, NC showed the following 

composition: 93% sand, 3% silt, and 4% clay. One-liter plastic pots, 15 cm in diameter and 14 cm in height, 

were half-filled with 1.3 kg soil at 1.55 g cm3 bulk density. Greenhouse conditions were maintained at day/night 

mean temperatures of 30 ± 4 ºC /24 ± 2 ºC and mean relative humidity of 60 ± 15%, measured by HOBO data 

loggers (U12-012, Onset Computer Corporation, Bourne, MA). Potted soil ï including the treated soil ï 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 emergence, plants were thinned to one plant per pot. Plants were irrigated every day to 

maintain favorable growing conditions while ensuring that water loss did not occur from the bottom of the pots 

to prevent leaching of atrazine from the treated soil. Plants were provided with supplemental lighting to extend 

the daylight period to 14 h. The experiment was conducted in two consecutive trials. Pots in both trials were 

fertilized weekly after emergence with a 24ï8ï16 water soluble fertilizer (Miracle-GroÑ Water Soluble All 

Purpose Plant Food, The Scotts Company, Marysville, OH) to deliver the equivalent of 45 kg N haī1. The 

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

equivalent of 9 kg S haī1 and additional 7 kg N haī1.  

Herbicide Application 

Atrazine (Atrazine 4L® Syngenta Crop Protection, Greensboro, NC) was applied at 0.0, 9.0, 179.2, 

358.4, and 716.8 g a.i. haī1. Atrazine rates were selected based on predicted atrazine carryover concentration of 

9.0 g a.i. haī1 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 season corn, using a regression equation from 

a previous study of persistence in the same soil type (Chapter 2). Atrazine rates for the present study were 

selected to evoke plant stress without causing complete death before the first sampling date based on prior 

observations in soybean variety óParanagoianaô (Cober, 2011) at atrazine rates ranging from 44.8 g a.i. haī1 to 

2150.4 g a.i. haī1 (Chapter 3). Herbicides were applied using a CO2-pressurized backpack sprayer equipped with 

a hand boom equipped with 4 XR 8006-VS nozzles (TeeJetÑ, Spraying Systems Co., Wheaton, IL) calibrated to 
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deliver 748 L haī1 at 166 kPa. Soil from the top 6.35 cm of 1 L pots (0.9 kg) from each replication for five 

genotypes, totaling 4.5 kg soil, was laid on four individual plastic liners representing four replications, and 

sprayed with respective herbicide rate. Soil for nontreated control pots were sprayed similarly with water. Soil 

from each liner was transferred into individual 50 L polyethylene bags, homogenized, and returned back to pots 

prior to planting. Pots were arranged in a completely randomized design. 

Measurements and Data Collection 

Visual ratings and plant height measurements were recorded 3, 7, 14, and 21 DAE. Percent injury was 

visually assessed on a 0 to 100 scale, where 0% indicated no visible injury and 100% indicated plant death 

(Frans et al., 1986; Rector et al., 2020). Effective quantum yield of photosystem II (ūPSII) and relative 

chlorophyll content were measured using a handheld fluorometer (MultispeQ v1.0, Photosynq Inc., East 

Lansing, MI). These measurements were made on the fully expanded unifoliate leaf at 3 DAE and a fully 

expanded leaflet of the youngest trifoliate leaf at 7, 14, and 21 DAE between 1100 h and 1500 h. Chamber 

aperture was 1 cm2. ūPSII was measured using pulse-amplitude modulation (PAM) fluorometry by the 

MultispeQ device using pulsed orange LED light for fluorescence excitation at a maximum emission peak of 

605 nm and 1 s saturating pulses of approximately 10,000 µmol photons mī2 sī1 at 650 nm (Kuhlgert et al., 

2016). Maximum fluorescence yield during a saturating flash and fluorescence emission at steady state were 

measured in a light-adapted leaflet to calculate the ūPSII using the following equation (de Sousa et al., 2014; 

Kuhlgert et al., 2016): 

 ( ' ) / 'PSII M S MF F Ff = -   [1] 

where FMӾ is maximum fluorescence in a light-adapted state and FS is steady-state fluorescence. The relative 

chlorophyll content was measured as a modified version of the Soil Plant Analysis Development (SPAD) 

chlorophyll meter by measuring relative transmissions of infrared (950 nm) and red (650 nm) light through the 

leaflet over increasing light intensities (Kuhlgert et al., 2016).  

Net CO2 assimilation rate (A) and ūPSII were measured using a portable infrared gas analyzer (LI-6800, 

LI -COR, Lincoln, NE) equipped with a Multiphase Flash fluorometer (6800-01A) with a 6 cm2 leaf aperture. 

Measurements were made on the fully expanded leaflet of the youngest trifoliate leaf between 1100 h and 1600 

h at 10, 16, and 21 DAE. The chamber CO2 was set to match greenhouse CO2, approximately 415 µmol CO2 
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molī1. Airflow through the instrument was maintained at 800 µmol sī1, and temperature and relative humidity 

were adjusted to 30 ºC and 60%, respectively, to match ambient greenhouse conditions. A light-adapted leaflet 

was exposed to actinic light at ambient light intensity to drive photosynthesis. After this, a saturating light flash 

of 8000 µmol photons mī2 sī1 was applied for 1000 ms to measure maximum fluorescence in a light-adapted 

state. Steady-state fluorescence was measured right before the saturating flash, and ūPSII was calculated using 

Equation 1. 

At the end of each experiment, all aboveground vegetative growth was removed by clipping each 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 ºC for 96 h. Height (cm), relative chlorophyll 

content, A (µmol mī2 sī1), and ūPSII were converted to percent reduction of the non-treated control using the 

equation: 

 ( )o
o / 100reduction NT T NT= - ³è øê ú                       [2] 

where NT and T are from a treated and nontreated pot, respectively. 

