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ABSTRACT
Widespread herbicide resistant weeds over the last several years have fueled a renewed interest in the utility of soil-applied residual herbicides.  Residual activity of a herbicide is based on a myriad of factors within and among environments. A common assumption used in simulation models examining herbicide persistence is that herbicide degradation is independent of application rate.  These studies compared herbicide concentration on dissipation with three commonly used residual herbicides under field and lab conditions.  Atrazine, pyroxasulfone, and saflufenacil represent herbicides with a relative field persistence of medium, high, and low, respectively.  Field studies were conducted over two years where herbicides and rates were assembled in a factorial arrangement of treatments and herbicides were applied at rates of 100, 1000, and 10000 g ai ha-1.  These application rates are quite divergent from labeled rates, and were used to elucidate the effect of herbicide dose on subsequent dissipation. Soil samples were collected on selected intervals over the course of 365 days to detect dissipation of the herbicides.  The field study indicated that persistence is affected by herbicide concentration.  Generally, higher herbicide concentrations exhibited slower dissipation rates while lower herbicide concentrations exhibited more rapid dissipation.  Lab studies used a factorial arrangement of treatments where the three herbicides were combined with high and low rates based on water solubility.  Soils were placed in an incubator set for ambient temperature conditions.  Lab studies generally agreed with the field studies, and indicated higher herbicide concentrations showed slower herbicide dissipation compared with the lower herbicide concentrations.  These studies suggest that herbicide concentration has an effect on the dissipation of atrazine and pyroxasulfone in field and lab conditions.  Pyroxasulfone dissipated slower at higher rates where lower rates were correlated with faster dissipation.  This finding would be important for those using herbicide degradation rates in simulation modeling, since herbicide degradation is often assumed to be independent of rate applied.
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Tennessee growers have had to adapt, over the past several years, to changes in production practices to manage herbicide resistant weeds. Currently, there are twenty (20) confirmed resistant weeds in Tennessee due to continual use of herbicides with the same mode of action (Heap 2021).  Furthermore, corn, cotton, and soybean production in Tennessee contributed more than $1.5 billion dollars to the state’s economy in 2020, adding more pressure to incorporate residual herbicides to weed control programs (USDA-NASS 2020).
Residual herbicides should be in high enough concentration in the soil to provide effective weed control, but also in low enough concentration to have minimal impacts on the environment (Walker 1987).  The U.S. Environmental Protection Agency (EPA) regulates herbicide registrations and suggests that products be tested in regions where it will be used in significant acreage (U.S. EPA 1998).  Moreover, registration guidelines suggest only one (1) test per distinct geographic region for efficacy and environmental impacts (U.S. EPA 1998).  These data generated could vary widely in field persistence depending on breadth of applicability in crop production regions.  As more residual herbicides are used, increased research is needed to accurately depict field persistence of molecules in different soils and local environmental conditions.  This could help alleviate problems that could be associated with herbicide carryover in production systems, especially ones that use cover crops (Palhano et al. 2018).
Herbicides are labeled for weed control in many types of environments.  The EPA assesses herbicides for use in such environments as they can behave and move differently.  Terrestrial field dissipation (TFD) studies are one type of assessment to study pesticide fate in soils (U.S. EPA 2008).  Data generated by TFDs and other studies are used to compare and refine the models to assess ecological risk (U.S. EPA 2008).  Herbicide data can be modeled with either Pesticide Root Zone Model (PRZM) and/or Exposure Analysis Modeling System (EXAMS).  PRZM modeling looks to assess ecological risk of pesticides due to runoff and erosion, whereas EXAMS explore the possibility of pesticide movement in surface waters (U.S. EPA 2000).  These models are not used exclusively for assessment of herbicide movement and persistence, but will give a general idea of each, respectively.
[bookmark: _Hlk66449547]Mitigating weed resistance issues in Tennessee has brought about increased use of residual herbicides.  Saflufenacil (Sharpen®) is a group 14 herbicide that inhibits protoporphyrinogen IX oxidase (PPO) for use as preplant burndown and preemergence weed control in several crops (Grossmann et al. 2010).  Saflufenacil molecular weight is 500.6 g/mole, melting point 189.9 C, water solubility of 0.21 g/100 mL at pH 7 (Grossman et al. 2010 and 2011, Shaner 2014).  Atrazine (AAtrex®) is a group 5 herbicide that acts as a photosystem II inhibitor for use as preplant, preemergence, and postemergence in many crops (Shaner 2014).  Atrazine molecular weight is 215.69 g/mole, melting point ⁓176 C, water solubility of 33 mg/L (pH 7, 22 C) (Andreu and Picó 2004, Dean et al. 1996, Garcinuño et al. 2003, Shaner 2014).  Pyroxasulfone (Zidua SC®) is a group 15 herbicide that inhibits the production of very long chain fatty acids (VLCFA) and can be used preplant, preemergence, and postemergence in several crops (Shaner 2014).  Pyroxasulfone molecular weight is 391.3 g/mol, melting point 130.7 C, and water solubility of 3.49 mg/L (20 C) (Shaner 2014, Tanetani et al. 2009 and 2013).  These herbicides play a major role in weed control and weed resistance management.
Following application, herbicides are exposed to many factors and conditions, such as differing soil texture, pH, organic matter, moisture fluctuation, microbial populations, and tillage just to name a few.  These all have potential impacts on degradation of pesticides in soils as suggested by Kah et. al. 2007 (Burnside et al. 1969, Barriuso et al. 1997, Curran 2016, Dyson et al. 2002, Jones et al. 1990, Kah et al. 2006, Kells et al. 1980, Radosevich et al. 1996).  Mueller and Steckel reported differences in weed control and degradation rate of pyroxasulfone and chloroacetamide herbicides in 2007 and 2008 due to differences in rainfall accumulation.  Camargo et al. 2013 reported differences in dissipation of saflufenacil depending on soil moisture and soil type.  These factors can fluctuate erratically or mildly depending on the time frame and react together to influence field persistence of a herbicide.
The return of more diverse weed control practices following the wake of weed resistance, herbicide degradation and field persistence should get more attention as producers increase use of residuals to control problematic weeds.
[bookmark: _Toc99089477]Objectives and Hypotheses

These studies are designed to investigate the possible change of field dissipation rates based on herbicide concentration in field conditions.  More specifically to understand the change in calculated first order rate constants (K) and its effects on modeling herbicide rate decline over time.  The field study will offer insights on residual herbicides commonly used in Tennessee that are considered short, medium and long residual with application rates classified as low, medium, and high.  This study could help with the understanding of how herbicides degrade over time with respect to applied rates and environmental persistence of the molecule.
The lab research will examine microbial degradation rate when soils are not subject to varying environmental influences as temperature, moisture, and sunlight.  This lab study could offer more evidence of biological degradation changes when influenced by rate and molecule environmental persistence. Furthermore, the tank-mix of all three herbicides (all three molecules present) could influence persistence when compared to the herbicides applied alone.
We hypothesize that the higher concentrations of some herbicides could dissipate at slower rates as compared to the lower concentrations.  Mueller and Steckel (2011) suggested a similar hypothesis, that 5X pyroxasulfone rate could dissipate slower than a lower concentration of the same herbicide.  Also, we postulate that the herbicides in the lab study, will dissipate more rapidly as adequate moisture will be available and the temperatures will be stable for maximum biological degradation, but we also theorize that higher herbicide concentrations will slow degradation and prolong persistence similarly as the field study.
[bookmark: _Toc99089478]Materials and Methods

