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OBJECTIVES AND EXPERIMENTS CONDUCTED BY LOCATION TO 
ACCOMPLISH OBJECTIVES: 
 
Objective I. To investigate the factors governing pesticide dissipation in California rice 
fields. Emphasis for 2015 will be on characterizing the microbial degradation of the 
insecticide Belay (clothianidin) under flooded and un-flooded rice field conditions. 
 
Objective II. To investigate the factors governing pesticide dissipation in California rice 
fields. Emphasis for 2015 will be on charactering the influence of indirect photochemical 
processes on the herbicide League® MVP (imazosulfuron) under rice field conditions. 
 
Objective III. To investigate the factors governing pesticide dissipation in California rice 
fields. Emphasis for 2014 will be to characterize hydrolysis of the herbicide Butte 
(benzobicyclon), which forms the active herbicidal product. 
 
Objective IV. To investigate the factors governing pesticide dissipation in California rice 
fields. Emphasis for 2016 will be to focus on the insecticide Coragen (chlorantraniliprole) 
by characterizing its soil sorption under rice field conditions. 
 
Objective I – Microbial Degradation of Belay  
 

 
 
Figure 1: Structure of Belay, a neonicotinoid insecticide. 



 
 
Belay (Figure 1), a synthetic neonicotinoid insecticide, acts as an agonist at post-synaptic 
nicotinic acetylcholine receptors within the central nervous system of a variety of insects 
including Hemiptera, Thysanoptera, Coleoptera, Lepidoptera and Diptera.1-3 It was 
recently registered for pre-flood (to field soil) and post-flood (to field water) aerial 
application to protect California rice fields against the rice seed midge, Cricotopus 
sylvestris, and rice water weevil, Lissorhoptrus oryzophilus. Clothianidin is highly toxic 
towards pollinators and sediment dwelling organisms; detailed and regionally specific 
fate and transport data are necessary to address concerns over the safety and suitability of 
its use in California rice culture.  
 
This report describes the microbial degradation of clothianidin under representative CRF 
conditions. Flooded and non-flooded microcosms were constructed based on OECD 
guideline 307 and sample extracts were monitored for 1) disappearance of clothianidin, 
and 2) appearance of transformation products.4 Throughout the growing season, 
California air and soil temperatures are subject to daily temperature fluctuations ranging 
between 20-36oC and 14-26oC, respectively.5 Transformation rates of clothianidin in 
representative flooded soil were determined at both 22 ± 2oC and 35 ± 2oC.   
 
Summary of Abiotic Partitioning Results (2013) 
Experimental determination of Henry’s Law constant (KH, which describes partitioning 
between air and water) was attempted using the gas-purge method at 22 and 37oC. 
Aqueous concentrations remained constant throughout the experiment and Belay was 
confirmed to be non-volatile. A KH value of 2.9 x 10-11 Pa m3 mol-1 (20oC) was calculated 
from solubility and vapor pressure data. These findings negate the potential for 
volatilization from flooded fields and suggest reduced risk of pollinator exposure. 
Sorption and desorption were evaluated using rice field soils collected from the 
Sacramento Valley. In order to characterize the temperature dependence (and simulate 
summertime growing conditions) two of the four rice field samples were run at 37oC.  
Organic-carbon-normalized coefficient Koc values were calculated for field relevant 
concentrations (corresponding to an application rate of 34 g AI acre-1) ranged between 
2.6 and 2.8 L kg-1 for both 22 and 37oC treatments. Sorption data were non-linear (L-
shaped) indicating that the sorption capacity of the soil for Belay decreased with 
increasing concentration. Likewise, a greater degree of desorption was observed for 
higher initial concentrations and elevated isotherm temperatures. These values suggest 
Belay is susceptible to offsite transport via drainage. It is therefore necessary to ensure 
appropriate holding periods are established (sufficient to allow degradation under flooded 
conditions) in order to mitigate the risk posed towards aquatic organisms.   
 
Summary of Photodegradation Results (2014)  
Even under conditions of higher light attenuation (increased turbidity) molar absorptivity 
and reaction quantum yield values Φ suggest Belay is capable of strong absorbance of 
environmentally relevant long (UV-A; 320-400 nm) and short (UV-B; 290-320 nm) UV 
irradiation. Reaction quantum yield values measured in rice field water indicate that 
approximately 0.5% of light energy absorbed by the pesticide will result in 



photochemical transformation. Concentrations of the degradation product TZMU were 
determined using LC-MS/MS and accounted for ≤ 17% in deionized water and ≤ 8% in 
rice water samples. The mechanism of TZMU conversion could not be determined, 
however, loss of the electronegative nitroguanidine moiety renders the degradation 
product significantly less toxic to aquatic invertebrates than the parent compound. Half-
life values derived from continuous irradiation experiments were converted to field 
relevant days equivalent sunlight and ranged between 16.6 and 19.4 d in rice field waters. 
Baring other fate processes and assuming Belay remains in field water, these values 
suggest 5 month holding period would be required to allow for 99% degradation of Belay 
in standing field water. Direct application to flooded fields (as opposed to drill seeding 
with pesticide coated seeds) will encourage photolytic degradation– as such direct 
photolysis is expected to be a primary route of degradation in California rice fields.   
   