Statistical Analyses 

Four replications of a factorial arrangement of soybean genotype and atrazine rates from two 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 Institute, Cary, 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 level. Where main effects and interactions of 

sampling date and trial within sampling date were significant (Ŭ = 0.05), the effect of genotype and atrazine rate 

interaction were tested within sampling date and within trial. Dunnettôs test was conducted at a 0.05 level of 

significance for multiple comparisons between response means and respective control within genotypes. 

Correlation coefficients were calculated between visual rating and height, ūPSII, and relative chlorophyll 

content, and aboveground fresh and dry biomass at respective sampling dates per trial. Also, visual ratings at 7, 

14, and 21 DAE were correlated with A and ūPSII measured at 10, 16, and 21 DAE, respectively. Additionally, 

linear regression analysis was performed between visual rating and photosynthetic parameters to determine their 
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relationship. Correlation and regression analysis were conducted using GraphPad Prism software (version 8.0.0 

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

Results 

Three-way interaction of sampling date, genotype, and treatment rate was significant (P Ò .01) for 

visual rating, plant height reduction, and reduction in photosynthetic parameters; therefore, treatment means 

were analyzed within sampling dates (Table 2). Trial main effect and/or interactions were significant (P < .05) 

within sampling dates for visual rating, plant height reduction, and reduction in photosynthetic parameters 

measured using MultispeQ. Therefore, data for these variables were not pooled for the two trials. Statistical 

validity dictated the consideration of trial as fixed effect since sulfur fertilization was unique to trial two (trial 

II). Trial interactions were not significant (P > .05) for reduction in net CO2 assimilation rate (A) and effective 

quantum yield of photosystem II (ūPSII) measured using LI-6800 at 10, 16, and 21 DAE within sampling dates, 

or for reduction in aboveground biomass; therefore, data from the two trials were pooled for these variables 

(Tables 3 and 4). Correlation and linear regression analysis were conducted within sampling dates and data 

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

Visual Rating, Plant Height, and Aboveground Biomass 

Visual injury in soybean genotypes at different atrazine rates was estimated through visual ratings. óSH 

5515 LLô was visually injured (7%) at the predicted atrazine carryover concentration of 9.0 g a.i. haī1 at 14 and 

21 DAE in the first trial (trial I), while other genotypes were not (Figure 1). All  genotypes were visually 

unaffected by atrazine at this rate at all sampling dates in the second trial (trial II) (Figure 2). No visible injury 

was observed at 3 DAE in any genotype at 179.2 g a.i. haī1 but all genotypes were injured at 7, 14, and 21 DAE 

at this rate (Figures 1 and 2). Complete plant death, indicated by 100% visual rating and plant height reduction, 

had occurred in all genotypes at 358.4 g a.i. haī1 across trials at 14 DAE (Figure 1 ï 4). Complete plant death 

occurred in all soybean genotypes at 716.8 g a.i. haī1 atrazine by 7 DAE in trial I (Figures 1 and 3). At similar 

rate and sampling date in trial II, visual rating was 98% and 95% in óS52RS86ô and óNC-Dunphyô, respectively 

(Figure 2).  

 Differences in plant height responses to atrazine were observed among soybean genotypes. At 3 DAE, 

height was not significantly reduced in óNC-Dunphyô or óSH 5515 LLô at any of the evaluated atrazine rates 
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(Figures 3 and 4). In trial II, only the highest atrazine rate, 716.8 g a.i. haī1, reduced plant height in óAG56X8ô, 

óS52RS86ô, óNC-Dunphyô, and óP53A67Xô (14% to 52%) at 3 DAE (Figure 4). However, 179.2 g a.i. haī1 

caused 15% plant height reduction in óSH 5515 LLô and 358.4 g a.i. haī1 reduced óAG56X8ô height by 10% in 

trial I at a similar sampling date (Figure 3). Plant height was reduced at 9.0 g a.i. haī1 in all genotypes at 14 

DAE and/or 21 DAE, except in óSH 5515 LLô (Figures 3 and 4). Plant height was reduced at 179.2 g a.i. haī1 in 

all genotypes at 14 and 21 DAE. Plant height was reduced between 15% and 33% in all genotypes treated with 

358.4 g a.i. haī1 at 7 DAE in trial II; however, óAG56X8ô height was not reduced at this rate and sampling date 

in trial I.  

Aboveground fresh biomass was reduced at 9.0 g a.i. haī1 in óS52RS86ô and óSH 5515 LLô (Table 5). 

In contrast, aboveground dry biomass did not change compared to respective control in any of the genotypes as 

a result of exposure to the predicted atrazine carryover concentration, and the lowest atrazine rate that affected 

aboveground dry biomass in all genotypes was 179.2 g a.i. haī1 (Table 5).  

Plant height was inversely correlated with visual ratings at respective sampling dates (P < .01), and the 

strength of the correlation increased from 3 DAE to 14 DAE in both trials (Table 6). Aboveground fresh and dry 

biomass were strongly, negatively correlated with visual ratings in all genotypes across atrazine rates, with r = 

ī.96 for both comparisons (Table 7). 