	Field experiments will be conducted at the East Tennessee Research and Extension Center (ETREC) - Holston Unit in Knoxville, Tennessee.  Laboratory experiments will be conducted in the Weed Science Lab and TVA Greenhouse at University of Tennessee, Knoxville.  Data generated in these studies will be subject to analysis using Statistical Analysis System (SAS) version 9.4 and Sigma Plot v.14.
Experimental design for field studies are a factorial arrangement of treatments in a randomized complete block with three (3) replications, also, there will be an additional treatment with all herbicides co-applied.  A major challenge of conducting herbicide dissipation in field research is accurately and uniformly applying the herbicides.  Day 0 sampling errors have widely been an issue on these types of studies (McAllister 1994, Blumhorst and Mueller 1997).  To facilitate uniform application, especially of the higher mixture loads, the herbicides will be mixed at one half (1/2) the applied rate and applied to each plot twice, spraying in opposite directions.  The application technique of two (2) applications per plot will result in a more uniform distribution of test material and continuity of spray solution by thorough agitation of each mix.
The first factor will be herbicide rates of 100, 1,000, and 10,000 g ai/ha-1 which will be referred to as low, medium, and high, respectively.  The second factor will be herbicides of saflufenacil (Sharpen®), atrazine (AAtrex®), and pyroxasulfone (Zidua®) which have a relative field persistence of short (1-36 days) (Grossman et al. 2010 and 2011, Shaner 2014, Mueller et al. 2014), medium (avg 60 days) (Andreu and Picó 2004), and long (47-134 days) (Westra et al. 2017), respectively.  Classification of atrazine as a medium field persistence herbicide in this study is based on the phenomena that soils exposed to atrazine previously could exhibit enhanced microbial degradation as discussed by Mueller et al. 2017.  Soils where this study is conducted has been previously exposed to atrazine (TC Mueller personal communication), but residues will be analyzed before the start of the study to ensure non-detection.
Plot sizes measure 3 m wide by 12 m in length with 1 m buffer between treated areas.  All field treatments will be applied using a CO2 compressed backpack sprayer calibrated to deliver 187 L/ ha-1 at 276 kPa.  The spray boom is 305 cm wide and equipped with Tee Jet 8002 Flat Fan nozzles on 51 cm centers.  Sprayer nozzles will be approximately 76 cm above soil surface during application.  Application timing will coincide with typical preemergent (PRE) herbicide timings in Tennessee.  Test plots will be tilled to ensure no plant residue prior to trial initiation.  Plots will be maintained weed free via applying nonselective herbicides (excluding glyphosate) with no residual activity during the course of the study.  Weed free test plots allow for uniformity in all plots and for soil sample collection.  EPA terrestrial field studies usually use bare ground. Sample collections will be made at approximately 0, 3, 7, 14, 21, 28, 42, 56, 79, 84, 98, 112, 140, 168, 196, 224, 280, and 365 days after treatment (DAT), similarly described by Mueller and Senseman, 2015.  More samples collected early in the interval will be made to more accurately define the steep initial herbicide dissipation that many herbicides exhibit in field settings.
Soil samples will be collected using a golf cup cutter (Par Aide Products Company St. Paul, MN) and will sample soil to 8 cm depth and 10 cm width resulting in an approximate soil sample of 800 cm3, or about 1.2 kg.  Soil samples will be labeled with date and plot number and immediately placed in a cooler to slow degradation and limit herbicide exposure to UV light.  Soils will be placed in freezer within one (1) hour of collection to minimize degradation processes and samples will remain frozen at -20 C until analysis.
	For extraction, collected samples will be removed from freezer and allowed to come to room temperature.  Samples will be thoroughly homogenized several times to ensure herbicide/soil mix is equally distributed.  Then a portion (⁓15 g) will be weighed into 50 mL conical centrifuge tube (NuncTM Thermo Fisher Scientific Waltham, MA) for extraction.  Methanol (30 mL) will be added to the conical tube, placed on shaker (⁓1 hr) (Harrison et al. 2013), filtered and analyzed via LC-MS.  Mobile phase will be acetonitrile + 0.1% formic acid + water + 0.1% formic acid and utilize phenyl-hexyl analytical column (Agilent Santa Clara, California). Concentrations will then be regressed by days after treatment (DAT) using first-order kinetics by Sigmaplot v14.  First order rate constant will be determined and chemical half-life (t1/2) will be calculated using the equation t1/2= 0.693/K.  Herbicide dissipation rates will be compared between herbicide application rates and within herbicides.
	A lab study will utilize soil from same location as the field study, similarly with no detectable residues of atrazine, saflufenacil, and pyroxasulfone.  Soil will be sieved using 2.0 mm sieve to remove rocks and large debris; soils will be saturated and allowed to drain overnight.  A portion of soil (⁓5g moist soil) will be added to 20 mL vials and fortified with analytical herbicides of each dissolved in water (warm heating overnight as needed), filtered to remove any undissolved particles and 500 µL added to the soil in each vial (250 µL in the 3-way mix).  Atrazine and salfufenacil with 30 mg/L (high) and 3 mg/L (low).  Also, 4 mg/L (high) and 400 µg/L (low) of pyroxasulfone will be added to vials.  A lower rate of pyroxasulfone is used in this study due to lower solubility in water (Shaner 2014, Tanetani et al. 2009 and 2013). Furthermore, a mix of all 3 herbicides (low-3 mg/L atrazine and saflufenacil, + 400 µg/L pyroxasulfone, high-30 mg/L atrazine and saflufenacil + 4 mg/L of pyroxasulfone) will be added to vials.  Vials will then be allowed to equilibrate.  Samples will be placed in incubator at 22.0 C for the duration of the study.  Vials will be opened and allowed to vent for a short time at approximately 56 DAT, then again at 126 DAT. Vials will be removed from incubator at -1, 0, 3, 7, 14, 21, 28, 42, 56, 70, 84, 98, 126, 154, 182 DAT and placed in freezer until extraction.  Soil processing of lab samples will be similar to field collected samples.  Methanol (⁓14 mL) will be added to vials, placed on shaker (⁓1 hr), filtered and analyzed via LC-MS.
	Furthermore, another lab study will utilize soils collected from Georgia, Illinois, and Tennessee that have low, high, and medium organic matter, respectively.  These soils will be tested similarly as previous studies for detectable residues of atrazine, saflufenacil, and pyroxasulfone.   Soil will be sieved using 2.0 mm sieve to remove rocks and large debris; soils will be saturated and allowed to drain overnight.  A portion of soil (⁓5g moist soil) will be added to 20 mL vials and fortified with analytical herbicides of each dissolved in water (warm heating overnight as needed), filtered to remove any undissolved particles and 500 µL added to the soil in each vial (250 µL in the 3-way mix).  All vials will receive the same rate of herbicide (3 mg/L).  Furthermore, a mix of all 3 herbicides (3 mg/L atrazine, saflufenacil, and pyroxasulfone) will be added to vials.  Vials will then be allowed to equilibrate.  Samples will be placed in incubator at 22.0 C for the duration of the study.  Vials will be opened and allowed to vent for a short time at approximately 56 DAT, then again at 112 DAT. Vials will be removed from incubator at -1, 0, 3, 7, 14, 21, 28, 42, 56, 84, 112, 140, 154 DAT and placed in freezer until extraction.  Methanol (⁓14 mL) will be added to vials, placed on shaker (⁓1 hr), filtered and analyzed via LC-MS. 
Concentrations will then be regressed as previously described for field sample data.  Herbicide dissipation rates will be compared between low and high rates and within herbicides.  The lab assay should offer insight on dissipation of the herbicides by rate while keeping the temperature and moisture constant.  Furthermore, the soil will be void of sunlight to prevent photolysis of the herbicide molecules and negatively impacting the microbial populations via UVA and UVB light (Jordan et al. 1965).
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Widespread herbicide resistant weeds over the last several years have fueled a renewed interest in the utility of soil-applied residual herbicides.  Residual activity of a herbicide is based on a myriad of factors within and among environments. A common assumption used in simulation models examining herbicide persistence is that herbicide degradation is independent of application rate.  These studies compared herbicide concentration on dissipation with three commonly used residual herbicides under field and lab conditions.  Atrazine, pyroxasulfone, and saflufenacil represent herbicides with a relative field persistence of medium, high, and low, respectively.  Field studies were conducted over two years where herbicides and rates were assembled in a factorial arrangement of treatments and herbicides were applied at rates of 100, 1000, and 10000 g ai ha-1.  These application rates are quite divergent from labeled rates, and were used to elucidate the effect of herbicide dose on subsequent dissipation. Soil samples were collected on selected intervals over the course of 365 days to detect dissipation of the herbicides.  The field study indicated that persistence is affected by herbicide concentration.  Generally, higher herbicide concentrations exhibited slower dissipation rates while lower herbicide concentrations exhibited more rapid dissipation.  Lab studies used a factorial arrangement of treatments where the three herbicides were combined with varying concentration rates based on water solubility.  Soils were placed in an incubator set for ambient temperature conditions.  Lab studies generally agreed with the field studies, and indicated higher herbicide concentrations showed slower herbicide dissipation compared with the lower herbicide concentrations.  These studies suggest that herbicide concentration has an effect on the dissipation of atrazine and pyroxasulfone in field and lab conditions. This finding would be important for those using herbicide degradation rates in simulation modeling, since herbicide degradation is often assumed to be independent of rate applied.  