Microbial Degradation Materials and Methods  
Soil and reagents. Aerobic and anaerobic microbial degradation were evaluated for soil 
collected from the UC Rice Experiment Station (Biggs, CA) in January 2015 and April 
2015, respectively. The field had no history of Belay application. Several kilograms were 
collected from the 0-10 cm layer, air-dried and ground to pass through a 2mm sieve; Soil 
was stored at -23oC and used within 8 weeks. Both physical-chemical properties and 
organic carbon content were determined by the UCD Analytical Laboratory; the methods 
can be found on their website (http://analab.ucdavis.edu). The rice field soil, an Esquon 
Neerdobe clay, was taxonomically classified as a fine, smectic, thermic Xeric Epiaquerts 
containing 14.5% sand, 1.0% organic carbon, 33.0% silt and 52.5% clay. Values for pH 
and moisture content were 5.1 and 27.8%, respectively.  
 
Chemicals. Analytical grade Belay (Fluka, 99.9% purity), clothianidin-d3 (Fluka, ≥ 
97.0% purity), reagent grade nitroguanidine (Aldrich, containing ≥ 25.0% water) and 
methyl nitroguanidine (Aldrich, containing ≥ 22.0% water) were purchased from Sigma 
Aldrich (St. Louis, MO, USA). The synthetic reagents 2-chlorothiazol-5-yl 
methanaminium chloride (≥95.0% purity) and di-isopropyl ethylamine (≥95.0% purity) 
were purchased from Ark Pharm, Inc. (Libertyville, IL) and Aldrich, respectively. All 
LC/MS grade solvents (methanol, acetone, and water), formic acid (puriss. p.a., ~98%), 
and deionized water (≤4.3μS cm-1) were purchased from Sigma-Aldrich. Synthesis of N- 
(2-chloro-1, 3-thiazole-5-ylmethyl)-N-methylurea (TZMU; ≥ 95.0% purity) was 
described in Mulligan et al. 2015. 6 
 
Synthesis of TZNG. A homogenous solution of 2-chlorothiazol-5-yl methanaminium 
chloride (1.92 g, 10.4 mmol), 100 ml of ethanol and diisopropylethylamine (3.61 ml, 20.7 
mmol) was prepared in a round bottom flask equipped with a stir bar. (E)-methyl N'-
nitrocarbamimidothioate (1.89 g, 10.4 mmol) was added and the solution was stirred at 
22oC for 16 h. Upon completion, 100 mL of water was added to the reaction flask. 
Thiazolylnitroguanidine (N-(2-chlorothiazol-5-ylmethyl)-N’-nitroguanidine (TZNG) was 
extracted from the aqueous suspension with 30 mL of ethyl acetate. The process was 
repeated three times; the combined organic extracts were dried over magnesium sulfate 
and concentrated in vacuo to yield a brown solid (1.01 g, 41.2%). Identity (≥95.0% 
purity) was confirmed via NMR using a Varian 300VX high-resolution magnet (Palo 



Alto, CA): 1H (300 MHz, DMSO-d6), δ8.08 (s, 2H), δ7.6o (s, 1H), δ4.51 (s, 2H) ppm; 13C 
(125 MHz, DMSO-d6) δ158.7, δ150.4, δ140.1, δ36.8 ppm. 
 
Microbial transformation experimental design. Aerobic microcosms were prepared using 
20 g of soil in 50 mL amber glass jars (uncapped) and covered with foil. Soil moisture 
content was adjusted and maintained to 40% moisture-holding capacity. Controls were 
triple autoclaved prior to the addition of Belay (20 μg in 1 mL of water) at the start of the 
experiment. Samples (n=3) and controls (n=2) were placed on a rotary shaker (100 rpm) 
at 25 ± 2oC. Sacrificial microcosms were sampled over a 59-day period (t= 0, 4, 6, 11, 21, 
28, 35, 42, 53 and 59 days).  
 
Anaerobic microcosms were constructed with a 5-cm soil layer (40 g) and a flood depth 
of 4 cm (79 mL) in Nalgene plastic screw-top bottles (125 mL). Controls were prepared 
using sterilized water and soil. Samples (n=4) and controls (n=3) were flushed with N2 
gas, wrapped with Parafilm, placed in a light protected rotary shaker (100 rpm) and 
incubated at 22 ± 2oC or 35 ± 2oC. The relative redox potential of flooded soil (as Ehs) 
and pH values were measured throughout the experiment using a calibrated ORP/pH 
meter (Hanna Instruments; Woonsocket, RI). To ensure anaerobic conditions were 
achieved prior to the addition of clothianidin, soil redox potential was monitored daily in 
triplicate microcosm bottles. At t=0 days, 40 μg of Belay(in 1 mL of water) was added to 
each jar, corresponding to approximately three times the maximum yearly application 
rate (0.2 lb. a.i. acre-1). Sacrificial microcosms were sampled over a 30-day period (t= 0, 
1, 3, 8, 11, 15, 18, 22, 27 and 30 days).  
 
