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Abstract 

Aquatic herbicides are a class of organic compounds that are used in surface water bodies to 

manage the persistence of invasive and nuisance aquatic plants. Understanding their 

degradation and transformation pathways are critical for managing herbicide effectiveness and 

target species resistance. This study examines the fate and transport of two aquatic herbicides, 

fluridone and florpyrauxifen-benzyl (FPB). A field campaign was conducted during the 

summer of 2022 to collect concentrations of the herbicides and their degradation products over 

time in three study lakes in Wisconsin. These field studies were followed by supplemental 

laboratory experiments to further analyze the dominant environmental transformation 

pathways for each herbicide. Photolysis, sorption, biodegradation, and hydrolysis can all be 

quantified separately under isolated conditions in the lab. Combined, the conclusions from 

these experiments along with mass balance modeling can illustrate which processes dictate the 

persistence of the herbicides in aquatic environments. Hydrolysis experiments show that FPB 

is transformed into its primary degradation product, florpyrauxifen, through base-promoted 

hydrolysis. Florpyrauxifen is then degraded microbially as determined by microcosm batch 

reactors. Photolysis experiments show that FPB, florpyrauxifen, and fluridone all undergo 

direct photodegradation and that indirect photodegradation is negligible. Fluridone differs 

from FPB in that it is very resistant to both abiotic and biotic processes, which is reflected by 

its longer half-life observed in lakes. Overall, a deeper understanding of aquatic herbicide 

behavior will allow resource managers to develop better application strategies, as well as have 

broader implications for further understanding processes that impact organic compounds in 

freshwater systems. 
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Chapter 1. Introduction 

 Invasive aquatic plant species are ubiquitous throughout the state of Wisconsin and 

their presence has led to an increasing need for control. Invasive plants are particularly 

destructive to native plant communities,1,2 threaten the integrity of aquatic ecosystems,3 and 

impede recreational use of water bodies.4 These invasive plants are also notorious in an 

economic sense in addition to their negative ecological effects.5-7 Spending on aquatic plant 

management in Wisconsin alone totals approximately $9.3 million a year,8 and lakefront 

property values on invaded lakes have lowered by 13-19%.9 Groups involved in the 

management of invasive and nuisance aquatic plants range from homeowners to local and state 

governments, indicating a widespread need for the development and optimization of strategic 

invasive aquatic plant control.9 

 Of particular prevalence in Wisconsin is the invasive Eurasian watermilfoil 

(Myriophyllum spicatum, EWM) as well as its hybridization with native watermilfoil, or 

hybrid watermilfoil (Myriophyllum spicatum × Myriophyllum sibiricum, HWM). EWM has 

been found in 911 lakes and rivers throughout Wisconsin,10 while HWM populations have 

been confirmed in ~170 lakes in Wisconsin.11,12 EWM and HWM are known to cause 

recreational nuisances and significantly decrease native biodiversity.8,13 While there are other 

methods for controlling invasive and nuisance aquatic plants such as physical control (e.g., 

mechanical harvesting), and biological control (e.g.., weevil release), chemical control is often 

preferred due to its selectivity and greater efficacy with long-term control.13-15 
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 Herbicide application is conducted with either whole-lake or spot treatments in order 

to reach a specific concentration and exposure time (CET) throughout the water body in its 

entirety or in the area of interest.16,17 However, an understanding of herbicide degradation in 

the aquatic environment is critical to discern if the exposure time is sufficient for invasive 

species eradication or if the treatment will fail, necessitating extra costly treatments. 

Additionally, increased herbicide application can cause further harm to native vegetation along 

with target species resistance. For example, there have been observations of EWM and HWM 

genotypes developing reduced susceptibility to aquatic herbicides.18,19 To best combat this 

issue, application managers will alternate between multiple aquatic herbicides with different 

modes of action. Therefore, application managers as well as agrochemical companies have 

great interest in developing herbicides with new modes of action and understanding which 

environmental characteristics control their degradation. The extent of this thesis involves the 

study of two commonly used aquatic herbicides: florpyrauxifen-benzyl (FPB) and fluridone. 