Nomenclature: herbicide, dissipation, saflufenacil, pyroxasulfone, atrazine, concentration
Keywords: degradation
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Utilizing residual herbicides remains a best management practice to manage weeds and growers have again started to incorporate them into weed management programs (Norsworthy et al. 2012).  Residual herbicides can be characterized as being in high enough concentration in soil solution to inhibit weed germination and emergence, but low enough concentration to minimize impacts on the environment (Walker 1987).
Mitigating weed resistance issues has brought about increased use of residual herbicides with varying degrees of field persistence.  Saflufenacil has a relatively short field persistence (1-36 days) (Grossman et al. 2010 and 2011, Shaner 2014, Mueller et al. 2014) and is used in many cropping systems (Anonymous 2021).  Saflufenacil is a group 14 herbicide that inhibits protoporphyrinogen IX oxidase (PPO) and is used as a preplant burndown and preemergence weed control in several crops (Grossmann et al. 2010).   In addition to being an effective herbicide, saflufenacil also has a favorable environmental profile where field dissipation has been reported to be fairly rapid. (Mueller et al. 2014, Papiernik et al. 2012, Camargo et al. 2013).
Saflufenacil has been reported to dissipate quickly in most soils, however, many environmental factors can influence that rate (Anonymous 2008).  For instance, researchers in Canada reported saflufenacil carryover that negatively impacted cabbage, carrot, cucumber, onion, pepper, and sugar beets planted a year later if applied at rates up to 200 g ai ha-1 (Robinson and McNaughton 2012).  Furthermore, Canadian researchers also reported one of the three saflufenacil metabolites lasted until >200 days, markedly longer than previously reported (Gauthier and Mabury 2020).  These data suggest saflufenacil can dissipate mores slowly if the environment is not optimum for degradation.
Atrazine has a medium field persistence (avg 60 days) and has many uses in cropping systems, turf, and forestry (Andreu and Picó 2004, Anonymous 2013, Krutz et al. 2010, Shaner 2014).   Atrazine is a group 5 herbicide that acts as a photosystem II inhibitor for use as preplant, preemergence, and postemergence in many crops (1.1 to 2.2 kg ai ha-1) (Shaner 2014).  Atrazine molecular weight is 215.69 g/mole, melting point ⁓176º C, water solubility of 33 mg/L (pH 7, 22º C) (Andreu and Picó 2004, Dean et al. 1996, Garcinuño et al. 2003, Shaner 2014).  Atrazine has traditionally been classified as having a long persistence in field studies, but more recent data suggests enhanced degradation could be prevalent if soils are repeatedly exposed to atrazine (Krutz et al. 2006, Mueller et al. 2017, Shaner and Henry 2007, Shaner et al. 2007, Shaner 2010).  Atrazine has a lengthy history of controlling weeds in corn, grain sorghum (Sorghum bicolor (L.) Moench.), sugarcane (Saccharum officinarum), and turf (Armel et al. 2003, Grichar et al. 2005, Griffin and Wilson 2009, Coats et al. 2008).  Atrazine and other triazines has been scrutinized for its environmental fate and effects on nontarget species (Debrowski et al. 2014, Hayes et al. 2002, Hayes et al. 2010), but continues to control difficult herbicide resistant weeds (Norsworthy et al. 2008).
Atrazine degradation and dissipation has been well documented and several dissipation routes were reported.  Armstrong et al. (1967) reported hydrolysis of atrazine as an important pathway of degradation.  Radosevich et al. (1995) reported a soil bacterium that was able to degrade atrazine.  Furthermore, Rhine et al. (2003) reported that soil bacteria communities exposed to atrazine could develop an enhanced degradation.  Mueller et al. (2017), reported enhanced degradation in soils where atrazine was previously used.  Atrazine dissipated slower when in soils with lower pH (Mueller 2010).
Pyroxasulfone is characterized as having a long relative field persistence (16-134 days) (Shaner 2014 and Westra et al. 2017) and has a diverse use strategy for many crops and cropping scenarios (Anonymous 2021).  Pyroxasulfone is a group 15 herbicide that inhibits the production of VLCFA and can be used preplant, preemergence, and postemergence in several crops at 48 – 72 g ai ha-1 (Anonymous 2021, Shaner 2014).  Pyroxasulfone molecular weight is 391.3 g/mol, melting point 130.7º C, and water solubility of 3.49 mg/L (20º C) (Shaner 2014, Tanetani et al. 2009 and 2013).  Residual weed control has been reported in several crops alone and in mixtures (Mahoney et al. 2014, Mueller and Steckel 2011, Olsen et al. 2011, Yamaji et al. 2014).  Crop safety has also been reported in several major row crops (Reddy et al. 2012, Stephenson et al. 2017a, Stephenson et al. 2017b, Williams et al. 2017).  The environmental profile of pyroxasulfone is favorable for extended weed control during the growing season, but not to persist to be detrimental to rotational crops (Mueller 2017, Mueller and Steckel 2011, Westra et al. 2014).
Pyroxasulfone dissipation is well documented, as well. Mueller (2017) reported pyroxasulfone dissipated similarly even when using different formulated products.  Mueller and Steckel (2011) reported longer dissipation times of pyroxasulfone as compared to acetochlor, dimethenamid-p, and s-metolachlor in a Tennessee soil.  Westra and others (2014) noticed pyroxasulfone dissipation was highly variable in a Colorado soil, but could be due to movement out of the sampling zone.
Atrazine, pyroxasulfone, and saflufenacil play a major role in weed control and weed resistance management.  The herbicides selected for these studies encompass a wide range of details to include: common usage in agriculture, belonging to distinctly different chemical classes, thoroughly researched molecules, and they depict a spectrum of short to long field persistence.  These herbicides represent a core of residual herbicides used to manage troublesome weeds in cropping systems.
All herbicides used in the United States are required to follow an extensive registration process with the Environmental Protection Agency (EPA) (U.S. EPA 1998).  Support data for herbicide registration include Terrestrial Field Dissipation (TFD) studies that provide insight for herbicide fate once it is applied to the environment.  Data generated from TFDs can vary widely depending on local environmental conditions and applicability in crop production systems.  Study data are often modeled to assess herbicide movement in surface and ground water.  Traditionally, Pesticide Root Zone Model (PRZM) and Exposure Analysis Modeling System (EXAMS) looked to explore ecological risk from runoff and erosion, and surface water movement, respectively (U.S. EPA 2008b).  Now, more hybrid models that include PRZM and EXAMS, (PRZM5 and Pesticide in Water Calculator (PWC), are being used to assess ecological risk from herbicide movement in the environment.  These models can use input parameters generated from TFD studies, but errors could be introduced based on assumptions within the models.  Differential results have been reported when using parameters from lab and field studies where PRZM modeling predicted herbicide dissipation (Ma et al. 2000).
Herbicide dissipation is commonly described by single first order kinetics, but can be erroneous if other major factors on degradation are not accounted for (Baer and Calvet 1999, Cheng 1990, Diez and Barrado 2010).  Most herbicides typically exhibit a dissipation pattern that is biphasic in nature with a sharp initial decline then followed by slower dissipation (Nash 1988 and Helling 2005).  Half-life is used as a description of herbicide dissipation and is calculated (t1/2=0.693/k) where k is first order rate constant.  The half-life calculation assumes that dissipation is independent of initial herbicide concentration.  Making this assumption could input errors into herbicide fate modeling and field persistence forecasts could be misleading.
Some concentration effects on dissipation have been reported previously, for instance, some sulfonylurea herbicides half-lives were influenced by initial herbicide concentration that was applied at 2+ times the normal field use rate (Menne and Berger 2000).   M. Sonia Rodrígues-Crus et al. (2019) reported dissipation rates of pethoxamid had decreased with rate applied.  Gan et al. (1996) reported persistence of atrazine to be longer when higher rates were applied in the field.  Finally, Gupta and Gajbhiye (2002) reported flufenacet persisted longer at higher than lower rates and dissipation was faster with the lower rate.