Extraction and analysis.  Soil and water phases of anaerobic microcosms were separated 
by centrifugation (100 x RCF) for 10 min, and supernatant was transferred to a 10-mL 
volumetric flask containing clothianidin-D3 (1 μg in 200 μL methanol). A 1-mL aliquot 
of the mixture was passed through a 13 mm Acrodisc syringe tip filter with a 0.2 μm 
polypropylene hydrophilic filter (PTFE; Pall, Port Washington, NY) and stored in amber 
HPLC vials at 4oC until analysis. Each soil sample (anaerobic and aerobic) was 
suspended in 40 mL of acetone and placed in a sonication bath for 4 h. Soil-acetone 
slurries were separated by centrifugation (100 x RCF) for 10 min. This process was 
repeated four times, combined acetone fractions were transferred to a 50-mL amber 
PTFE screw-top centrifuge tube and acetone was evaporated under N2 gas. Residues were 
reconstituted in 10 mL of methanol with 1 μg of clothianidin-D3, and samples were 
filtered and stored as described above.  
 
Soil and water samples were analyzed using an Agilent 1220 HPLC with an 1220 series 
autosampler coupled to a model 6420 triple quadrupole mass spectrometer (Santa Clara, 
CA) equipped with an atmospheric pressure chemical ionization source (APCI) and 
controlled by Mass Hunter (version B.06.00). An Xterra C18 column (3.5 μm particle 
size, 4.6 x 250 mm i.d.; Waters, Milford, MA) with gradient elution (0.4 mL min-1, 37oC) 
and a 5-μL injection volume was used. The solvent gradient profile was as follows: 
Solvent A, water (0.1% formic acid); solvent B, methanol  (0.1% formic acid); 0 min., 
90% A: 10% B; 0 – 14 min., 2.5% A: 97.5% B; 15.1 min., 90% A, 10% B.  
 



Table 1. Compound names, structures, and MRM parameters for Belay (clothianidin) and 
its degradation products. 

 
 
 
Detection and quantification of Belay and select degradation products were performed in 
positive ion mode, multiple reaction monitoring (MRM) with protonated molecular ions 
(M-H)+ as precursor ions. The retention time, MRM quantification and qualifier 
transitions dwell time, fragmentor voltage, collision energy and collision cell voltages for 
each compound are summarized in Table 1. APCI source parameters were as follows: gas 
temperature, 325oC; APCI heater temperature, 350oC, curtain gas flow, 4 L min-1; 
nebulizer, 20 psi; and capillary voltage, 4500 V. Internal standard calibration curves 
using clothianidin-D3 were constructed for clothianidin, MNG, NG and TZNG-37 were 
linear in the range of 0.007 to 2 ug mL-1 (R2= 0.999, residuals less than 10%).   
 
Data Analysis. Data were log-transformed and rate constants were calculated based on 
pseudo first-order kinetics using Equation 1:  

                                      (1) 



where k is the first-order rate constant, Co is the initial amount of Belay applied (mg 
kgsoil

-1), and Ct is the amount recovered (mg kgsoil
-1) at time t (min). The half-life (DT50) 

was calculated from the absolute value of the first-order rate constant k using Equation 2: 

                                            (2) 
Data were analyzed with JMP software package version 10.0 (SAS Institute Inc., Cary, 
NC). First-order rate constants (k), standard error (SE) and R2 values were obtained from 
a linear regression analysis of the semi-log transformed degradation data. Discrete 
differences between anaerobic temperature treatments, controls and non-sterile controls 
were determined by calculating the p-values associated with one-way analysis of variance 
(ANOVA) and post hoc comparison (Tukey HSD test, α = 0.05). Significance was 
determined at α=0.05 confidence level.  
 

 
Figure 1: Average relative redox potential profiles for flooded soil microcosms at 35oC 
( ) and 25oC ( ) over the course of the experiment. Error bars represent ± SE (n≥ 3).     
 
Results and Discussion 
Redox potential and pH of flooded rice field soil. Redox potential (Ehs) was monitored 
throughout a 14-day incubation period and determined for each sampled flask (Figure 1).  
No significant differences were observed between Ehs values for 25 and 35oC 
temperature treatments.  Average Ehs values of flooded microcosms after a 14 day pre-
incubation period ranged between -169 ± 17 mV and -146 ± 12 mV for 25 and 35oC, 
respectively– values comparable to soil redox potentials observed in flooded rice fields      
(-123 ≤ Ehs ≤ -217 mV).5, 7 The pH of flooded soils was 6.5 for 25 and 35oC microcosms.  



 
Figure 2. Percent recovery of Belay (expressed as percent of Belay applied) for non-
sterilized soil ( ) and autoclaved controls ( ) under aerobic conditions. Data points 
represent mean values. Error bars represent ± SE (controls, n≥ 2; samples, n≥ 3).        
 
Aerobic degradation kinetics. Belay appears to be recalcitrant to microbial degradation 
under aerobic conditions. Percent recovery values in non-sterile samples and sterile 
controls for aerobic microcosms at 25oC are shown in Figure 2. The percent recovery 
from aerobic microcosms remained consistent throughout the experiment; the average 
mass of Belay recovered at t=0 d was 80± 1.5% and 79± 0.5% compared to 74± 1.0% and 
76± 0.6% after 59 d for non-sterile samples and sterile controls, respectively. 
Consequentially, the first-order degradation model does not fit log transformed 
degradation data (R2= 0.0007; Table 2).  
 
Table 2. Comparison of aerobic and anaerobic degradation rates and half-lives.  
 

 
 

a Same letter indicates significant difference (Tukey HSD test, α = 0.05). 
 