Photosynthetic Parameters Measured Using MultispeQ 

At 9.0 g a.i. haī1, atrazine did not reduce ūPSII in any genotype at 3, 7, 14, or 21 DAE (Figures 5 and 

6). Relative chlorophyll content at 9.0 g a.i. haī1 was never lower than the control in any genotype, except 

óAG56X8ô at 14 DAE in trial I (Figures 7 and 8). At 3 DAE, ūPSII was reduced in all genotypes at  Ó  179.2 g 

a.i. haī1. In trial II, óS52RS86ôand óNC-Dunphyô recovered from ūPSII reduction observed at 179.2 g a.i. haī1 at 

7 DAE (Figure 6). At 21 DAE, ūPSII was lower than the control in all genotypes at 179.2 g a.i. haī1 (Figures 5 

and 6). Effective quantum yield of photosystem II (ūPSII) and relative chlorophyll content were reduced by 

100% in all genotypes at 358.4 g a.i. haī1 at 7 DAE, despite plants visually rated to be injured but not dead at 

this rate and sampling date (Figures 5 ï 8). Chlorophyll content was reduced in óSH 5515 LLô at 179.2 g a.i. 

haī1 at all sampling dates. Relative chlorophyll content in óS52RS86ô was not affected at a similar atrazine rate 

at any sampling date (Figures 7 and 8). At 179.2 g a.i. haī1 and 21 DAE, óAG56X8ô and óNC-Dunphyô 

recovered from reduction in relative chlorophyll content, whereas óP53A67Xô experienced reduction in 
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chlorophyll content only at this sampling date at a similar rate in trial II (Figure 8). ūPSII and relative chlorophyll 

were strongly, inversely correlated with visual ratings at every sampling date (P < .01). The weakest 

correlations were at 3 DAE for all parameters but by 7 DAE, r values for correlations between visual ratings 

and ūPSII or relative chlorophyll content were greater than ī.92 (Table 6). 

Photosynthetic Parameters Measured Using LI-6800 

ūPSII and A reduction were considered 100% in óSH 5515 LLô at 179.2 g a.i. haī1 at 21 DAE because 

leaflet symptoms were so severe that measurements could not be performed (Figures 9 and 10). At 9.0 g a.i. 

haī1, A reduction was not significant at any sampling date in óS52RS86ô or óSH 5515 LLô (Figure 9). At 9.0 g 

a.i. haī1 and by 16 DAE, óNC-Dunphyô (6%) recovered from 21% reduction in A at 10 DAE. However, at 21 

DAE, óNC-Dunphyô (28%) was significantly reduced in A at a similar atrazine rate. A was reduced between 

53% and 84% in all genotypes at 10 DAE at 179.2 g a.i. haī1 atrazine; however, óS52RS86ô (10%) recovered in 

A by 16 DAE. At 21 DAE, all genotypes were 25% to 100% reduced in A at this atrazine rate. A similar trend, 

of lower ūPSII in response to increasing atrazine rate, was observed at 10 and 21 DAE (Figures 9 and 10). At 16 

DAE, reduction in ūPSII was not significant at 9.0 g a.i. haī1 for any of the genotypes tested, but at 179.2 g a.i. 

haī1 all genotypes were reduced in ūPSII (Figure 10). Net A and ūPSII were reduced by 100% in all genotypes at 

358.4 g a.i. haī1 at 10 DAE (Figures 9 and 10). Visual ratings at 7, 14, and 21 DAE and photosynthetic 

parameters measured at 10, 16, and 21 DAE, respectively, were strongly, inversely correlated at each sampling 

date (P < .01) (Table 7). Correlation between A and visual rating was highest at 10 DAE and lowest at 21 DAE. 

ūPSII was more strongly correlated at 16 DAE than 10 DAE. 

Relationship of Visual Rating with Photosynthetic Parameters 

Regression analysis conveyed the linear, negative relationship of photosynthetic parameters with visual 

rating, and F-tests indicated that the slope was always non-zero (P < .001) (Figures 11 ï14). Residual plots 

reflected the lack-of-fit ascribed to r2 value-interpretation accurately. Linear regression models for visual rating 

with ūPSII measured using MultispeQ had the highest r2 values of .90 and .94 at 7 DAE and 14 DAE in trials I 

and II, respectively (Figure 11). The linear relationships of ūPSII and relative chlorophyll content with 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 and A and ūPSII measured using LI-6800 at 10, 16, and 21 DAE, 

respectively, revealed that visual rating could explain 82% to 86% of the variation in A, and 84% to 88% of the 

variation in ūPSII across sampling dates (Figures 13 and 14).  

Discussion 

In the past, investigations into atrazine carryover sensitivity in soybean have been conducted using 

visual injury and yield measurements (Frank et al., 1983; Pawlak et al., 1987). More recently, utili zation of 

fluorescence measurements to estimate photo-inhibitory herbicide stress has become popular (Li et al., 2018; 

Weber et al., 2017). Since chlorophyll fluorescence and related photosynthetic parameters are affected by 

changes in photochemistry, these can be useful measurements to evaluate PSII-inhibiting herbicide stress, as 

evidenced by our present study and by Ahrens, Arntzen, & Stoller in 1981. Visual ratings, plant height, and 

aboveground biomass evaluations could identify atrazine rates that caused plant death, as supported by previous 

research findings (Frank et al., 1983). Plant death may occur when the absorbed herbicide dose exceeds a 

certain critical threshold in plants, above which plants are unable to metabolize the active ingredient (Li et al., 

2018). Analyses of photosynthetic parameters measured in our study indicated 100% reduction in ūPSII and 

relative chlorophyll content at 358.4 g a.i. haī1 at 7 DAE, revealing the severity of atrazine damage before plant 

death could be visually assessed at 14 DAE. Visual ratings ranged from 58% to 88% across genotypes at 716.8 

g a.i. haī1 at 3 DAE, while ūPSII measurements at a similar rate and sampling date ranged from 89% to 99%. All 

genotypes at this rate died by the next sampling date, and ūPSII measurements were an early predictor of plant 

mortality. Also, photosynthetic measurements were more adept at identifying recovery of photosynthetic ability 

in soybean genotypes between sampling time points, which could not be inferred from visual ratings or 

aboveground biomass measurements alone. For example, measurement of photosynthetic parameters showed 

that óP53A67Xô was able to recover in photosynthetic efficiency and CO2 assimilation at the predicted atrazine 

carryover concentration rate of 9.0 g a.i. haī1 by 21 DAE, whereas this distinction could not be inferred from 

visual ratings or aboveground biomass measurements. Also, recovery of relative chlorophyll content in 

óAG56X8ô and óNC-Dunphyô treated with 179.2 g a.i. haī1 at 21 DAE in trial II was not perceived through 

visual rating. Regaining chlorophyll content and the ability to assimilate CO2 indicate metabolic recovery, 

hypothesized to be due to atrazine detoxification and restoration of normal electron flow (Weber et al., 2017). 