Pesticide fate models have been increasing in popularity since their introduction in the latter part of 20th century.  There have been many attempts to validate herbicide fate models with field data.  Some validations have been fairly accurate while others would over/under predict certain parameters.  For instance, Carsel et al. (1985) reported PRZM model was successful at predicting aldicarb fate using field site data from three states.  Pesticide runoff models could be fairly accurate and in good use when applying in arid regions where sprinkler irrigation is the main water source, but could be inaccurate when predicting where flood irrigation is used (Zhang and Goh 2015).  Conversely, different herbicide concentrations and later model predictions seemed to be problematic when trying to predict herbicide soil profile movement (Mueller et al. 1992, William et al. 1999).  Furthermore, even trying to change parameters to match field settings, some herbicides still could not be accurately modeled where bentazon field data would agree, but dichlorprop field data disagreed, as reported by Mueller (1994).  Lastly, calculated DT50s are commonly used as inputs for modeling, but there is no standard to derive these values.  Initial concentrations and data transformations can manipulate DT50s which will affect the model (Beulke and Brown 2001).  Jackson (2003) reported different DT50s derived from the same data can vary in the PRZM-3 model and overall, the shortest DT50 fit the model best.
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Field Dissipation
Field experiments were conducted over 2019, 2020, and 2021 at the East Tennessee Research and Extension Center in Knoxville, Tennessee.  Locations had no previous residual herbicide use for several years and were previously planted to soybean (TC Mueller, personal communication).  A tandem disk harrow was used to ensure soil surface uniformity of trial area prior to initiation.  Field plots were in a Shady-Whitwell complex with a pH of 5.3, CEC of 10.7 meq/100g, and OM content of 2.7% (NRCS 2021).  Paraquat (Gramoxone® SL 2.0, Syngenta Crop Protection, LLC) was applied as a burndown to desiccate any plant material, and was also used to maintain vegetation free plots throughout study duration.  Plots were maintained with no vegetation to inhibit interference with sample collection as previously suggested (Mueller and Senseman 2015, Gallaher and Mueller 1996).  Soils were analyzed before the start of the studies to ensure no previous herbicide residue was detected.
Individual plot sizes measured 3 m wide x 12 m in length with 1 m buffer between treated areas.  Treatments were applied in May on both studies to coincide with normal preemergent application timings in cropping systems for this region.  All treatments were applied using a CO2 pressurized backpack sprayer calibrated to deliver 187 L/ha-1 at 276 kPa.  The spray boom was 3 m wide and equipped with Tee Jet 8002 Flat Fan nozzles on 0.5 m centers.  Sprayer nozzles were approximately 0.75 m above and vertically orientated to the soil surface to ensure proper overlap of spray pattern.  Additionally, to further facilitate uniform application, herbicides were mixed at (½) one half the applied rate and broadcast on each plot twice, spraying in opposite directions.  The application technique of two (2) applications per plot encouraged uniform distribution of test material and continuity of spray solution by thorough agitation of each mix.  Considering that some treatment concentrations were high, mixing a fraction of the concentration encouraged more application uniformity.  This technique directly addresses Day 0 sampling error, a major hinderance posed by herbicide dissipation field research.  Day 0 sampling errors are a common occurrence on these types of studies and lay the baseline for the dissipation curve (McAllister 1994; Blumhorst and Mueller 1997, Graham et al. 2003).  
The study design was a 3 x 3 factorial arrangement of treatments in a randomized complete block.  The first factor are the commercially formulated herbicides of atrazine, pyroxasulfone, and saflufenacil.  The second factor, were the herbicide rates of 100, 1000, and 10,000 g ai/ha which will be referred to as low, medium, and high, respectively.  Additionally, a tank-mix treatment of all herbicides was added at the medium rate.  The herbicide treatment rates used in the field studies are orders of magnitude higher than normal use rates as previously discussed.  These broad range of herbicide rates were used to discern differences in dissipation and possibly degradation based on initial herbicide concentration.  
Others have reported that day 0 sampling is the most important during these type studies as this sampling time lays the starting point for the dissipation curve (McAllister 1994, Blumhorst and Mueller 1997).  These studies were designed so day 0 samplings would be different in initial herbicide concentration.  Furthermore, higher herbicide concentrations were used in this study based on the analytical instrument that was used to quantify the data over time.  The longer quantification allowed for a more accurate representation of the complete dissipation curve.  A similar technique was used by Camargo et al. 2013, where 15 times the normal use rate of saflufenacil was applied for a field dissipation study.
Field Sample Collection and Analysis
	Field soil sample collection intervals were approximately 0, 3, 7, 14, 21, 28, 42, 56, 79, 84, 98, 112, 140, 168, 196, 224, 280, and 365 days after treatment (DAT), similarly described by Mueller and Senseman 2015.  Soil samples were collected using a golf cup cutter (Par Aide Products Company St Paul, MN) and were 8 cm in depth and 10 cm in width resulting in a soil sample of ~800 cm3 (Mueller and Senseman 2015).  Soils were placed in freezer storage within 30 minutes of collection to minimize dissipation processes and samples remained frozen at -20° C until analysis.  Soil sampling depth in these studies are limited to surface sampling, there was the possibility that some herbicides can leach below the sampling zone during the duration of the studies.
[bookmark: _Hlk95740562]	For extraction, collected samples were removed from freezer and allowed to come to room temperature.  Samples were thoroughly homogenized several times to ensure herbicide/soil mix was equally distributed.  Then a portion (⁓15 g) was weighed into a 50 mL conical centrifuge tube (NuncTM Thermo Fisher Scientific Waltham, MA) for extraction.  Methanol (30 mL) was added to the conical tube, placed on shaker (⁓1 hr) (Harrison et al. 2013), filtered using 0.45 µl polytetrafluoroethylene (PTFE) filters and analyzed via liquid chromatography-mass spectrometry (LC-MS) (6470 Triple Quadrupole, Agilent Santa Clara, California).  Mobile phase was acetonitrile + 0.1% formic acid and water + 0.1% formic acid and utilized a phenyl-hexyl analytical column (Agilent Santa Clara, California) (Table 2).  LC-MS peaks were converted to herbicide concentrations ng g-1 of soil.  Means were regressed as ng g-1 against days after treatment (DAT) using first order kinetics by Sigmaplot version 14.0 (Systat Software Inc.).  The herbicide concentration data was empirically fit to the equation:
f = a*e(-b*x)
where a is the Y intercept, and represents the hypothetical initial herbicide concentration, and b represents the first-order rate constant (k) empirically fitting the data of herbicide decline over time.  This two parameter, single exponential decay model fit most of the data curves relatively well with some notable exceptions.  Half-life (t1/2) was determined using first order rate constant t1/2 = 0.693/k (Table 3).
Lab Degradation
Lab studies were conducted in 2020 and 2021 at The University of Tennessee in Knoxville.  Comprehensively, there were 4 studies with 2 studies utilizing Tennessee soils (LS1 and LS2), and 2 studies utilizing soils from Georgia, Illinois, and Tennessee (LS3 and LS4).  LS1 and LS2 used Tennessee soils fortified with multiple herbicide concentrations and duplicate samples.  LS3 and LS4 used soils from Georgia, Illinois, and Tennessee fortified with the same herbicide concentration with duplicate samples.  Soils were collected from a similar location as previously described and also from Worth County, Georgia near N 31.50583, W -83.65611 and Warren County, Illinois near N 40.66669, W -90.751497 (Table 1).  Surface soils (0-15 cm) from Georgia and Illinois were collected from areas with no history of herbicide use in at least 20 years by Eric Prostko from the University of Georgia and Mark Bernards from Western Illinois University, respectively.  Soil from Georgia (0-15 cm), collected from a pecan orchard, was a Tifton sandy loam with a pH of 5.4, CEC of 4.6 meq/100g, and OM content of 0.9% (NRCS 2021).  Soil from Illinois, collected from an organic farm, was a Sable silty clay loam with a pH of 6.6, CEC of 28 meq/100g, and OM content of 6.8% (NRCS 2021).  Soils from Georgia, Tennessee, and Illinois were classified as very low, medium, and very high in organic matter, respectively (Table 1).  Soils were stored at ambient temperature and containers opened periodically to ensure the soil's aerobic processes were not prohibited.  Soils were analyzed to ensure no detectable residues of atrazine, saflufenacil, and pyroxasulfone before lab study initiation.
Fortifying solutions were prepared for each herbicide from an analytical standard for atrazine (98.1% purity), pyroxasulfone (99.5% purity), and saflufenacil (98.3% purity) from ChemService, Inc (West Chester, Pennsylvania).  Solutions were mixed by dissolving the standard in Optima® LC/MS Water (Thermo Fisher Scientific, Waltham, Massachusetts) stirring overnight and using gentle heat when needed.  Solutions were filtered to remove any undissolved particles.  Final solutions were acquired by removing aliquots from the stock solution and diluting to the desired concentrations.  Organic solvents have been reported to allow higher concentrations of herbicides to be dissolved (Shaner 2014), but were not used in these experiments as to not negatively impact microbial communities of soils (Dyrda et al. 2019).