 Florpyrauxifen-benzyl usage and transformation processes. FPB (trade name: 

ProcellaCOR) is an emerging aquatic herbicide that is effective at targeting EWM and HWM.17 

It operates as a synthetic auxin (i.e., a growth hormone) which causes excessive plant growth 

that cannot be supported and leads to frail plant tissue. FPB has established CET requirements 

ranging from 12-24 hours, indicating it reacts with the target species relatively quickly.20 This, 

in addition to its strong ability to combat EWM and HWM, makes it a more efficient and 

favorable herbicide compared to previously established auxin-mimic herbicides such as 2,4-
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dichlorophenoxyacetic acid (2,4-D), which has shown to have unreliable efficacy towards 

HWM15,17,20 and requires a longer CET of 24-72 hours at higher concentrations.21,22 

 Recent data collected from lakes in Wisconsin treated with FPB have shown dramatic 

differences in EWM and HWM control, with southern lakes experiencing significantly less 

control. This observation could be due to aquatic environmental chemical differences such as 

higher pH and proximity to more urban areas. At a neutral pH, the half-life of FPB due to 

strictly hydrolysis has been reported to be 111 days,23 but this half-life decreases at a pH above 

9.24 In surface waters, FPB can degrade by aqueous photolysis, with reported half-lives of 0.07-

2 days.23,25 Photolysis can be either a direct or indirect process depending on the quantity and 

quality of dissolved organic matter (DOM) in the lake environment. During indirect 

photolysis, sunlight reacts with DOM to produce reactive intermediates (PPRI), such as 

hydroxyl radical (•OH), singlet oxygen (1O2), and triplet state DOM (3DOM), that could 

potentially break down FPB.26 Another factor contributing to the relatively short half-life of 

FPB is that it is a highly sorptive substance, with its organic soil adsorption coefficient (Koc) 

ranging from around 22,000 ± 44,000 L kg-1.23 

The major degradation product of FPB is florpyrauxifen, which is commonly referred 

to as the acid form of FPB.23 Florpyrauxifen is considerably more persistent than FPB itself; 

FPB has a half-life of around 4-8.4 days in aerobic environments and 2-2.7 days under 

anaerobic conditions,23,27 while florpyrauxifen has a half-life ranging from 6.3-21 days.17,20,23 

Florpyrauxifen is herbicidal to a lesser extent than FPB, however its persistence may have 

unintended consequences for non-target species in lakes.28,29 Not only is florpyrauxifen more 
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persistent, but the majority of FPB will transform into this degradation product. One study 

found that under experimental conditions, 44-59% of FPB applied to water samples converted 

to its acid form only one day after treatment (DAT), and nearly all the herbicide converted to 

florpyrauxifen 7-14 DAT.24,29 Virtually no additional information is available on the fate and 

transport of florpyrauxifen, despite its expected formation following FPB application to 

surface waters and observed ability to act as a less effective herbicide. 

FPB is known to have several other potential degradation products that could form in 

aquatic environments.28,30,31 In addition to florpyrauxifen, dechloro-FPB and dechloro-

florpyrauxifen are expected to form mainly through photodegradation, while hydroxy-FPB and 

hydroxy-florpyrauxifen are expected to be produced predominantly through biodegradation 

(Figure 1.1).25,30 Identifying specific degradation products in the field can provide insight into 

which transformation pathways are degrading FPB in the water. Given that FPB is a very 

attractive aquatic herbicide in terms of effectiveness for combatting EWM/HWM and shorter 

required exposure for the majority of aquatic environments, knowledge on the fate and 

transport of the parent compound in addition to the potential degradation products is critical 

for optimizing its use. 



5 
 
 

 

Figure 1.1. Chemical structures of (a) FPB and its five potential degradation products: (b) 
florpyrauxifen, (c) dechloro-FPB, (d) dechloro-florpyrauxifen, (e) hydroxy-FPB, and (f) 
hydroxy-florpyrauxifen. 