 

82 
 

Rapid recovery from metribuzin injury in tolerant soybean cultivars revealed by fluorescence imaging 

measurements was attributed to detoxification of metribuzin, another PSII-inhibiting triazine herbicide, within 

106 h after treatment (Li et al., 2018). Recovery from atrazine injury in sorghum (Sorghum bicolor (L.) 

Moench) was dependent on time of exposure, and persistence and degree of toxicity (De Billot &  Nel, 1985). 

Genotype-specific tolerance to herbicide stress, or the ability to recover from herbicide damage, may originate 

from multiple mechanisms in plants to selectively prevent atrazine herbicidal action (Smith & Wilkinson, 1974; 

Zhu et al., 2009; Weber et al., 2017). Tolerance to atrazine photoinhibition has been proposed to be contributed 

by selective absorption, translocation, or metabolism into non-phytotoxic compounds, or combinations of these 

mechanisms (Corbett, 1974; Walker & Featherstone, 1973). Reduced herbicide translocation throughout 

resistant plants by selective absorption in the roots or altered plant transport rates, and detoxification through 

conjugation by glutathione S-transferase enzyme or through dealkylation into nonlethal alkyl derivative in 

soybean, have been linked to atrazine tolerance (Shimabukuro, 1967; Zhu et al., 2009). Additional fertilization 

was provided in trial II, to prevent non-treatment related nutrient deficiency symptoms. Sulfur fertilization may 

account for differences between trials and recovery of photosynthetic parameters in trial II. Application of 

sulfur has been associated with chlorophyll synthesis, and future research could involve studying fertilization of 

atrazine-stressed plants with micro- or macronutrients to aid in photosynthesis recovery (Kumawat 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 concentrations, such as 

carryover, where symptoms from PSII damage may not be distinguished visually. ūPSII measurements revealed 

46% to 82% reduction in effective quantum yield across genotypes treated with 179.2 g a.i. haī1 atrazine, 

whereas PSII damage induced by atrazine could not be discerned with visual ratings at the same atrazine rate. 

Fluorescence measurements are effective at assessing injury associated with herbicides that alter light-

dependent plant reactions, although fluorescence has also been used to evaluate the effects of several herbicides 

that inhibit other metabolic processes, such as inhibitors of fatty acid biosynthesis, branched chain amino acid 

synthesis, porphyrin synthesis, microtubule assembly, and cell division (Barbagallo et al., 2003; Dayan & 

Zaccaro, 2012; Weber et al., 2017; Li et al., 2018). The strong correlation and linear relationship between visual 

rating and photosynthetic parameters at all sampling dates indicated that visual injury could adequately describe 

much of the variation in atrazine stress among soybean genotypes; however, some amount of variation was still 
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accounted for by fluorescence, chlorophyll content, and gas exchange measurements, as indicated by the r2 

values. Physiological measurements are valuable tools in early-season herbicide injury evaluation by nature of 

their non-destructive sampling methods, and can complement traditional estimations to provide a deeper insight 

into the difference in herbicide sensitivity among valuable crop varieties. Overall, our study revealed that there 

were differences in soybean variety responses to atrazine carryover residue as measured by conventional visual 

ratings, plant height, or biomass measures, or by photosynthetic parameters. However, photosynthetic 

measurements allowed for earlier detection of injury, where PSII inhibition was not evident through visual 

ratings.  

Conclusions 

At the predicted carryover rate of 9 g a.i. haī1, óS52RS86ô was identified as sensitive to atrazine owing 

to reduced height and aboveground fresh biomass. Other varieties that were affected at this rate included 

óP53A67Xô, óAG56X8ô, and óSH 5515 LLô, although óP53A67Xô recovered in photosynthetic capacity by 21 

DAE. At 179.2 g a.i. haī1, óAG56X8ô and óNC-Dunphyô recovered in their relative chlorophyll content. Since 

recovery from atrazine injury signifies resumed productivity, genotypes with this capacity may be 

recommended for planting under atrazine carryover conditions. Recovery in photosynthesis can prevent early-

season defoliation caused by atrazine-induced leaf necrosis, which is pertinent since greater canopy cover in 

soybean can enhance weed suppression and yield potential (Liebert & Ryan, 2017; Place et al., 2011). To more 

thoroughly evaluate this, field trials can be conducted under atrazine carryover conditions using selected 

genotypes from greenhouse screening experiments to assess changes in photosynthesis and canopy coverage 

through the growing season and to quantify yield. However, low-cost greenhouse trials could help in rapidly 

identify specific genotypes of interest without relying on season-long field experiments. We found that atrazine 

rates at 358.4 g a.i. haī1 and 716.8 g a.i. haī1 caused plant death in all evaluated genotypes by 14 DAE, and 

these rates are comparable to quantified carryover atrazine residue concentrations of 0.29 mg kgī1 to 2.82 mg 

kgī1 in loam soils from fields where soybean plant death was suspected to result from atrazine carryover (Frank 

et al., 1983). Our data suggest that evaluations of genotypic variation in carryover sensitivity may be useful in 

prevent damage to rotational crops such as soybean by aiding growers in appropriate variety selection. Further 

research could help develop strategies to prevent atrazine carryover or mitigate carryover damage through 
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variety selection. Combining early-season photosynthetic measurements and conventional methods to assess 

herbicide injury provides in-depth understanding about crop sensitivity, especially at low carryover rates where 

visual injury may not be apparent. Growers practicing soybean crop rotation should be cognizant of soybean 

genotypic differences in sensitivity to atrazine while making soybean seed selections to avoid carryover 

damage.  