Moist soils were sieved using 2.0 mm sieve (Gilson Company Lewis Center, Ohio) to remove rocks and large debris; soils were then saturated to field capacity and allowed to drain overnight.  Vials for each soil type were prepared similarly, where 20 mL liquid scintillation vials (Wheaton Millville, New Jersey) were prepared in pairs for each sampling interval and a portion of soil (⁓5g moist soil) was added to each 20 mL vial.  Each vial was fortified via Eppendorf pipette with a single analytical herbicide dissolved in water, filtered to remove any undissolved particles, and 500 µL added to the soil in each vial (250 µL each, in the 3-way mix).  Lesser amounts were added to the vials for the 3-way mixes to mimic the same amount of liquid to each fortified vial, as moisture differences can have an effect on herbicide dissipation (Beestman and Deming 1974, Hill et al. 1998, Savage 1978, Taylor-Lovell et al. 2002).
Herbicide rates for lab studies were designed for a range of concentrations. Arrangement of concentrations were examined by changing the strength of the fortifying solutions.  Atrazine and saflufenacil concentration ranges were typically higher than pyroxasulfone due to its lower solubility in water (Shaner 2014, Tanetani et al. 2009 and 2013). A mix of all 3 herbicides were added to discern differences in dissipation with tank-mix applications, similar to the field studies.  Once soil and herbicide solutions were added, vials were then allowed to equilibrate.  Samples were placed in incubator at 22.0 C for the duration of the study (U.S. EPA 2008a).  Vials were opened and allowed to vent for a short time at approximately 56 DAT, then again at 126 DAT.
Lab Sample Collection and Analysis
Vials were removed from incubator at -1 (prior to fortification), 0, 3, 7, 14, 21, 28, 42, 56, 70, 84, 98, 126, 154, 182 DAT for lab studies 1 and 2 and removed from incubator similarly in lab studies 3 and 4, then placed in freezer at -20° C until extraction.  Soil processing of lab samples was similar to field collected samples.  Methanol (12 mL) was added to vials, placed on shaker (⁓1 hr.), filtered using 0.45 µl PTFE filters and analyzed via LC-MS.  LC-MS methods were the same as the field trials (Table 2).
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Field Dissipation
	Weekly precipitation, high, low and average temperature for the duration of the field studies is presented in Figures 1 and 2.  Both studies received rainfall soon after application (1 week), but overall rainfall patterns were different between years with 2019 having several dry periods late in the growing season.  Total precipitation for 2019 field study measured 177.4 cm which was markedly higher than 2020 field study at 133.6 cm.  Measured precipitation was above the 10-year avg for Knoxville, Tennessee in 2019 field study, but was avg for the 2020 field study (data not shown).  2019 and 2020 precipitation measured #2 and #3 wettest years on record for the city of Knoxville, respectively (City of Knoxville 2022).  Overall, observed temperature patterns for the year were similar for the duration of the studies.
	At the end of the sampling period for the field studies, > 95% of the applied parent molecule had dissipated, which exceeds the EPA guidance for the duration of a TFD study (U.S. EPA 2008b).  Tennessee soil properties of field studies are presented in Table 1.  As data for the field studies for 2019 and 2020 generally agree, only 2020 figures are presented (Figures 3, 4, 5).  Field study regression coefficients, r2 values, and DT50 are presented in Table 3.  Overall, herbicides dissipated in similar patterns as expected, with characteristic biphasic curve (Figure 3, 4, 5).
[bookmark: _Hlk98320088]Atrazine dissipation was initially rapid then gradually slowed as the study progressed (Figure 3).  Atrazine dissipation DT50 was 9.3, 12.1, and 12.9 days after treatment (DAT) for low, medium, and high rates, respectively (Figure 3).  These half-lives are lower than previously reported for atrazine (60 days), but are comparable to soils that have an atrazine use history (Shaner et al 2010, Krutz et al. 2006 and 2010, Mueller et al. 2017).  These field data suggest enhanced degradation of atrazine could explain the lower half-lives.  Furthermore, reported soil pH can have an effect on atrazine dissipation as reported by Mueller et al. 2010 and Shaner 2014.  Lower pH (<5.5) can disfavor bacterial degradation, but a reported major contributor to dissipation is hydrolysis when at lower pH.  Soils used in this study were pH of 5.3 (Table 1) which suggests an effect of enhanced degradation due to atrazine use history coupled with increased hydrolysis of the atrazine parent molecule contributing to shorter half-lives.  Although, bacteria can be inhibited at lower pH and hydrolysis increased, it is unclear of the contribution of each route in these studies. Calculated half-lives appear to be different based on initial concentration, plotting half-lives of each concentration suggests there is no relationship (r2 = 0.080) (Figure 6).  Considering enhanced degradation of atrazine is likely in these studies, concentration effects on dissipation might not be apparent.
Pyroxasulfone dissipation was initially rapid at low and middle application rates, less rapid at the higher rate with gradual slowing of dissipation as the intervals progressed (Figure 4).  Pyroxasulfone DT50 was 23.8, 25.8, and 54.1 DAT for low, medium, and high rates, respectively (Figure 4).  These half-lives are comparable to previous reports for pyroxasulfone (16-143 days) (Mueller and Steckel 2011, Westra et al 2017, and Shaner 2014).  Dissipation of pyroxasulfone is highly variable with the major environmental contributor reported to be soil moisture and the major degradation pathway to be microbial (Mueller and Steckel 2011, Westra et al. 2014).  Calculated half-lives of pyroxasulfone appear to be different based on initial concentrations, plotting half-lives of each concentration suggests there is a relationship (r2 = 0.92) and an increase in pyroxasulfone herbicide concentration correlates to an increase DT50 (Figure 6).
Saflufenacil dissipation was initially rapid, then gradual slowing as the interval progressed (Figure 5).  Saflufenacil DT50 was 7.2, 8.7, and 9.2 DAT for low, medium, and high rates, respectively (Figure 5).  These half-lives are comparable to the reported half-lives of 1-36 days (Grossman et al. 2010 and 2011, Shaner 2014, Mueller et al. 2014).  Although, our half-lives are markedly lower than reported from Canada of >200 days (Gauthier and Mabury 2020, Robinson and McNaughton 2012).  These differences can be attributed to the effects of environmental conditions on saflufenacil dissipation.  Calculated half-lives of saflufenacil in the field studies appear to be similar based on initial concentrations, plotting half-lives of each concentration suggests there is no relationship (R2 = 0.0038) (Figure 6).
Understand that in the application rates in this research far exceed label recommendations, the field studies indicated half-lives for atrazine, pyroxasulfone, and saflufenacil that were comparable to previous reports.  Data suggested atrazine and saflufenacil dissipation were unaffected by herbicide concentration (r2 = 0.080, and 0.0038).  However, pyroxasulfone dissipation was positively correlated with herbicide concentrations (r2 = 0.92).  These data indicate that herbicide concentration can have an effect on rate of dissipation under field conditions.  Furthermore, these data indicate using a single rate constant to calculate half-life, since it is assumed to be independent of concentration, can induce errors in herbicide modeling.  Many herbicide models used by the EPA include assumptions that herbicide dissipation is a first order reaction rate (PRZM5 and PWC).  First order reaction rates assume that half-life calculations are independent of concentration.
Lab Degradation
Atrazine degradation DT50 in TN soil ranged from 9-39 DAT (Tables 4 and 5).  These DT50s are comparable where enhanced atrazine degradation has been reported.  Higher DT50 can be observed for lab experiments where some environmental parameters are kept constant and some dissipation processes are kept minimal, as these are designed to observe predominantly microbial degradation (Mueller and Senseman 2015).  Pyroxasulfone DT50 ranged from 18-55 DAT (Tables 4 and 5).  These lab data are comparable to the pyroxasulfone field studies half-lives (Mueller 2017, Shaner 2014).  These comparisons of pyroxasulfone in field and lab could suggest that microbial degradation is the main dissipation pathway as reported previously (Shaner 2014).  Saflufenacil degradation DT50s ranged from 15-70 DAT (Tables 4 and 5).
Regressing initial saflufenacil herbicide concentration and calculated half-life in the lab studies suggested no correlation (r2 = 0.02) (Figure 7).  Pyroxasulfone initial concentration regressed against DT50s suggests a correlation (r2 = 0.40) where an increase in initial concentration results in an increase of DT50 (Figure 7).  Interestingly, when atrazine herbicide initial concentration is regressed against DT50s there is a correlation (r2 = 0.50) (Figure 7).  However, a visual inspection of the data suggests a curvilinear regression would fit the data better (r2 = 0.86).  Atrazine data suggested that an increase in concentration would result in a shorter DT50, or that higher initial concentrations of atrazine decreases dissipation time.  This finding contradicts the initial thoughts that an increase in concentration would increase the rate of dissipation.  Soils with known or suspected enhanced herbicide degradation should be noted in TFD studies as dissipation calculations could be altered compared to a soil without enhanced degradation.  