 Fluridone usage and transformation processes. Fluridone is an aquatic herbicide that 

is known to control invasive hydrilla (Hydrilla verticillate), but is also effective at treating 

EWM and HWM (Figure 1.2a).32,33 Fluridone acts as a photobleaching agent by inhibiting the 

production of pigments that protect chlorophyll from breaking down in the sun, thus preventing 

the plant’s ability to photosynthesize.34,35 For this reason, fluridone is only effective while the 

plants are actively growing.32 Fluridone is applied at relatively low concentrations (6-36 nM), 

but requires a significantly long CET (over 100 days) as the plants will easily be able to resume 
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growth if fluridone is removed from the water.36 As a result, fluridone treatments often require 

multiple applications in order to maintain an effective concentration.9,37 

 The reported half-life of fluridone in aquatic environments ranges from 4 to 97 days 

depending on various water conditions.32 Photolysis is proposed as a major degradation 

pathway of fluridone, with half-lives of 28 hours and 12 days in ultrapure water and lake water, 

respectively.38-40 Microbial degradation is relatively slow with half-lives reported from 44 days 

to 192 days.41,42 However, it is still an important transformation pathway of fluridone, with 3-

trifluoromethyl benzoic acid being a biodegradation product detected in the field (Figure 

1.2b).32 Fluridone is also able to adsorb to sediments with Koc values ranging from 270 to 6400 

L kg-1.43-45 Because of this, fluridone has been detected in sediments for up to a year post-

treatment, indicating its affinity to sediments is an important factor in fluridone persistence.46,47 

 

Figure 1.2. Chemical structures of (a) fluridone and a biodegradation product (b) 3-
trifluoromethyl benzoic acid. 

 Research needs. While there are many laboratory studies conducted on aquatic 

herbicides and their behavior under various conditions, little research has been conducted that 

directly connect these laboratory studies to herbicide behavior in the field. Environmental half-
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lives are predicted based off these experiments. However, due to the isolated nature of 

laboratory experiments, these assessments often fall short of accurately predicting the fate of 

these aquatic herbicides. There are several processes in the natural environment such as 

sediment/suspended solids interaction, advective transport, sunlight, and chemical conditions 

that are difficult to replicate in a controlled experiment. There is also a lack of comprehensive 

environmental fate studies with organic compounds due to the technical and logistical 

challenges involved with conducting field investigations and tracking the compound from its 

initial introduction into the aquatic system of study. Aquatic herbicides represent a unique 

opportunity to study organic chemical fate under field conditions because herbicides are 

intentionally added at known times and locations, typically at concentrations that are readily 

detectable. 

Not only is there a need for research that investigates the link between laboratory tests 

and environmental fate, but there are also critical knowledge gaps with FPB and fluridone 

specifically. Fluridone is expected to be mainly influenced by photodegradation, but there are 

no studies on the specific interaction of fluridone with PPRIs in lake water to determine if its 

susceptible to indirect photodegradation. Furthermore, little is known about the transformation 

of FPB to florpyrauxifen despite the persistence of this degradation product in lake waters long 

after application. 

In Chapter 2, we investigate the fate of FPB and its known transformation products in 

water, sediment, and plants in five lakes throughout Wisconsin. We also conduct parallel 

laboratory experiments to quantify rates and mechanisms of hydrolysis, sorption, 
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biodegradation, and photodegradation. Two different material balance approaches are used to 

quantify the relative importance of each pathway under field conditions.  

In Chapter 3, we study the susceptibility of fluridone to direct and indirect 

photodegradation, sorption, and biodegradation in water only or water-sediment suspensions 

through tandem laboratory experiments. We also elucidate degradation product formation by 

isolating each transformation pathway. These results are compared to fluridone behavior 

quantified during a field treatment in Wisconsin as well as existing literature related to 

fluridone fate in lakes. 

This research is unique in the sense that the field studies were conducted in conjunction 

with application managers and consultants to capture a holistic picture of aquatic herbicide 

degradation from beginning to end. The behavior of the herbicides in the field and the 

transformation products that formed were then compared to laboratory experiments that further 

substantiated the major degradation pathways of the herbicide. This allows resource managers 

to further discern how quickly the herbicide will degrade and to what extent the chemical will 

persist in various environments, as well as provide a fundamental understanding for linking 

the behavior of organic compounds in laboratory studies to their fate in freshwater 

environments. 
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Chapter 2. Quantifying the role of simultaneous transformation pathways 

in the fate of the novel aquatic herbicide florpyrauxifen-benzyl 
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Abstract 

Predicting the fate of organic compounds in the environment is difficult due to the inability of 

laboratory studies to replicate field conditions. We used the aquatic herbicide florpyrauxifen-

benzyl (FPB) as a tool to investigate the contribution of multiple transformation pathways to 

FPB fate in lakes for the first time. FPB persisted in five Wisconsin lakes for 5-7 days with an 

in-lake half-life less than 2 days. FPB formed four transformation products over the same 

timescale, with the bioactive product florpyrauxifen persisting up to 30 days post-treatment. 