 



Anaerobic degradation kinetics. Degradation data for Belay under anaerobic conditions 
were log-transformed and fit to the first-order kinetic model using Equation 1. Plots for 
25 and 35oC treatments were linear with R2 values of 0.862 and 0.925, respectively; 
corresponding degradation rate constants k, standard errors and DT50 values are presented 
in Table 2.  
 
The percent recovery of Belay from sterile controls and non-sterile samples for 25 and 
35oC treatments over time are presented in Figure 3. The mass of Belay recovered was 
significantly higher in controls compared to non-sterile samples (P< 0.05). Overall, 
recoveries for controls remained high throughout the experiment indicating the loss of 
Belay in non-sterile samples can be attributed to degradation. Average recoveries for 
Belay from sterile controls were 84.0± 4 % and 102.0± 12 % of initial mass for 25 and 
35oC, respectively.  

 
Figure 2. Percent recovery of Belay(expressed as percent of Belayapplied) for non-
sterilized soil ( ) and autoclaved controls (  ) under aerobic conditions. Data points 
represent mean values. Error bars represent ± SE (controls, n≥ 2; samples, n≥ 3).        
 
Temperature effects on anaerobic degradation. Microbial degradation of Belay occurred 
rapidly under flooded conditions for both 25 and 35oC treatments. A continuous 
degradation pattern (without a lag period) was observed for both temperature treatments. 
After 30 days of incubation at 25oC less than 46.0± 2% of the initial mass of Belay 
remained compared to 14.9± 4% after 24 days at 35oC. ANOVA demonstrated significant 
differences between degradation rates and half-live values for 25oC (-2.45 x 10-2 ± 1.59 x 
10-3 d-1, DT50 = 28.3 d) and 35oC (-7.16 x 10-2 ± 3.08 x 10-3 d-1, DT50 =9.7 d) treatments 
(P< 0.05). The increased rate of degradation observed in 35oC may be a consequence of 
increased availability of Belay in the soil solution.8 It is generally accepted that only 



unbound residues are accessible to microorganisms; higher temperatures may 
significantly increase the bioavailability of pesticides by promoting the release 
(desorption) of bound pesticides residues into the soil solution.8-13 Mulligan et al. 2014 
addressed equilibrium phase water-soil partitioning, showing that the overall sorption 
capacity for Belay is low and will decrease at elevated temperatures.14  Overall, these 
findings suggest that temperature will be a primary factor controlling the bioavailability 
of Belay in flooded rice fields. It is therefore likely that the elevated temperatures 
experienced in the Sacramento Valley during the summer growing season could allow for 
accelerated anaerobic degradation of Belay in rice fields.  
 

 



 

 



 
 
Figure 3. Percent applied mass recovered (A1 and B1) and pseudo-first order anaerobic 
degradation kinetics (A2 and B2) of Belay for biologically-active soil ( ) and autoclaved 
controls ( ) for 25oC (A1 and A2) and 35oC (B1 and B2) temperature treatments. Data 
points represent mean values ± SE (controls, n≥ 3; samples, n≥ 4). 
 
Transformation products. Analytical standards were selected based on reports generated 
by the registrant which list TZMU, TZNG, methyl-nitroguanidine, and nitroguanidine as 
potential microbial transformation products under aerobic conditions.15-17 However, these 
products were not observed under anaerobic conditions in aquatic environments and no 
anaerobic soil transformation data are available.15-17 Soil extracts and aqueous samples 
(for each time point) from anaerobic microcosms were analyzed using LC-MS/MS. No 
transformation products were detected in aqueous samples or soil extracts (instrumental 
limit of detection ≥ 10 ppb). Although anaerobic microcosm chambers were sealed, the 
experimental setup did not allow for detection of small volatile products. In order to fully 
characterize the anaerobic transformation pathways (including the potential for 
mineralization) further investigation should include techniques for detection and 
quantification of volatile compounds (headspace analysis), and detection of unknown 
transformation products (time of flight TOF).18 
 
Each of the nitrogen containing references compounds listed in Table 1 may serve as an 
alternative electron acceptor under anoxic conditions. For example, methylguanidine, 
nitroguanidine, and TZNG contain a nitramine functional group that is susceptible to 
mineralization under anaerobic conditions.19, 20 It is therefore possible that transformation 
products were not observed because they undergo spontaneous decomposition 
immediately after they were generated.19, 21, 22  



 
 
Conclusions 
Belay underwent rapid microbial transformation in flooded microcosms but appears to be 
recalcitrant under aerobic conditions. This is especially relevant in California as rice 
fields are typically flooded throughout both the winter (to decompose rice straw) and the 
growing season – these prolonged anoxic periods will likely reduce Belay persistence. 
The rate of anaerobic degradation increased at 35oC compared to 25oC, possibly owing to 
increased bioavailability. Overall, these data indicate that the rate of microbial 
transformation in rice fields will be faster after permanent flood is established and air 
temperatures have reached elevated values characteristic of the Sacramento Valley during 
peak growing season.    
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Objective II – Photochemical fate of Imazosulfuron (League® MVP) 
 