Data from field studies and lab studies generally agree, suggesting that calculating half-life using single first order kinetics could cause input errors into models used in herbicide environmental fate.  DT50 is a common parameter to describe herbicide persistence and is sometimes used in modelling systems for herbicide fate.  Single first order reactions are used extensively in current modelling regimes.  These data suggest using caution when assuming herbicide concentration is independent in DT50 calculations.  These data suggest some herbicides could follow single first order kinetics, whereas others might not, depending on concentration.  Residual herbicides have gained renewed interest in the last couple decades to combat herbicide resistant weeds and their field persistence is of particular interest to not injury rotational or cover crops.  Care should be taken to ensure the most appropriate inputs are used in environmental fate modelling.
In field and lab studies, herbicide mixes were also included as treatments.  However, the data indicated that mixes and individual herbicides dissipated similarly (data not shown).  Confidence intervals were compared around first order rate constants and since confidence intervals overlapped, there was no significant difference in the dissipation rates of mixes vs individual herbicides.  Data in the herbicide mix was pooled with the individual herbicide data in the regression analysis (Figure 7).
[bookmark: _Hlk99631577]Although not observed in our studies, understanding herbicide degradation can be influenced positively or negatively in soils when mixed with other pesticides is possible.  For instance, pendimethalin soil degradation was affected when mixed with mancozeb (ethylenebisdithiocarbamate class fungicide) and/or thiamethoxam (neonicotinoid insecticide), but degradation was similar when tank-mixed with metribuzin (Swarcewicz and Gregorczyk 2012). Swarcewicz and Gregorczyk 2012 reported that pendimethalin dissipation DT50 almost doubled when tank mixed versus when applied alone.  It is common practice for an applicator to tank mix several different products together for similar and/or completely different control measures (i.e. herbicide and fungicide, herbicide and herbicide, herbicide and insecticide, etc.) in the same crop.  It is important to remember that residual herbicides applied alone might dissipate differently than when applied in mixtures as dissipation pathways could be affected.  Furthermore, microbial populations and diversity could be affected that, in turn, changes dissipation rates.  For instance, Haney et al. 2000 reported that glyphosate stimulated soil microbial activity even at high rates.  Stimulated microbial activity could cause shorter DT50s than previously observed if applied as a tank mix.
Herbicide rates used in the field studies differed by 10x between low, medium, and high calculated initial concentrations of the herbicides were consistent with application rates (Table 3).  During early sampling, herbicide variations on the soil surface could affect initial concentration.  Homogeneity of soil samples is paramount during the duration of the study as samples can exhibit lower or higher concentrations than preceding samples and affect dissipation curves.  As previously described, early sampling errors are common in these types of studies (McAllister 1994, Blumhorst and Mueller 1997).  Extra care should be taken with early initial samplings.
Atrazine dissipation in the lab studies generally agree with other reported DT50s (16-38 days) (Table 5).  Georgia (GA) and Illinois (IL) soils had higher DT50s than Tennessee (TN).  These >DT50 for atrazine in GA and IL are expected as TN soils are suspected to have enhanced degradation due to previous atrazine exposure (Mueller et al. 2017).  IL and GA soils have no history of atrazine exposure, so longer dissipation times for atrazine were expected.  
Pyroxasulfone DT50 ranged from 30-89 days (Table 5) and agree with previous reports (Shaner 2014 and Westra et al. 2017).  GA and IL DT50s for pyroxasulfone were higher than TN soils.  TN soils had >2.5% organic matter, CEC of 10.7, and moderate nutrient availability which suggests moderate microbial activity.  Pyroxasulfone dissipated faster in soils from TN which suggests a more optimal environment for microbial activity than IL or GA in this study.  TN soil pH measured 5.3, which is lower than the other soils and could inhibit dissipation as previously reported by Mueller et al (2010) on atrazine.  GA soils were markedly lower in % OM (<1%) which could negatively influence microbial population diversity and numbers.  Pyroxasulfone dissipation has been reported to be dominantly microbial, and herbicide persistence could be longer in GA soil due to lower microbial presence.  Furthermore, GA soils had the lowest CEC of any of the soils sampled.  Low CEC and nutrient availability could suggest lower microbial activity as well, as bacteria have been reported to be active in nutrient cycling.  GA soil pH was 5.4 which is just under the pH reported (<5.5) to slow the dissipation of atrazine in TN soils (Mueller et al. 2010).  Pyroxasulfone has been reported to be stable at pH of 5 (Shaner 2014).  Pyroxasulfone dissipation could be slowed if degrading bacteria are inhibited due to this reported pH.  In addition, soil moisture can affect degradation. GA soil was 82% sand and very low in organic matter which suggests the water holding capacity to be lower.  Low moisture availability can inhibit bacterial activity.  IL soils were high in organic matter (>6.5%), which would explain the larger CEC and the higher nutrients extracted compared to the other soils (Table 1), IL soil has a higher capacity to retain nutrients and harbor microbial diversity, but herbicides could adsorb to organic matter surfaces and prevent them from being available for microbial degradation.  IL soils pH was 6.6 and close to neutral which suggests microbial activity was not negatively impacted.  Pyroxasulfone has been reported to be moderately adsorbed to soils with organic matter being highly correlated with sorption coefficient values (Westra et al. 2015). IL soils organic matter concentration and texture also allows for increased water holding capacity compared to the other soils.  IL soils had higher moisture content during the study duration which could negatively impact degradation as soil could have tended to be more anaerobic (Table 5).
Saflufenacil in the lab studies had DT50s of 33-90 days and were higher than previously reported (Shaner 2014, U.S. EPA 2009).  Saflufenacil DT50s were 33-69 days in TN soil.  Saflufenacil has a reported solubility that is pH dependent where solubility decreases as pH decreases (acidic) (Shaner 2014).  TN soil pH was 5.3, that could indicate less saflufenacil in the soil solution that was available for degradation.  Furthermore, having a moderate organic matter content (2.7%) and CEC (10.7), some herbicide could adsorb to soil constituents causing less availability.  A strong correlation between organic matter/clay content with saflufenacil adsorption has been reported previously (Hixson 2008).  The culmination of factors could inhibit degradation of saflufenacil that could explain the longer dissipation times that we observed in TN soil.
GA dissipation DT50s were 49-67 days and higher than previously reported for saflufenacil.  GA soil pH was similar to TN soil at 5.4 and could further indicate that lower saflufenacil solubility could mean less available for degradation.  Longer persistence of saflufenacil in acidic soils has been previously reported (Pest Management Regulatory Agency 2009).  Conversely, GA soil is lower in organic matter (0.9%) and available nutrients than TN soil, which suggests lower microbial presence and activity.  These factors could compound to explain the longer dissipation patterns observed in GA soil.
IL saflufenacil DT50s were generally higher than the other soils (55-90 days) and could be attributed to higher organic matter content and water holding capacity.  Organic matter has been widely reported to help with water holding capacity of soils (Libohova et al. 2018).  Saturated soils can decrease saflufenacil microbial activity due to anaerobic conditions (Camargo et al. 2013).  IL soil pH was 6.6 suggesting more solubility of saflufenacil, but CEC of 28.0 could indicate more herbicide adsorbed to soil constituents making them less available for degradation.  A combination of these factors could explain the longer dissipation duration observed in IL soil.
These data suggest that care should be taken when using DT50s in simulation models, as initial concentration could influence dissipation rates for some herbicides.  The EPA has increasingly used modeling for herbicide environmental fate and for some computer models, dissipation is assumed to be independent of rate applied (Gustafson and Holden 1990).  This assumption could input errors into models which could mislead regulators when considering a herbicide label.  A second finding is that this research could potentially examine >1 herbicide per dissipation study.  Currently, typical TFD studies are 2-3 plots of a single active ingredient with at least a 1-year duration (>95% dissipation).  Benefits to these study arrangements include cost savings as compared to current TFD parameters and a possible reduction in study variability encountered.
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Appendix
[bookmark: _Toc99089426]Table 1. Pertinent properties of soils used in dissipation experimentsa
	