Acknowledgements 

The authors would like to thank Dr. Rachel Vann, Assistant Professor and Extension Soybean 

Specialist, and Mr. Ryan Heiniger, Official Variety Testing Program Director, at NC State University, for their 

assistance in variety selection and procurement of seed. The authors are grateful to the North Carolina Soybean 

Producersô Association, Raleigh, NC for providing funding for this research. 

Conflicts of Interest 

No conflicts of interest have been declared. 

 

 

 

 

 

 

 

 

 

 

 



 

85 
 

References 

Agostinetto, D., Perboni, L. T., Langaro, A. C., Gomes, J., Fraga D. S., & Franco, J. J. (2016). Changes in 

photosynthesis and oxidative stress in wheat plants submitted to herbicides application. Planta Daninha, 

34(1), 1ï9. 

Ahrens, W. H., Arntzen, C. J., & Stoller, E. W. (1981). Chlorophyll fluorescence assay for the determination of 

triazine resistance. Weed Science, 29(3), 316ï322.  

Anonymous (2016) Atrazine 4L® herbicide label. Syngenta. Publication No. 100-497. Greensboro, NC: 

Syngenta. 24 p 

Barbagallo, R. P., Oxborough, K., Pallett, K. E., Baker, N. R., Barbagallo, R. P., Oxborough, K., Pallett, K. E., 

& Baker, N. R. (2003). Rapid, noninvasive screening for perturbations of metabolism and plant growth 

using chlorophyll fluorescence imaging. Plant Physiology, 132(2), 485ï493.  

Brecke, B. J., Currey, W. L., & Teem, D. H. (1981). Atrazine persistence in a corn soybean doublecropping 

system. Agronomy Journal, 73(3), 534ï537.  

Chivinge, O. A., & Mpofu, B. (1990). Triazine carryover in semi-arid conditions. Crop Protection, 9(6), 429ï

432.  

Chowdhury, I. F., Doran, G. S., Stodart, B. J., Chen, C., & Wu, H. (2020). Trifluralin and atrazine sensitivity to 

selected cereal and legume crops. Agronomy, 10(4), 1ï16.  

Corbett, J. R. (Ed.). (1974). The Biochemical Mode of Action of Pesticides. New York, NY: Academic Press. 

Dayan, F. E., & Zaccaro, M. L. de M. (2012). Chlorophyll fluorescence as a marker for herbicide mechanisms 

of action. Pesticide Biochemistry and Physiology, 102(3), 189ï197.  

De Billot, M. R. L. C., & Nel, P. C. (1985). Recovery of grain sorghum [Sorghum bicolor (L.) Moench] from 

atrazine and cyanazine phytotoxicity. South African Journal of Plant and Soil, 2(3), 146ï150.  

de Sousa, C. P., de Farias, M. E., Schock, A. A., & Bacarin, M. A. (2014). Photosynthesis of soybean under the 

action of a photosystem II-inhibiting herbicide. Acta Physiologiae Plantarum, 36(11), 3051ï3062.  

Frank, R., Sirons, G. J., & Anderson, G. W. (1983). Atrazine: The impact of persistent residues in soil on 

susceptible crop species. Canadian Journal of Soil Science, 63(May), 315ï325.  

Green, J. M. (2012). The benefits of herbicide-resistant crops. Pest Management Science, 68(10), 1323ï1331.  

Guimãraes, F.P., Aguiar, R., Karam, D., Oliveira, J.A., Silva, J.A.A., Santos, C.L., Santanna-Santos, B.F., & 

Lizieri-Santos, C. (2011). Potential of macrophytes for removing atrazine from aqueous solution. 

Planta Daninha, 29, 1137ī1147. 

Jeffries, M. D., & Gannon, T. W. (2016). Soil Organic Matter Content and Volumetric Water Content Affect 

IndaziflamïSoil Bioavailability. Weed Science, 64(4), 757ï765.  

Kelley, K. B., Wax, L. M., Hager, A. G., & Riechers, D. E. (2005). Soybean response to plant growth regulator 

herbicides is affected by other postemergence herbicides. Weed Science, 53(1), 101ï112.  

Kuhlgert, S., Austic, G., Zegarac, R., Osei-Bonsu, I., Hoh, D., Chilvers, M. I., Roth, M. G., Bi, K., TerAvest, 

D., Weebadde, P., & Kramer, D. M. (2016). MultispeQ Beta: A tool for large-scale plant phenotyping 

connected to the open photosynQ network. Royal Society Open Science, 3(10), 1ï17.  



 

86 
 

Kumawat, R. N., Rathore, P. S., Nathawat, N. S., & Mahatma, M. (2006). Effect of sulfur and iron on 

enzymatic activity and chlorophyll content of mungbean. Journal of Plant Nutrition, 29(8), 1451ï

1467.  

Li, H., Wang, P., FelixWeber, J., & Gerhards, R. (2018). Early identification of herbicide stress in soybean 

(Glycine max (L.) Merr.) using chlorophyll fluorescence imaging technology. Sensors, 18(21), 1ï13.  

Liebert J., & Ryan M. (2017). High planting rates improve weed suppression, yield, and profitability in 

organically-managed, no-tillðplanted soybean. Weed Technology, 31(4), 536ï549. 

Loux, M. M. (1990). Determining herbicide carryover risk- How close can we come?. Proceedings of the 

Integrated Crop Management Conference, 10.  

Maxwell, K., & Johnson, G. N. (2000). Chlorophyll Fluorescenceīa Practical Guide. Journal of  Experimental 

Botany, 51(345), 659ī668.  

Nandula, V. K. (2019). Herbicide resistance traits in maize and soybean: Current status and future outlook. 

Plants, 8(9), 1ï9.  

Pawlak, J. A., Kells, J. J., Barrett, M., & Meggitt, W. F. (1987). Effect of atrazine residue on soybean growth 

under three tillage systems and various herbicides. Weed Science, 1(2), 140ï144. 