Introduction & Background 

Imazosulfuron (IMZ; Fig 1) is a sulfonylurea (SU) herbicide. SUs have broad spectrum 
toxicity to plants at very low environmental concentrations, but are largely nontoxic to 
insects and mammals. This selectivity is conferred by the SU’s site of action, an enzyme 
that is only present in plants, acetolactate synthase. This enzyme is an important first step 
in the synthesis of branched amino acids, crucial components of plant growth. Cell 
division stops almost immediately in SU-affected plants, with additional visual symptoms 
(chlorosis, terminal bud death) presenting 4-10 days after treatment.1 

Movement by SUs offsite to streams and ground water has been observed near 
agricultural areas in the US and Japan.2-5 IMZ will also be mobile in the rice field 
environment, due to its characteristic high water solubility. Aqueous degradation 
processes and cultivar practices (e.g. berm reinforcement and field leveling) will 
influence the degree to which IMZ moves off-site, and therefore its risk to the 



surrounding environment. The degree to which degradation processes cleanse IMZ from 
field water will determine the herbicide load released to the environment.  

IMZ made its commercial debut to California rice in 2013, when Valent U.S.A. Co. 
registered League® MVP. League® MVP offers preemergence and early postemergence 
weed control of many sedges, grasses and broadleaf weeds in flooded fields. The 
formulation contains two active, ingredients, thiobencarb (10%) and IMZ (0.43%), which 
target different plant metabolic pathways.  

Thiobencarb (or benthiocarb, the active ingredient in Abolish® and Bolero®) is a valuable 
tool for California rice growers, due to its effective control of difficult weeds. 
Thiobencarb’s only registered use in California is for rice. It is moderately toxic to fish 
and acutely toxic to aquatic invertebrates; it also has a noxious odor and flavor (a 
secondary maximum contaminant level for taste and smell).6 Regulation on the use of 
thiobencarb mandates that field water must be held for at least 19 d, or 30 d in the case of 
League® MVP.  

 

 
Figure 1. Structure of IMZ, one of the active ingredients in League® MVP. 

 
Previous work by our lab and others has shown IMZ degrades rapidly in sunlight. Work 
in 2014 investigated the influence of environmental factors (e.g. water turbidity and 
temperature) on the photodegradation rate of IMZ. Due to the importance of photolysis in 
IMZ’s fate, the work undertaken in 2015 aimed to more deeply explore the photolysis 
contribution to field dissipation. The goal of the present year was twofold:  
A) Extrapolate the laboratory-generated photolysis rate to California rice field conditions 
by determining a quantum yield; 
B) Investigate the relative contribution of indirect photolysis to the overall photolytic rate 
by examining specific photooxidants’ reactivity with IMZ relative to direct photolysis. 
 
Direct photolysis occurs when a chemical absorbs a photon which promotes it to a high 
energy ‘excited’ state. The chemical then releases this energy by breaking one or more of 
its bonds. Not all chemicals are capable of absorbing photons from the sun, as this ability 
depends on the chemical’s structure. Additionally, not all photons absorbed by a chemical 
will result in a reaction, as instead this energy is released by vibration or other molecular 
movement. The quantum yield (ϕ) describes the efficiency of this process as described by 
the equation: . 



 
Indirect photolysis occurs when a secondary species in solution is activated by the 
absorption of a photon and then sheds its excess energy by reaction with the chemical of 
interest. There are many species in natural waters that act as sources or influence the 
overall identity and concentration of the intermediary reactive species present, including 
but not limited to: reduction potential, pH and the levels of nitrate/nitrite, 
carbonate/bicarbonate, Fe (II)/(III) complexes and dissolved organic matter. If indirect 
photolysis is an important contributor to the overall photolytic rate, field management 
decisions that change the levels of reactive species (e.g. fertilizer application to alter 
nitrate/nitrite levels), may also change the rate of photodegradation in a field. 
 
Unlike direct photolysis, any chemical can undergo indirect photodegradation given the 
appropriate circumstances. However, chemicals are not equally susceptible to reaction 
with all of the different reactive species (or photooxidants) produced. Additionally, 
chemicals that undergo direct photolysis (like IMZ) may do so with such efficiency that 
indirect reactions are insignificant to the overall rate.  
 
In 2015, we investigated the reactivity of a selected group of important photooxidants 
with IMZ by either promoting or inhibiting their production in solution. A marked 
increase or decrease in rate, depending on the solution, will indicate if this species may 
be important to overall photodegradation of the herbicide.  
 
Materials and Methods 
Chemicals. IMZ analytical standard (1-(2-chloroimidazo[1,2-a]pyridin-3-ylsulfonyl)-3-
(4,6-dimethoxypyrimidin-2-yl) urea) was purchased from Santa Cruz Biotechnologies, 
Inc. (Santa Cruz, CA). ADPM (2-amino-4,6-dimethoxypyrimidine), IPSN (2-
chloroimidazo [1,2-α] pyridine-3-sulfonamide) and UDPM (2-ureido-2,6-
dimethoxypyrimidine) were synthesized, purified and characterized  by our collaborator, 
Dr. David Ball (Chico State University, Chico, CA). 
 
Photolysis Experiments ‒ Environmental Photolytic Rate. Borosillicate vials (60 mL) 
were filled with sterilized field water and dosed with IMZ at field relevant concentration 
(250 µgL-1). A p-nitroacetophenone/pyridine chemical actinometer was used to account 
for variation in the light sources. Samples (n=5) were exposed to light in the laboratory 
photochamber; dark controls (n=3, foil-wrapped) were incubated alongside. 
 