Parallel laboratory experiments showed FPB is degraded to florpyrauxifen via base-promoted 

hydrolysis. Hydroxy-FPB and hydroxy-florpyrauxifen were determined to be biodegradation 

products, while dechloro-FPB was identified as a photoproduct. Material balance calculations 

using both laboratory rates and field product concentrations demonstrate that hydrolysis, 

biodegradation, sorption, and photodegradation occur on similar timescales. Furthermore, the 

combined results demonstrate that abiotic and plant-catalyzed hydrolysis of FPB to 

florpyrauxifen, followed by biodegradation of florpyrauxifen to hydroxy-florpyrauxifen, is the 

dominant transformation pathway in lakes. This study demonstrates how combined field and 

laboratory studies can be used to elucidate the role of simultaneous and interacting pathways 

in the fate of organic compounds in aquatic environments. 
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Introduction 

Organic contaminant accumulation in aquatic environments poses a risk to 

environmental health and ecosystem services.1,2 The mixture of organic chemicals found in 

freshwaters includes intentionally released compounds (e.g., pesticides), unintentionally 

released compounds (e.g., pharmaceuticals in wastewater effluent), and biotic and abiotic 

transformation products of these compounds. Additionally, transformation products may retain 

or increase persistence or toxicity once in the ecosystem such that transformation of the parent 

compound does not always lead to a reduction of environmental impacts.3–6 

Laboratory studies used to investigate transformation of pesticides and other polar 

organic compounds for regulatory risk assessment often fall short of accurately replicating 

environmental conditions.7–11 For example, photodegradation studies do not require modeling 

for all compounds under in situ conditions or quantification of indirect photodegradation rates, 

which can be an important transformation pathway.12–14 Similarly, biodegradation experiments 

oversimplify sediment-water dynamics and do not replicate ambient nutrients, oxygen, and 

light that microbial populations experience in aquatic environments.15–20 In addition, 

regulatory studies typically do not consider transformation products, which may retain 

bioactivity.3–6 Thus, the emphasis of regulatory studies on active ingredients under highly 

idealized conditions may inadequately describe the complete fate of applied pesticide solutions 

at an ecosystem scale. 

Florpyrauxifen-benzyl (FPB) is an auxin mimic herbicide registered in 2017 for use in 

aquatic environments.21 Commonly used to combat hydrilla, Eurasian watermilfoil, and other 
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broadleaf plants, FPB was developed to address increasing tolerance to other herbicides,22 such 

as 2,4-dichlorophenoxyacetic acid (2,4-D), an auxin mimic targeting different binding sites 

than FPB,23–26 and fluridone, a photobleaching agent.27–29 FPB is an active ingredient in at least 

seven commercial formulations which contain 1.3 – 26.2% FPB.30–36 

FPB is understudied in laboratory and field settings with most existing information in 

US Environmental Protection Agency registration reports, product labels, and safety data 

sheets. Laboratory data suggest transformation of FPB via multiple pathways, including 

photodegradation, biodegradation, and hydrolysis.21-22,37,38 However, it is unknown which 

mechanisms are dominant as these isolated laboratory experiments are not directly applicable 

to aquatic environments where FPB may undergo multiple transformation processes 

simultaneously. Five degradation products of FPB have been identified in laboratory studies: 

florpyrauxifen, hydroxy-FPB, hydroxy-florpyrauxifen, dechloro-FPB, and dechloro-

florpyrauxifen (Table A.1).21,39,40 It is possible that different transformation pathways form 

unique products, which would allow for determination of primary transformation mechanisms 

based on product formation; however, this hypothesis has not been evaluated for FPB. Finally, 

the lack of field data quantifying transformation of FPB confounds decision-making by 

resource managers.41 Field studies need to be conducted in tandem with laboratory studies to 

understand how each pathway contributes to the fate of FPB under environmental conditions 

and to identify transformation products of concern.  