	
	
	
	OM
	Sand
	Silt
	Clay
	
	P
	K
	Mg
	Ca
	% Base Saturation

	Soil
	Coordinates
	pH
	CEC
(meq 100 g)
	(%)
	Soil Texture
	(ppm)
	K
	Mg
	Ca

	Tennessee
	35.97567 N,
-83.85548 W
	5.3
	10.7
	2.7
	32
	36
	32
	Clay Loam
	50
	194
	148
	1137
	4.6
	11.5
	53.1

	Georgia
	31.50583 N,
-83.65611 W
	5.4
	4.6
	0.9
	82
	6
	12
	Sandy Loam
	62
	140
	36
	530
	7.8
	6.5
	57.6

	Illinois
	40.66668 N,
-90.75149 W
	6.6
	28.0
	6.8
	10
	52
	38
	Silty Clay Loam
	80
	270
	626
	4081
	2.5
	18.6
	72.9

	a Soil analysis performed by Midwest Laboratories, Omaha, NE (https://midwestlabs.com).
Abbreviations: CEC, cation exchange capacity; OM, organic matter content; P, phosphorus; K, potassium; Mg, magnesium; Ca, calcium; meq, milliequivalents



[bookmark: _Toc99089427]Table 2. Liquid chromatography - mass spectrometry methods for atrazine, pyroxasulfone, and saflufenacil
	Parameters
	Atrazine
	Pyroxasulfone
	Saflufenacil

	Mobile phase flow 
	[bookmark: _Int_uq6Ck1zJ]0.3 mL min-1 
	[bookmark: _Int_TJC169Ap]0.3 mL min-1 
	[bookmark: _Int_PyySxdM5]0.3 mL min-1 

	Mode of operation 
	positive 
	positive 
	positive 

	Gas temp 
	250 C 
	350 C 
	350 C 

	Gas flow 
	8 L/min 
	13 L/min 
	11 L/min 

	Nebulizer pressure 
	276 kPa 
	207 kPa 
	241 kPa 

	Sheath gas heater 
	370 C 
	300 C 
	200 C 

	Capillary voltage 
	2750 
	6000 
	6000 

	Charging voltage 
	150 
	2000 
	2000 

	Limit of detection 
	[bookmark: _Int_EqbzIo1p]0.5 µg kg-1 
	[bookmark: _Int_KD4exTUT]1.0 µg kg-1 
	[bookmark: _Int_yOEohJjU]1.0 µg kg-1 

	Retention time (min) 
	8.3 
	2.5 
	2.4 

	Parent ions (m/z) 
	216 
	392.1 
	501.1 

	Confirmation ions (m/z) 
	174, 146 
	229, 179.1 
	459, 349, 198, 197.9 

	1.8-µm particle size ZORBAX Eclipse Plus RRHD Phenyl-Hexyl column (2.1 x 100 mm) 

	Atrazine - 80:20 Water: Acetonitrile with 0.1% formic acid 

	Pyroxasulfone and Saflufenacil – 45:55 Water: Acetonitrile with 0.1% formic acid 



[bookmark: _Toc99089428]Table 3. 2019-2020 Field study regression coefficients, r2 values, and DT50 for atrazine, pyroxasulfone, and saflufenacil
	Year
	Herbicide
	Herbicide Concentration
	Calculated initial herbicide concentration (ng g-1 soil)
	SE
	1st order rate constant
(per day)
	SE
	r2
	DT50 (days)

	2019
	Atrazine
	Low
	56.7
	2.8
	0.046
	0.004
	0.96
	15.0

	
	
	Medium
	410
	9.1
	0.047
	0.002
	0.99
	14.7

	
	
	High
	6164
	574
	0.069
	0.012
	0.88
	10.1

	
	
	
	
	
	
	
	
	

	
	Pyroxasulfone
	Low
	85.6
	4.4
	0.030
	0.003
	0.95
	22.8

	
	
	Medium
	835
	44
	0.020
	0.002
	0.94
	34.0

	
	
	High
	11280
	772
	0.011
	0.002
	0.84
	61.3

	
	
	
	
	
	
	
	
	

	
	Saflufenacil
	Low
	70
	1.9
	0.123
	0.007
	0.98
	5.6

	
	
	Medium
	869
	33
	0.189
	0.182
	0.97
	3.7

	
	
	High
	9965
	406
	0.180
	0.018
	0.97
	3.8

	
	
	
	
	
	
	
	
	

	2020
	Atrazine
	Low
	114
	4.16
	0.0748
	0.0057
	0.97
	9.3

	
	
	Medium
	1352
	21.8
	0.0572
	0.0075
	0.94
	12.1

	
	
	High
	15358
	1351
	0.0536
	0.01
	0.89
	12.9

	
	
	
	
	
	
	
	
	

	
	Pyroxasulfone
	Low
	64.7
	3.1
	0.0291
	0.003
	0.95
	23.8

	
	
	Medium
	686
	42
	0.0269
	0.0036
	0.92
	25.8

	
	
	High
	10782
	699
	0.0128
	0.0018
	0.87
	54.1

	
	
	
	
	
	
	
	
	

	
	Saflufenacil
	Low
	63.8
	1.78
	0.0967
	0.0056
	0.98
	7.2

	
	
	Medium
	682
	23
	0.0797
	0.0056
	0.98
	8.7

	
	
	High
	10851
	497
	0.075
	0.0072
	0.96
	9.2

	Abbreviations: SE, standard error; r2, coefficient of determination
	




[bookmark: _Toc99089429]Table 4. TN lab studies regression coefficients, r2 values, and DT50 for atrazine, pyroxasulfone, and saflufenacil
	[bookmark: _Hlk98156983]Study
	Herbicide
	Dose
	Mixed
	Initial herbicide concentration (ng g-1 soil)
	SE
	1st order rate constant (per day)
	SE
	r2
	DT50 (days)

	LS1
	Atrazine
	81
	no
	79.2
	2.24
	0.018
	0.0012
	0.97
	38.5

	LS1
	Atrazine
	3200
	no
	3608
	246
	0.0726
	0.0107
	0.94
	9.5

	LS1
	Pyroxasulfone
	20
	no
	20.4
	1.08
	0.0287
	0.0034
	0.94
	24.1

	LS1
	Pyroxasulfone
	1900
	no
	1798
	48.5
	0.0134
	0.0009
	0.97
	51.7

	LS1
	Saflufenacil
	82
	no
	77.4
	6.5
	0.0439
	0.008
	0.86
	15.8

	LS1
	Saflufenacil
	8400
	no
	7980
	383
	0.0302
	0.0032
	0.95
	22.9

	LS1
	Atrazine
	49
	yes
	43.7
	1.3
	0.0176
	0.0012
	0.97
	39.4

	LS1
	Atrazine
	2041
	yes
	2235
	112
	0.0694
	0.0075
	0.96
	10.0

	LS1
	Pyroxasulfone
	13
	yes
	11.3
	0.86
	0.0226
	0.0039
	0.85
	30.7

	LS1
	Pyroxasulfone
	889
	yes
	847
	22.1
	0.017
	0.001
	0.98
	40.8

	LS1
	Saflufenacil
	41
	yes
	37.5
	2.3
	0.0462
	0.0061
	0.93
	15.0

	LS1
	Saflufenacil
	4169
	yes
	3999
	174
	0.0363
	0.0035
	0.96
	19.1

	LS2
	Atrazine
	1016
	no
	1040
	20
	0.0357
	0.0015
	0.99
	19.4

	LS2
	Atrazine
	8157
	no
	9137
	577
	0.0804
	0.0111
	0.95
	8.6

	LS2
	Pyroxasulfone
	135
	no
	133
	7.6
	0.0379
	0.0048
	0.93
	18.3

	LS2
	Pyroxasulfone
	1319
	no
	1328
	29
	0.018
	0.0009
	0.98
	38.5

	LS2
	Saflufenacil
	691
	no
	665
	24
	0.027
	0.0022
	0.97
	25.7

	LS2
	Saflufenacil
	7560
	no
	7483
	214
	0.0209
	0.0013
	0.98
	33.2

	LS2
	Atrazine
	536
	yes
	541
	6.9
	0.026
	0.0007
	0.99
	26.7

	LS2
	Atrazine
	4697
	yes
	5253
	294
	0.0721
	0.0088
	0.96
	9.6



	Table 4. Continued
	
	
	
	
	
	
	
	

	Study
	Herbicide
	Dose
	Mixed
	Initial herbicide
concentration (ng g-1 soil)
	SE
	1st order rate constant
(per day)
	SE
	r2
	DT50
(days)

	LS2
	Pyroxasulfone
	79
	yes
	73
	7.1
	0.034
	0.0073
	0.79
	20.4

	LS2
	Pyroxasulfone
	681
	yes
	671
	24.9
	0.0193
	0.0016
	0.96
	35.9

	LS2
	Saflufenacil
	315
	yes
	290
	20.9
	0.0292
	0.0047
	0.88
	23.7

	LS2
	Saflufenacil
	3414
	yes
	3098
	190
	0.0157
	0.0022
	0.88
	44.1

	Abbreviations: SE, standard error; r2, coefficient of determination



[bookmark: _Toc99089430]Table 5. Soil lab studies regression coefficients, r2 values, and DT50 for atrazine, pyroxasulfone, and saflufenacil
	Study
	Soil
	Herbicide
	Dose
	Mixed
	Initial herbicide
concentration (ng g-1 soil)
	SE
	1st order rate constant (per day)
	SE
	r2
	DT50
(days)