Place, G. T., Reberg-Horton, S. C., Dickey, D. A., & Carter, T. E. Jr. (2011) Identifying soybean traits of 

interest for weed competition. Crop Science, 51(6), 2642ï2654. 

Rector, L. S., Pittman, K. B., Beam, S. C., Bamber, K. W., Cahoon, C. W., Frame, W. H., & Flessner, M. L. 

(2020). Herbicide carryover to various fall-planted cover crop species. Weed Technology, 34(1), 25ï

34.  

Shaner, D.L. (Ed.). (2014). Herbicide Handbook (7th ed.). Champaign, IL:Weed Science Society of America.  

Shimabukuro, R. (1967). Atrazine metabolism and herbicidal selectivity. Plant Physiology, 42(9), 1269ï1276. 

Smith, A. E., & Wilkinson, R. E. (1974). Differential absorption, translocation and metabolism of metribuzin 

[4 amino 6 tert butyl 3 (methylthio) as triazine 5(4H)one] by soybean cultivars. Physiologia 

Plantarum, 32(3), 253ï257.  

Stoller, E. W., Wax, L. M., & Alm, D. M. (1993). Survey results on environmental issues and weed science 

research priorities within the corn belt. Weed Technology, 7(3), 763ï770. 

USEPA. (2006). Decision Documents for Atrazine. Washington, DC: U.S. Environmental Protection Agency.  

van Rensen, J. J. S. (1989). Herbicides interacting with photosystem II. In Dodge, A. D. (Ed.), Herbicides and 

plant metabolism. (pp. 21ï36). 

Walker, A., & Featherstone, R. M. (1973). Absorption and translocation of atrazine and linuron by plants with 

implications concerning linuron selectivity. Journal of Experimental Botany, 24(2), 450ï458.  

Walter, K. L., Strachan, S. D., Ferry, N. M., Albert, H. H., Castle, L. A., & Sebastian, S. A. (2014). Molecular 

and phenotypic characterization of Als1 and Als2 mutations conferring tolerance to acetolactate 

synthase herbicides in soybean. Pest Management Science, 70(12), 1831ï1839.  

Weber, J. F., Kunz, C., Peteinatos, G. G., Santel, H. J., & Gerhards, R. (2017). Utilization of Chlorophyll 

Fluorescence Imaging Technology to Detect Plant Injury by Herbicides in Sugar Beet and Soybean. 

Weed Technology, 31(4), 523ï535. 



 

87 
 

Wong, M.K., & Romanowski, R.R. Jr. (1968). A relationship between foliar symptoms and tissue content of 

cucumbers sprayed with atrazine. Weed Science, 16(4), 441ī443. 

Zhu, J., Patzoldt, W. L., Radwan, O., Tranel, P. J., & Clough, S. J. (2009). Effects of photosystem II interfering 

herbicides atrazine and bentazon on the soybean transcriptome. The Plant Genome, 2(2), 191ï205.  



 

88 
 

 Table 1. Description of selected soybean genotypes. 

 

Genotype Variety producer Tolerance trait Trade name Maturity 

group 

Growth habit 

AG56X8 Asgrow, Creve Couer, MO Glyphosate and dicamba Roundup Ready 2 Xtend® V Determinate 

S52RS86 Dyna-Gro, Geneseo, IL Glyphosate and sulfonylureas Roundup Ready 2 Yield®/STS® V Indeterminate 

NC-Dunphy NC Foundation Seed, Raleigh, NC - (conventional) VI  Determinate 

P53A67X Pioneer, Johnston, IA Glyphosate and dicamba Roundup Ready 2 Xtend® V Determinate 

SH 5515 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 rating (%), plant height reduction (% of control), and 

reduction (% of control) in effective quantum yield of photosystem II (ūPSII) and relative chlorophyll content (measured using MultispeQ) analyzed using four-

way ANOVA for a completely randomized design (Ŭ = .05). 

  Visual 

rating 

Height 

reduction 

ūPSII
a 

reduction 

Relative chlorophyll 

content reduction 

  %         ðððððððððððððð % of control ððððððððððððð 

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 rate (R)   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 

G x R 16      26.26 < 0.001        4.67 < 0.001        6.15 < 0.001        3.65 < 0.001 

G x S 12        3.54 < 0.001        3.84 < 0.001        1.02    0.432        2.73    0.001 

G x T   4        0.15    0.962        5.25    0.001        3.47    0.008        2.46    0.045 

R x S 12    165.44 < 0.001    385.11 < 0.001        1.76 < 0.001    155.13 < 0.001 

R x T   4        0.27    0.900        1.83    0.122        5.28    0.001        5.63    0.001 

S x T   3        0.81    0.680      46.15 < 0.001        3.69    0.012        5.60    0.001 

G x R x S 48        5.52 < 0.001        2.56 < 0.001        0.94    0.595        2.97 < 0.001 

G x R x T 16        5.18    0.002        4.75 < 0.001        3.05 < 0.001        2.73    0.001 

G x S x T 12        0.47    0.930        6.96 < 0.001        1.85    0.038        1.84    0.039 

R x S x T 12        3.35 < 0.001      29.13 < 0.001        3.43 < 0.001        6.45 < 0.001 

G x R x S x T 48       0 .28   1.000        3.43 < 0.001        1.59    0.008        1.03    0.416 

     a Abbreviations: ūPSII, effective quantum yield of photosystem II; df, 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 CO2 assimilation rate (A) and effective quantum yield of photosystem II (ūPSII) (measured using LI-

6800) analyzed using four-way ANOVA for a completely randomized design (Ŭ = .05). 