The goal of this study is to use the aquatic herbicide FPB as a tool to study competing 

pesticide transformation mechanisms in aquatic environments through combined laboratory 

and field studies. Intentional FPB application allows for controlled tracking of its fate in study 
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lakes, providing a holistic view of its behavior under environmental conditions. Parallel 

laboratory studies allow for the isolation of transformation pathways to determine individual 

transformation rates and product formation mechanisms. The synthesis of both laboratory and 

field measurements was used to determine the contribution of multiple simultaneous 

transformation and loss pathways to FPB fate in lakes for the first time. This study provides 

insight to the complete transformation of end-use FPB formulations from the active ingredient 

to its transformation products, along with an understanding for how this methodology can be 

applied to predict the behavior of other organic compounds in aquatic environments. 

Materials and Methods 

Chemicals. Chemicals were used as received and are described in Section A.1. All in-

lake FPB treatments used ProcellaCOR EC, which consists of 2.7% FPB and 97.3% inactive 

ingredients (2.1% ethylhexanol, 0.9% methanol, 94.3% unknown).34,37 

FPB sample preservation and processing. Water samples for FPB analysis were 

preserved with methanol (50:50 methanol:water ratio) and 0.1% formic acid prior to syringe 

filtering through a 0.22 m PES filter. A 13C-labeled FPB internal standard was added at 2.2 

nM (field campaign) or 11 nM (hydrolysis, microcosm, and sediment/plant extraction 

experiments), as well as 14 nM 13C-florpyrauxifen (sediment/plant extractions) to account for 

loss during processing and storage. All laboratory experiments were conducted in amber glass 

bottles to prevent sorption and photodegradation (Figure A.4). 

Field sampling. Five FPB treatments were studied during the summers of 2021 and 

2022 (Figure A.1; Table 2.1). These treatments applied FPB to areas of high-density Eurasian 
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watermilfoil but had the potential to mix completely throughout the lake. Waterbodies with 

potential lake-wide FPB concentrations high enough to detect several orders of magnitude of 

loss were selected in collaboration with the Wisconsin Department of Natural Resources 

(WDNR). 

Table 2.1. Summary of sampled lakes including waterbody identification code (WBIC), 
herbicide application area, treatment date, target concentration, and treatment history. Trophic 
status is designated as eutrophic (E), mesotrophic (M), or oligotrophic (O). Target FPB 
concentration is from treatment permit application. When not stated on permit application, 
target concentration was calculated from lake/bay volume and amount of herbicide applied as 
listed on treatment record. 
 

Lake 
(WBIC) 

Herbicide 
application 
area (m2) 

Lake 
surface 

area 
(m2) 

Trophic 
status 

Treatment 
date 

Water 
temp. 
(oC) 

pH 
Target lake 
wide conc. 
(nM)/(ppb) 

South Twin 
Lake 

31623700 
234,718 

2,541,00
0 

O 
June 9th, 

2021 
24 8.6 0.93/0.41 

Muskellunge 
Lake 

1596600 
80,128 

1,093,00
0 

E 
June 23rd, 

2021 
24 7.2 0.48/0.21 

Silver Lake 
555700 

60,703 
1,283,00

0 
O-M 

June 23rd, 
2021 

22 7.2 0.36/0.16 

Lilly Lake 
740900 

42,492 343,983 O 
May 23rd, 

2022 
17 8.0 2.16/0.95 

Kettle 
Moraine Lake 

43900 
72,843 845,793 M 

June 3rd, 
2022 

21 8.8 1.28/0.56 

 

Pretreatment surface water was collected from the epilimnion by grab sampling and 

pretreatment sediment was collected from a nearshore area by Eckman dredge or hand-coring 

≤2 hours prior to treatment (Section A.2). Pretreatment samples were used for all laboratory 

experiments. Water samples were collected for FPB and product analysis at one site in the 

treatment area, one outside of the treatment area (i.e., not intended to be treated), and one site 
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at the deepest point of each lake. Nearshore sediment samples were collected during each 

sampling event. Samples were collected immediately after FPB application (<1 hour after 

application), at 3- to-4-hour intervals for 12 hours after treatment, every 1 to 2 days after 

treatment for one week after treatment, and weekly thereafter. Samples collected after FPB 

treatments were preserved as described above and stored at 4 oC in the dark until analysis. 

Analytical methods. FPB, florpyrauxifen, 13C-FPB, 13C-florpyrauxifen, hydroxy-

FPB, hydroxy-florpyrauxifen, dechloro-FPB, and dechloro-florpyrauxifen were measured 

using liquid chromatography-tandem mass spectrometry. 2-Nitrobenzaldehyde was quantified 

using high-performance liquid chromatography.  Ultraviolet-visible light spectra for each lake 

and compound were collected from 200-800 nm. Method details are provided in Section A.3. 