Photolysis Experiments ‒ Reactivity with Important Photooxidants. IMZ was incubated 
under simulated sunlight in solutions of pure lab water, synthetic field water and 
collected field water (diluted to 5 mg C L-1) to investigate the importance of particular 
photooxidants to IMZ’s photoreactivity according to Table 1. Samples were prepared as 
described above and included dark controls and an actinometer.  
 
 
 
 



Table 1. A summary of the main photooxidant species increased or decreased in solution 
as a result of the treatments. Treatments were applied to pure lab water, two synthetic 
field waters and collected field water (field waters 5 mg C L-1 each). 
Treatment Photooxidant of interest Photooxidant 

concentration increased 
or decreased? 

Anoxic (sparge w/argon 
gas) 

triplet excited-state species increase 

0.1% isoprene triplet excited-state species decrease 
40 µM Rose Bengal singlet oxygen (1O2) increase 
Sodium molybdate & H2O2 singlet oxygen (1O2) increase 
25 mM isopropanol hydroxyl radical (•OH) decrease 
0.04 M NaHCO3 & H2O2 carbonate radical (•CO3

-) increase 
 
 
Results 
Environmental Photolytic Rate Estimate. The quantum yield (ϕ) was calculated using the 
following equation: 
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where Lλ is the irradiance in the photochamber, ϕIMZ and ϕPNAP are the quantum yields (a 
measure of the efficiency of direct photochemical reaction),  εIMZ and εPNAP are the molar 
absorptivities (a concentration-normalized measure of a chemical’s ability to absorb 
photons; M-1 cm-1) and kIMZ and kPNAP are the rate constants (h-1) of IMZ and the 
actinometer, respectively.26 The quantum yield calculations were averaged over 290-350 
nm, the range of wavelengths where IMZ absorption and irradiance from the sun overlap 
(Fig. 2). IMZ absorbs light in the solar spectrum and undergoes direct photolysis, with a 
ϕIMZ = 2.9 x 10-3, meaning ~0.3% of the photons absorbed by IMZ result in degradation 
via direct photolysis.  
 



 

Figure 2. Absorption spectrum of IMZ in water (20 mg L-1) and photon flux in the 
photochamber and in Davis, CA during the summer solstice. 
 
The experimentally determined polychromatic quantum yield (ϕIMZ) can be used in 
combination with the solar irradiance experienced by a rice field (Lenviro,λ) to calculate the 
estimated environmental half-life using the equation 

,e IMZ IMZ envirok L λ
λ

ε= Φ ∑        (2) 

where ke is the estimated environmental rate constant (h-1) and   is the molar 
absorptivity of IMZ (M-1 cm-1). The polychromatic quantum yield of IMZ and the solar 
irradiance experienced by a California rice field were used to calculate the estimated 
environmental photolysis rate (ke,IMZ = 0.325 d-1) and corresponding half-life (3.6 days), 
assuming summer solstice irradiance and 14 h sunlight per day. An experiment under 
sunlight is planned for late April (when IMZ is applied to rice), to validate this estimate. 
  
Reactivity with Important Photooxidants. This work is ongoing, but a summary of results 
to date is provided in Table 2. Most of the photooxidants tested do not appear to be 
important to IMZ photodegradation relative to the direct pathway.  
 
 
 
 
 
 
 



Table 2. Summary of the influence of treatments on IMZ photolytic rates in pure lab 
water, two synthetic field waters and a collected field water (field waters 5 mg C L-1 
each).  
Treatment Photooxidant of interest Photooxidant 

concentration 
increased or 
decreased? 

Reaction rate 
increased, 
decreased, or 
unchanged? 

Anoxic (sparge w/argon 
gas) 

triplet excited-state 
species 

increase increased 

0.1% isoprene triplet excited-state 
species 

decrease TBD* 

40 µM Rose Bengal singlet oxygen (1O2) increase unchanged 
Sodium molybdate & 
H2O2 

singlet oxygen (1O2) increase TBD* 

25 mM isopropanol hydroxyl radical (•OH) decrease unchanged 
0.04 M NaHCO3 & H2O2 carbonate radical (•CO3

-) increase TBD* 
*TBD- to be determined 
 
The addition of Rose Bengal (a dye that produces singlet oxygen upon exposure to light) 
did not influence reaction rates, indicating IMZ is not highly susceptible to this 
photooxidant. An additional experiment is planned to verify these findings, using sodium 
molybdate and hydrogen peroxide to produce singlet oxygen in the dark.  
 
Dosing the solutions with the selective hydroxyl radical quencher isopropanol also did 
not influence the photolytic rate. Hydroxyl radical is also not predicted to play an 
important role in the overall photodegradation of IMZ. 
 
Removing the triplet excited-state quencher oxygen (O2) increased reaction rates relative 
to oxygenated controls in all the solutions tested, suggesting that triplet excited-state 
species are important to IMZ photolysis. IMZ photolytic rates were faster in pure lab 
water (containing no dissolved organic matter) than the synthetic field waters or collected 
field water. This suggests that the rate increase when oxygen is removed is not due to the 
increased presence of excited-state dissolved organic matter, but instead to a higher level 
of excited-state IMZ. It also provides evidence that IMZ direct photolysis proceeds 
through a triplet-excited state pathway. A quenching experiment, using the selective 
triplet quencher isoprene, will validate these results.  
 