      Aa reduction ūPSII reduction 

                   ððððððð % of control ððððððððð 

Source of variation df         F     P          F      P  

Genotype (G)   4        8.21 < 0.001        5.80 < 0.001 

Atrazine rate (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 

G x R 16        5.07 < 0.001        4.75 < 0.001 

G x S   8        3.69    0.001        3.52 < 0.001 

G x T   8        0.13    0.971        2.17    0.071 

R x S   8        1.55    0.137        1.98    0.047 

R x T   4        0.43    0.783        0.74    0.568 

S x T   2        7.28    0.001      12.68 < 0.001 

G x R x S 32        4.01 < 0.001        2.25    0.001 

G x R x T 16        1.25    0.223        1.55    0.079 

G x S x T   8        2.82    0.005        0.97    0.461 

R x S x T   8        3.29    0.001        7.54 < 0.001 

G x R x S x T 32        0.79    0.430        0.77    0.806 
a Abbreviations: ūPSII, effective quantum yield of photosystem II; A, net CO2 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 three-way ANOVA for a completely randomized design (Ŭ = .05). 

           Fresh biomass      Dry biomass 

        ðððððððð g ðððððððððð 

Source of variation dfa         F      P        F      P  

Genotype (G) 4        6.54 < 0.001      3.66    0.007 

Atrazine rate (R) 4  1,124.41 < 0.001  866.87 < 0.001 

Trial (T) 1        0.73    0.396     0.19    0.662 

G x R 16        6.39 < 0.001     3.56 < 0.001 

G x T 4        1.26    0.287     0.38    0.822 

R x T 4        0.72    0.579     0.07    0.990 

G x R x T 16        1.14    0.327     0.41    0.977 
a Abbreviations: 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 and standard errors of eight replications. 

 
         Rate 

          g a.i. haī1 

 0.0 9.0 179.2 358.4 716.8 

 ððððððððððððððððð g ðððððððððððððððððð 

Genotype Aboveground fresh biomass 

AG56X8 7.1 (0.27)a ab 6.9 (0.42) a 2.9 (0.25) b 0.0 b 0.0 b 

S52RS86 8.1 (0.27) a 7.1 (0.23) b 4.6 (0.42) b 0.0 b 0.0 b 

NC-Dunphy 7.2 (0.35) a 6.3 (0.29) a 1.7 (0.41) b 0.0 b 0.0 b 

P53A67X 7.5 (0.30) a 6.6 (0.43) a 1.8 (0.31) b 0.0 b 0.0 b 

SH 5515 LL 7.1 (0.33) a 6.4 (0.34) b 0.8 (0.19) b 0.0 b 0.0 b 

 Aboveground dry biomass 

AG56X8 1.6 (0.08) a 1.6 (0.13) a 0.5 (0.05) b 0.0 b 0.0 b 

S52RS86 1.8 (0.07) a 1.7 (0.06) a 0.9 (0.10) b 0.0 b 0.0 b 

NC-Dunphy 1.7 (0.07) a 1.5 (0.09) a 0.3 (0.07) b 0.0 b 0.0 b 

P53A67X 1.7 (0.07) a 1.5 (0.12) a 0.3 (0.07) b 0.0 b 0.0 b 

SH 5515 LL 1.6 (0.06) a 1.5 (0.07) a 0.1 (0.03) b 0.0 b 0.0 b 
a Values in parentheses are standard error. 
b Means within genotype for each biomass type followed by the same letter as corresponding control are not 

significantly different from control according to Dunnettôs test (Ŭ = .05). 
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Table 6. Correlation coefficients for visual rating and, plant height (cm), effective quantum yield of photosystem 

II (ūPSII), and relative chlorophyll content (measured using MultispeQ) at different sampling dates for five 

genotypes across atrazine treatment rates. Data not pooled for two trials (n = 100). 

Trial Sampling date Height 

cm 

ūPSII
a Relative chlorophyll content 

 d after emergence           ðððððððððððð r ððððððððð 

I 3  ī0.332b  ī0.735 ī0.801 

 7 ī0.568 ī0.950 ī0.933 

 14 ī0.910 ī0.969 ī0.902 

 21 ī0.900 ī0.906 ī0.924 

     

II  3 ī0.495 ī0.751 ī0.785 

 7 ī0.801 ī0.931 ī0.920 

 14 ī0.876 ī0.923 ī0.875 

 21 ī0.915 ī0.940 ī0.908 
a Abbreviations: ūPSII, effective quantum yield of photosystem II. 
b All values are significant at the .01 probability level. 
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Table 7. Correlation coefficients for visual rating, and net CO2 assimilation rate (A) (µmol mī2 sī1) and effective quantum yield of 

photosystem II (ūPSII) (measured using LI-6800) at different sampling dates (n = 188), and aboveground fresh biomass (g) and dry biomass 

(g) 21 d after emergence (n = 200) for five genotypes across atrazine rates. Data pooled for two trials. 

Sampling date Aa 

 µmol mī2 s ī1 

ūPSII
 Fresh biomass 

g 

Dry biomass 

g 

d after emergence              ððððððððððððððððð r ðððððððððððððððððð 

10  ī0.926b ī0.918   

16 ī0.919 ī0.941   

21 ī0.848 ī0.918 ī0.961 ī0.956 
a Abbreviations: ūPSII, effective quantum yield of photosystem II; A, net CO2 assimilation rate. 
b All values are significant at the .01 probability level.  
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Figure 1. Effect of atrazine rate on visual rating (%) of five soybean genotypes at 3 (A), 7 (B), 14 (C), and 21 (D) d after emergence from trial I. Observations 

from two trials not pooled due to significant trial interaction effects (P Ò .05). Vertical bars represent standard error of means (n = 4). Means within genotypes 

followed by * are significantly different from corresponding control according to Dunnettôs test (Ŭ = .05). Control means were always 0%.