Hydrolysis. FPB (45 nM) was added to ultrapure water buffered with 10 mM acetate 

(pH 4-5), phosphate (pH 6-7), or borate (pH 8-10), as well as water from five study lakes at 

ambient pH. Triplicate 250 mL glass amber bottles were stored at room temperature (20-25°C) 

in the dark and sampled regularly, ranging from every three hours for high pH conditions to 

weekly/biweekly for low pH conditions (Section A.4).  

Sorption. Pretreatment sediment from two study lakes (Kettle Moraine and Lilly) was 

dried at 100°C for ≥8 hours. Kettle Moraine sediment (0.5 g) and Lilly Lake sediment (2.0 g) 

was separately added to buffered ultrapure water (pH 7, 5 mM phosphate buffer, 100 mL) with 

five varying concentrations of FPB and florpyrauxifen in triplicate (Section A.5). Different 

sediment masses were used because Lilly Lake sediment had a smaller organic content (0.4%) 

than Kettle Moraine (5%). Samples were shaken in an incubator shaker. Equilibrium 

concentrations were measured after 8 hours for FPB and 24 hours for florpyrauxifen. 
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Microcosm incubations. Water and sediment from Kettle Moraine and Lilly Lakes 

were used for microcosm biodegradation studies of FPB and florpyrauxifen (Section A.6). 

Degradation by the water column microbial community was quantified in triplicate 

microcosms with unfiltered lake water (3 L), while degradation by the sediment microbial 

community was quantified in microcosms with filtered lake water (2 L) and sediment (1 kg) at 

room temperature. Abiotic loss processes were assessed in control microcosms with filtered 

lake water (2 L). Microcosms were separately incubated with 23 nM (10 ppb) FPB and 29 nM 

(10 ppb) florpyrauxifen. This FPB concentration was representative of the maximum FPB 

application concentration in spot treatments.21,34,37 

Photodegradation. Photodegradation experiments were conducted in a Rayonet 

merry-go-round photoreactor with sixteen bulbs that emit light at 311 nm (± 22 nm width at 

half-max), which is within the solar spectrum and overlaps with the absorbance spectra of FPB 

and florpyrauxifen (Figure A.8).42 Irradiation experiments in borosilicate glass tubes were 

conducted in triplicate using 23 nM FPB and 29 nM florpyrauxifen in buffered (pH 7, 10 mM 

phosphate) ultrapure water (direct photodegradation) or 3 mg-C L-1 buffered (pH 7, 10 mM 

phosphate) lake water (indirect photodegradation) alongside dark controls. Light intensity was 

quantified using 10 μM 2-nitrobenzaldehyde43 as a chemical actinometer. The direct quantum 

yield of each compound was calculated relative to the actinometer as described 

previously.7,42,44–45 The calculated quantum yield was combined with solar irradiance modeling 

using the Simple Model of Atmospheric Transfer of Sunshine (SMARTS)46 to calculate FPB 

half-lives in sunlight (Section A.7). 
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Sediment and plant extractions. Sediment samples collected in the field and 

microcosm experiments were dried at 100°C for ≥8 hours. Plant samples collected in the field 

were freeze-dried and manually crushed.47 Dried sediment and plant samples were extracted 

with 90% acetonitrile, 9.5% ultrapure water, and 0.5% formic acid (Figure A.11).47-49 Samples 

were shaken for 2 hours before the extraction solution was filtered for analysis (Section A.8). 

Results and Discussion 

FPB degradation and florpyrauxifen formation in lakes. FPB was quantified in five 

Wisconsin lakes following application of commercial formulations (Table 2.1; Figure A.1). 