No data is available yet on the importance of the carbonate radical on the overall 
degradation rate.  
 
Conclusions 
Based on the predicted photochemical half-life of IMZ in a California rice field (3.6 d), 
state-mandated holding periods for field water post-League® MVP application (30 d) are 
expected to allow for sufficient clearance of dissolved residues of IMZ (>98%).  
 



Residues in soil are likely more long-lived, as evidenced by several studies and the 
significant crop rotation periods needed post-IMZ application. IMZ soil degradation 
appears to be accelerated under anaerobic conditions, so permanent flooding may help 
remove these residues from soil. Future work will investigate IMZ degradation in soil, 
focusing in particular on the influence of thiobencarb on IMZ degradation (and vice 
versa).  
 
Indirect photolysis will likely not contribute significantly to overall IMZ photolysis, due 
in large part to the efficiency of the direct photolysis pathway. Growers can expect IMZ 
photodegradation rates to be slower in turbid, cloudy water, where competition for 
photons is greater and solutes may quench triplet excited-state IMZ.  
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Objective III. Hydrolysis of Benzobicyclon (Butte) 
 
Introduction 
Herbicide resistance has been increasing in California rice fields, with several weed 
species already resistant to one or more classes of current rice herbicides (Fischer, 2012). 
Use of pesticides with alternative modes of action, such as Butte (active ingredient 
benzobicyclon), could help combat herbicide resistant California rice weeds. 
Benzobicyclon (BZB), a pro-herbicide, reacts with water to form the active herbicide, 
benzobicyclon hydrolysate (BH). BH inhibits the enzyme hydroxyphenylpyruvate 
dioxygenase (4-HPPD) in weeds, leading to destruction of chlorophyll, bleaching, and 
death (Koyanagi and Nakahara, 2009). Currently undergoing registration through the 



California Environmental Protection Agency (CalEPA), Butte would be the first 4-
HPPD-inhibitor and pro-herbicide approved for use on California rice fields.  
 
Though volatilization is not significant for Butte (4.06E-3 Pa*m3mol-1 calculated Henry’s 
law coefficient), hydrolysis is expected to be a major dissipation pathway, especially as 
hydrolysis activates BZB to form BH. Therefore, BZB hydrolysis was investigated in 
water varying in pH (4, 7 and 9), temperature (15, 25 and 35oC), and dissolved organic 
matter (DOM) content. The potential for BH to hydrolyze was also assessed. To date, 
nothing concerning the hydrolysis of either compound has been published in the 
literature.  
 
Materials and Methods 
Hydrolysis. HPLC water pH was adjusted to 4, 7 or 9 (± 0.03) (OECD, 2004). Field 
water, collected from a Davis rice field, was kept at ambient pH (8.2) and DOM content 
(33.4 mg/L). Solutions were sterilized and kept in the dark to avoid loss via microbial 
degradation and photolysis, respectively. BZB was added to each solution and incubated 
at 15, 25 or 35oC in a water bath. Samples were removed over time to be analyzed via 
LC-MS/MS. BH hydrolytic potential was assessed by incubating solutions spiked with 
BH at 50oC for 0 hours and 120 hours and comparing concentrations. A loss of less than 
10% suggests stability while more than 10% loss indicates potential lability.  
 
Calculations. The rate of hydrolysis can be calculated as: 
 
ln [Ct] = (-kHt) + ln [C0] 
 
where Ct is the concentration after time t, kH is the hydrolysis rate constant, t is time, and 
C0 is the initial concentration. Using kH, the hydrolysis half-life is calculated as: 
 

 

t1/ 2 =
ln(2)
kH  

 
where t1/2 is the half-life (in hours). 
 
Results and Discussion 
Activation of BZB to BH through hydrolysis was observed for all treatments. Complete 
BZB dissipation (or > 98% loss) due to hydrolysis is expected to occur in the field 
between 2 and 9 days (35oC and 15oC, respectively; Table 1) under flooded conditions.  
 
Hydrolysis rate constants and half-lives for BZB were found to differ significantly with 
respect to pH, temperature, and DOM content (Table 1). Basic conditions yielded smaller 
half-lives compared to acidic and neutral conditions for all temperatures, indicating BZB 
activation is primarily base-catalyzed. Therefore, as solution pH increases so will the rate 
of hydrolysis. Temperature was found to have a similar effect on BZB hydrolysis as pH, 
where an increase in temperature substantially increased the rate of BH formation. For 
example, the half-life of BZB in field water ranged from 7 hours to 34 hours, depending 
on temperature (35oC and 15oC, respectively). 



 
Table 1. BZB hydrolysis rate constants (kH) and half-lives (t1/2) and loss of BH in 
aqueous solution after 120 hours (expressed as percent loss). 
 

 
 
 
Field water half-lives were expected to match those for the pH 9 treatment as the pH of 
field water used (8.2) was closest to the pH 9 treatment, however field water half-lives 
were closer to those for the pH 7 treatment. As the only significant difference between 
solutions was presence of DOM, the adverse effect on BZB hydrolysis was attributed to 
DOM, though the reaction still occurred and complete hydrolysis was observed. 
 