 

96 
 

 

Figure 2. Effect of atrazine rate on visual rating (%) of five soybean genotypes at 3 (A), 7 (B), 14 (C), and 21 (D) d after emergence from trial II. Observations 

from two trials not pooled due to significant trial interaction effects (P Ò .05). Vertical bars represent standard error of means (n = 4). Means within genotypes 

followed by * are significantly different from corresponding control according to Dunnettôs test (Ŭ = .05). Control means were always 0%.
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Figure 3. Effect of atrazine rate on plant height reduction (% of  control) of five soybean genotypes at 3 (A), 7 (B), 14 (C), and 21 (D) d after emergence from 

trial I. Observations from two trials not pooled due to significant trial interaction effects (P Ò .05). Vertical bars represent standard error of means (n = 4). 

Means within genotypes followed by * are significantly different from corresponding control according to Dunnettôs test (Ŭ = .05). Control means were always 

0%. 
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Figure 4. Effect of atrazine rate on plant height reduction (% of control) of five soybean genotypes at 3 (A), 7 (B), 14 (C), and 21 (D) d after emergence from 

trial II. Observations from two trials not pooled due to significant trial interaction effects (P Ò .05). Vertical bars represent standard error of means (n = 4). 

Means within genotypes followed by * are significantly different from corresponding control according to Dunnettôs test (Ŭ = .05). Control means were always 

0%. 
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Figure 5. Effect of atrazine rate on reduction (% of control) in effective quantum yield of photosystem II (ūPSII) (measured using MultispeQ) of five soybean 

genotypes at 3 (A), 7 (B), 14 (C), and 21 (D) d after emergence from trial I. Observations from two trials not pooled due to significant main and interaction 

effects of trial (P Ò .05). Vertical bars represent standard error of means (n = 4). Means within genotypes followed by * are significantly different from 

corresponding control according to Dunnettôs test (Ŭ = .05). Control means were always 0%. 
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Figure 6. Effect of atrazine rate on reduction (% of control) in effective quantum yield of photosystem II (ūPSII) (measured using MultispeQ) of five soybean 

genotypes at 3 (A), 7 (B), 14 (C), and 21 (D) d after emergence from trial II. Observations from two trials not pooled due to significant main and interaction 

effects of trial (P Ò .05). Vertical bars represent standard error of means (n = 4). Means within genotypes followed by * are significantly different from 

corresponding control according to Dunnettôs test (Ŭ = .05). Control means were always 0%. 
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Figure 7. Effect of atrazine rate on relative chlorophyll content reduction (% of control) of five soybean genotypes at 3 (A), 7 (B), 14 (C), and 21 (D) d after 

emergence from trial I. Observations from two trials not pooled due to significant trial interaction effects (P Ò .05). Vertical bars represent standard error of 

means (n = 4). Means within genotypes followed by * are significantly different from corresponding control according to Dunnettôs test (Ŭ = .05). Control 

means were always 0%. 
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Figure 8. Effect of atrazine rate on relative chlorophyll content reduction (% of control) of five soybean genotypes at 3 (A), 7 (B), 14 (C), and 21 (D) d after 

emergence from trial II. Observations from two trials not pooled due to significant trial interaction effects (P Ò .05). Vertical bars represent standard error of 

means (n = 4). Means within genotypes followed by * are significantly different from corresponding control according to Dunnettôs test (Ŭ = .05). Control 

means were always 0%. 
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Figure 9. Effect of atrazine rate on net CO2 assimilation rate (A) reduction (% of control) of five soybean genotypes at 10 (A), 16 (B), and 21 (C) d after 

emergence. Observations from two trials were pooled due to insignificant trial effects (P > .05). Vertical bars represent standard error of means (n = 8). Means 

within genotypes followed by * are significantly different from corresponding control according to Dunnettôs test (Ŭ = .05). Control means were always 0%.  
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Figure 10. Effect of atrazine rate on reduction (% of control) in effective quantum yield of photosystem II (ūPSII) (measured using LI-6800) of five soybean 

genotypes 10 (A), 16 (B), and 21 (C) d after emergence. Observations from two trials were pooled due to insignificant trial effects (P Ò .05). Vertical bars 

represent standard error of means (n = 8). Means within genotypes followed by * are significantly different from corresponding control according to Dunnettôs 

test (Ŭ = .05). Control means were always 0%.  
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Figure 11. Relationship of visual rating with effective quantum yield of photosystem II (ūPSII) (measured using MultispeQ) at 3 (A), 7 (B), 14 (C), and 21(D) 

d after emergence for five soybean genotypes. Each data point represents one replication within genotypes and atrazine rates in trial I or II (n = 100). 
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Figure 12. Relationship of visual rating with relative chlorophyll content at 3 (A), 7 (B), 14 (C), and 21 (D) d after emergence for five soybean genotypes. 

Each data point represents one replication within genotypes and atrazine rates in trial I or II (n = 100). 
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Figure 13. Relationship of visual rating with net CO2 assimilation rate (A) (µmol mī2 sī1) at 10 (A), 16 (B), and 21 (C) d after emergence for five soybean 

genotypes. Each data point represents one replication within genotypes and atrazine rates. Data for two trials are pooled (n = 188). 
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Figure 14. Relationship of visual rating with effective quantum yield of photosystem II (ūPSII) (measured using LI-6800) at 10 (A), 16 (B), and 21 (C) d after 

emergence for five soybean genotypes. Each data point represents one replication within genotypes and atrazine rates. Data for two trials are pooled (n = 188).
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  Appendix A (Supporting Information for Chapter 2)  
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Figure A1. Atrazine persistence in five soils at 23 C using nonlinear regression. Vertical bars represent ± SE of 

means (n = 4). 
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Figure A2. Topramezone persistence in five soils at 23 C using nonlinear regression. Vertical bars represent ± SE 

of means (n = 4). 
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Figure A3. Mesosulfuron-methyl persistence in five soils at 7 C using nonlinear regression. Vertical bars represent 

± SE of means (n = 4). 
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Figure A4. Mesosulfuron-methyl persistence in five soils at 23 C using nonlinear regression. Vertical bars 

represent ± SE of means (n = 4). 

 

 

 

  