	LS3
	GA
	Atrazine
	1425
	no
	1416
	28
	0.0261
	0.0012
	0.99
	26.6

	LS3
	IL
	Atrazine
	1425
	no
	1421
	13
	0.0214
	0.0005
	0.99
	32.4

	LS3
	TN
	Atrazine
	1380
	no
	1483
	54
	0.0446
	0.0036
	0.98
	15.5

	LS3
	GA
	Pyroxasulfone
	779
	no
	770
	13
	0.0083
	0.0004
	0.98
	83.5

	LS3
	IL
	Pyroxasulfone
	758
	no
	691
	28
	0.0109
	0.0012
	0.92
	63.6

	LS3
	TN
	Pyroxasulfone
	751
	no
	736
	14
	0.0127
	0.0006
	0.98
	54.6

	LS3
	GA
	Saflufenacil
	1716
	no
	1591
	56
	0.0137
	0.0013
	0.95
	50.6

	LS3
	IL
	Saflufenacil
	1683
	no
	1590
	45
	0.0127
	0.0009
	0.97
	54.6

	LS3
	TN
	Saflufenacil
	1504
	no
	1505
	50
	0.013
	0.0011
	0.96
	53.3

	LS3
	GA
	Atrazine
	833
	yes
	812
	18
	0.0225
	0.0012
	0.99
	30.8

	LS3
	IL
	Atrazine
	787
	yes
	817
	14
	0.0227
	0.001
	0.99
	30.5

	LS3
	TN
	Atrazine
	814
	yes
	886
	14
	0.0286
	0.0011
	0.99
	24.2

	LS3
	GA
	Pyroxasulfone
	390
	yes
	374
	6
	0.0078
	0.0004
	0.98
	88.8

	LS3
	IL
	Pyroxasulfone
	360
	yes
	337
	15
	0.0102
	0.0013
	0.9
	67.9

	LS3
	TN
	Pyroxasulfone
	361
	yes
	341
	12
	0.0143
	0.0013
	0.95
	48.5

	LS3
	GA
	Saflufenacil
	875
	yes
	871
	14
	0.0104
	0.0005
	0.98
	66.6

	LS3
	IL
	Saflufenacil
	821
	yes
	758
	33
	0.0087
	0.0011
	0.89
	79.7

	LS3
	TN
	Saflufenacil
	837
	yes
	779
	35
	0.0101
	0.0013
	0.9
	68.6

	LS4
	GA
	Atrazine
	1087
	no
	1041
	26
	0.03
	0.0018
	0.98
	23.1

	LS4
	IL
	Atrazine
	1052
	no
	1059
	15
	0.0211
	0.0007
	0.99
	32.8

	LS4
	TN
	Atrazine
	1039
	no
	1092
	31
	0.042
	0.0026
	0.98
	16.5

	LS4
	GA
	Pyroxasulfone
	453
	no
	405
	25
	0.0085
	0.0015
	0.81
	81.5
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	Study
	Soil
	Herbicide
	Dose
	Mixed
	Initial herbicide
concentration (ng g-1 soil)
	SE
	1st order rate constant (per day)
	SE
	r2
	DT50
(days)

	LS4
	IL
	Pyroxasulfone
	441
	no
	410
	14
	0.0113
	0.001
	0.95
	61.3

	LS4
	TN
	Pyroxasulfone
	446
	no
	422
	13
	0.0142
	0.0011
	0.96
	48.8

	LS4
	GA
	Saflufenacil
	1145
	no
	1092
	30
	0.0142
	0.001
	0.97
	48.8

	LS4
	IL
	Saflufenacil
	957
	no
	916
	36
	0.0087
	0.0011
	0.92
	79.7

	LS4
	TN
	Saflufenacil
	1099
	no
	1024
	53
	0.0209
	0.0026
	0.93
	33.2

	LS4
	GA
	Atrazine
	538
	yes
	512
	17
	0.0287
	0.0022
	0.98
	24.1

	LS4
	IL
	Atrazine
	515
	yes
	518
	7
	0.0183
	0.0006
	0.99
	37.9

	LS4
	TN
	Atrazine
	515
	yes
	508
	7
	0.0276
	0.0009
	0.99
	25.1

	LS4
	GA
	Pyroxasulfone
	237
	yes
	234
	5
	0.0116
	0.0006
	0.98
	59.7

	LS4
	IL
	Pyroxasulfone
	226
	yes
	213
	12
	0.0167
	0.0023
	0.91
	41.5

	LS4
	TN
	Pyroxasulfone
	225
	yes
	219
	11
	0.0229
	0.0027
	0.94
	30.3

	LS4
	GA
	Saflufenacil
	818
	yes
	779
	20
	0.014
	0.001
	0.97
	49.5

	LS4
	IL
	Saflufenacil
	621
	yes
	660
	28
	0.0077
	0.001
	0.88
	90.0

	LS4
	TN
	Saflufenacil
	626
	yes
	550
	38
	0.0129
	0.0023
	0.83
	53.7

	Abbreviations: SE, standard error; r2, coefficient of determination
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[bookmark: _Toc99090380][bookmark: _Toc99090713][bookmark: _Toc99090795][bookmark: _Toc99091044][bookmark: _Toc99091555][bookmark: _Toc99092014]Figure 6. 2019-2020 Field studies dissipation of pyroxasulfone, atrazine, and saflufenacil as a function of initial herbicide concentration and the DT50.

[image: ][bookmark: _Toc99090381][bookmark: _Toc99090714][bookmark: _Toc99090796][bookmark: _Toc99091045][bookmark: _Toc99091556][bookmark: _Toc99092015]Figure 7. TN lab studies data degradation of pyroxasulfone, atrazine, and saflufenacil as a function of initial herbicide concentration and the DT50.
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[bookmark: _Toc99092016]Figure 8. All lab studies data degradation of pyroxasulfone, atrazine, and saflufenacil as a function of initial herbicide concentration and the DT50.
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CONCLUSIONS

Residual herbicide use is an integral part of an integrated approach to weed management in agriculture.  Understanding their fate once introduced into the environment is paramount in developing weed control programs that are sustainable and effective.  Atrazine, pyroxasulfone, and saflufenacil represent commonly used herbicides from distinct herbicide classes that have varying field persistence.  The EPA authorizes pesticide labels and has increasingly relied on herbicide fate modeling to determine herbicide environmental fate.  These models can be erroneous when assumptions of the inputs are not realized.  DT50s are a common descriptor of herbicide fate and are typically calculated using first order kinetics models.  First order kinetics can input errors in models as degradation is assumed independent of rate applied.
Atrazine field dissipation DT50s were 9-13 DAT depending on concentration, which were lower than previously reported.  Suspected enhanced degradation due to previous field history could explain the lower DT50’s.  Lab studies indicated DT50s of 9-39 DAT which are comparable where enhanced degradation has been documented.  Field and lab studies generally agree on dissipation of atrazine.  Comparing initial atrazine concentrations and DT50s in the field studies suggests no correlation.  On the other hand, lab studies reveal a negative correlation when comparing DT50s and initial concentrations.  These data suggest a higher atrazine dose could prompt enhanced degradation as increased herbicide concentrations dissipated sooner than lower concentrations.  Considering enhanced degradation is likely in these studies, concentration effects on dissipation might not be clear.
Pyroxasulfone field dissipation DT50s were 24-54 DAT and lab studies were 30-89 DAT depending on concentration.  These field study DT50s are comparable to previous research and the data suggests increased concentrations correlate with increased dissipation time.  DT50s in the lab studies regressed against initial concentrations suggest a positive correlation.  These findings suggest pyroxasulfone initial concentration will have an effect on DT50.
Saflufenacil field dissipation DT50s were 4-9 DAT depending on concentration which were comparable to previous reports.  Saflufenacil lab degradation DT50s were 15-90 DAT which are comparable and higher.  The longer DT50s calculated in these studies are likely due to lower pH soils, differential organic matter content, and moist soil conditions.  Larger DT50s have been reported in high moisture soils where aerobic degradation could be inhibited.  The field studies and lab studies suggest no correlation to initial herbicide concentration and calculated DT50s. 
These data suggest that extra care should be taken when calculating DT50s, as initial concentration could influence dissipation rates for some herbicides.  Initial concentrations are the most important points on the dissipation curve as they set the starting point, however they also tend to be the most erroneous.  The EPA has increasingly used modeling for herbicide environmental fate and for some input parameters dissipation is assumed to be independent of rate applied.  This assumption could input errors into models which could mislead regulators when considering a herbicide label.  In these studies, pyroxasulfone and atrazine dissipations were affected by initial herbicide concentrations.  Furthermore, these projects suggest that companies could look at >1 herbicide per dissipation study.  Currently, typical TFD studies are 2-3 plots with at least a 1-year duration observing one molecule (>DT95).  Many companies, when applying for herbicide registration, tend to look into marketing premixes with 2+ different herbicides.  As stated earlier, dissipation could be affected when different molecules are coapplied.  Dissipation studies could include the new herbicide and the proposed premixes in the same study.  Benefits to these study parameters include cost savings as compared to current TFD parameters and a possible reduction in study data variability.
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