BH hydrolysis experiments indicated BH is relatively stable to hydrolysis in field water 
and under acidic conditions, which suggests hydrolysis will not be a major dissipation 
pathway for BH. Future work will focus on BH sorption and degradation in rice field soil.  
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Objective IV – Coragen (Chlorantraniliprole) 
 
Introduction 
Chlorantraniliprole (Figure 1), the active ingredient of Coragen, belongs to an emerging 
class of pesticides known as the anthranilic diamides that have potent activity against rice 
water weevil larvae which can be responsible for annual yield losses between 10-25%1. 
The anthranilic diamides are potent activators of insect ryanodine receptors that regulate 



the release of calcium stores within muscles. Through activating this receptor calcium 
release becomes unregulated which results in feeding cessation, lethargy, paralysis, and 
death2. Due to this specificity, chlorantraniliprole has lower toxicity than other 
conventional pesticides towards non-target species including mammalian & avian 
species3, honey bees4 and crayfish5; however, chlorantraniliprole exhibits high toxicity 
toward some aquatic invertebrate species3. Coragen was registered by the US EPA for 
agricultural use in 2008, and registration by Cal EPA for use on rice in California was 
proposed in 2014. While Coragen is not registered for use on rice in California, 
approximately 89,000 pounds of the active ingredient chlorantraniliprole were applied to 
California fields in 2013 to protect a variety of tree fruits, ornamentals, grapes, and other 
field crops6. 

 
Figure 1: Chlorantraniliprole, the active ingredient of the insecticide Coragen. 

 
Chlorantraniliprole is a neutral species at environmentally relevant pH (pka = 10.88) with 
low water solubility (1.023 mg/L @ 20˚C), low vapor pressure (6.3x10-12 Pa @ 20˚C), 
and a moderate octanol-water partitioning coefficient (log Kow = 2.77 @ 20˚C). Based on 
these properties reported by the registrant, chlorantraniliprole has the potential to be 
persistent and mobile within both terrestrial and aquatic environments3. 
 
Method Development 
Liquid chromatography tandem mass spectrometry (LC-MS/MS) was selected for the 
detection and quantification of chlorantraniliprole. A LC-MS/MS method was developed 
using an isocratic mobile phase of 0.1% aqueous formic acid and methanol (15:85) and 
atmospheric pressure chemical ionization capable of detecting chlorantraniliprole at and 
below field relevant concentrations.  
 
Air-Water & Air-Soil Partitioning Estimation 
 The air-water partitioning of chlorantraniliprole was estimated through calculation 
of its Henry’s Law constant (KH). Henry’s Law constants at environmentally relevant 
temperatures were calculated using vapor pressure and water solubility values determined 
by methods developed by Sepassi et al7 & Lee et al8. The calculated values for KH ranged 
from 7.15 x 10-13 L∙atm/mol at 15˚C to 1.11 x 10-11 L∙atm/mol at 35˚C; indicating that 
volatilization from water will not be a significant dissipation route of chlorantraniliprole 
from rice fields. Also, the air-soil partitioning coefficient (Kasoil) of chlorantraniliprole 
was calculated via methods from Environmental Organic Chemistry by Schwarzenbach 
et al9. The calculated value of Kasoil in a model soil system was 1.18 x 10-14 L/kg at 25˚C; 



indicating that volatilization from soil will not be a significant dissipation route for 
chlorantraniliprole from rice fields. 
  
Conclusion 
Due to its low vapor pressure and preliminary estimations of air-water & air-soil 
partitioning coefficients, volatilization is not expected to play a part in dissipation from 
application sites. Further research should be conducted to study the environmental fate of 
chlorantraniliprole under simulated California rice field conditions under three 
categories: 1) soil adsorption and desorption, 2) photolysis on soil surfaces under dry and 
flooded conditions, and 3) aerobic and anaerobic soil microbial degradation. 
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SUMMARY OF 2015 RESEARCH (MAJOR ACCOMPLISHMENTS) BY 
OBJECTIVE: 
 
CONCISE GENERAL SUMMARY OF CURRENT YEAR’S RESULTS: 
 
1. The overall goal of our ongoing research program is to characterize the dissipation of 

pesticides under California rice field conditions. There are generally four processes 
that can contribute to such dissipation that are investigated: volatilization to air, 
sorption (bonding) to soils, and degradation by either sunlight or soil microbes.  
 

2. For the insecticide Belay, soil degradation will be most efficient under anaerobic, 
flooded conditions. However, as previously reported rapid photolytic degradation in 
field water under simulated summertime conditions was also observed. Thus both 
photodegradation and anaerobic microbial degradation are expected to control the 
dissipation of Belay when applied to a flooded field.   

 
3. For the herbicide League MVP, photolysis should clear dissolved IMZ residues 

(>98%) well within the 30 d water holding period. Degradation via indirect photolytic 
processes is expected to be negligible relative to direct photolysis, which is the 
operative process.  

 
4. For the herbicide Butte, results indicate that hydrolytic transformation to the active 

herbicide (BZH) will be extremely rapid in flooded rice fields, and it is influenced by 
both temperature and pH. 

 
5. For the insecticide Coragen, volatilization is not predicted to be a significant 

contributor to field dissipation, even under conditions of higher temperatures 
common during the summer in the Sacramento Valley. 