FPB reached up to 32 nM in treatment areas, which was near its solubility of 34 nM.38 FPB 

was transported by advection from the site of application to the non-treated sites of all lakes 

except Kettle Moraine within 4-6 hours after treatment and reached a lake-wide homogenous 

concentration within 12-48 hours (Figures 2.1a; Section A.9). FPB transport beyond the 

treatment area showed that FPB did not remain localized to the treatment area, suggesting 

appropriate dosing measures and considerations of non-target impacts should be made for the 

whole lake. FPB half-lives were estimated using lake-wide average [FPB] and ranged <1 day 

to 2 days (Figure 2.1a; Table A.8). [FPB] was below detection (LOD = 0.07 nM) after 7 days 

in all lakes. 
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Figure 2.1. Concentrations of (a) FPB and (b) florpyrauxifen in the treatment zone of all 
studied lakes. Data for all sampling points and maps of each lake are provided in Figures A.15 
– A.19. (c) Epilimnion concentrations of FPB and its degradation products in the treatment 
area of Kettle Moraine Lake. (d) Contribution of photodegradation (Photo.), biodegradation 
(Bio.), hydrolysis (Hydro.), and sorption (Sorp.) in the field and lab data based on material 
balance calculations outlined in Section A.10. Biodegradation and sorption were quantified 
separately with the field data which is indicated by the blue and black bar (blue represents 
contribution of biodegradation while black indicates sorption). The rate loss in the sediment-
water microcosms is due to biodegradation and sorption, therefore the lab data combines these 
two processes. 
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 While advective transport was important in initial FPB loss from the treatment area, 

the degradation product florpyrauxifen appeared nearly immediately after FPB treatment, 

suggesting transformation occurred on the same timescale as physical transport. 

Florpyrauxifen concentrations ranged from <0.09 to 3 nM in all lakes and persisted up to 20-

30 days in each lake (Figures 2.1b-2.1c). While only florpyrauxifen was quantified in the 2021 

lakes (Muskellunge, South Twin, and Silver), additional degradation products were measured 

in Kettle Moraine and Lilly lakes with a more comprehensive LC-MS/MS method (Section 

A.3). Hydroxy-florpyrauxifen was the most dominant product besides florpyrauxifen, with 

detection starting at days 4 and 7 in Kettle Moraine (Figure 2.1c) and Lilly (Figure A.19), 

respectively, and reached concentrations of up to 3.3 and 3.1 nM. Hydroxy-florpyrauxifen was 

more persistent than FPB and was detected 25 days post-treatment. Two additional products 

were detected in Kettle Moraine at lower concentrations: dechloro-FPB (up to 0.6 nM) and 

hydroxy-FPB (0.4 nM). 

The magnitude of florpyrauxifen accumulation suggests it is a major environmental 

degradation product of FPB. FPB recovery was estimated by comparing the observed 

epilimnion-wide average [FPB] and [florpyrauxifen] at 12-48 hours after treatment with the 

expected lake-wide FPB concentrations based on the known herbicide application using 

Equation S8. We calculated a recovery range of 103-160% (Table A.8), demonstrating that 

florpyrauxifen was the dominant transformation product of FPB because its concentration fully 

accounted for the observed loss of FPB. The overestimation of FPB recovery in some cases 

was likely due to averaging across the epilimnion while FPB and florpyrauxifen were mixing 
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throughout the water column. Nevertheless, the dominance of florpyrauxifen as the primary 

environmental transformation product is critical due to its known herbicidal properties,40,50 

indicating its formation and persistence in lakes could exert additional, unintended herbicidal 

activity on the plant population. 

FPB and florpyrauxifen were also detected in nearshore sediments collected after the 

FPB applications. The highest concentrations of FPB and florpyrauxifen, 15 nmol kg-1 and 10 

nmol kg-1, respectively, were observed on the day of treatment (Figure A.12a). Florpyrauxifen 

was no longer detected in the sediments after the first day. However, FPB was detected in the 

sediments up to 50 days after treatment, compared to only 7 days in the water column (Figure 

A.12b). Thus, FPB may undergo enhanced persistence in lake sediments compared to water. 

The field data demonstrated that FPB had a short lifetime (~days) in water of the study 

lakes and was subject to advective transport, sorption, and degradation on similar timescales. 

However, the field data alone could not be used to identify which transformation mechanisms 

contributed to FPB loss. Laboratory studies isolating photodegradation, biodegradation, and 

sorption of both FPB and florpyrauxifen and FPB hydrolysis were used to identify 

transformation rates and additional products for these reactions in a controlled setting to 

determine what process(es) were dominant in lakes. 

Hydrolysis. FPB is a carboxylic acid ester and is therefore susceptible to 

hydrolysis.51,52 The hydrolysis rate increased with increasing pH, suggesting a base-promoted 

reaction (Figures 2.2a-2.2b and A.2). The measured hydrolysis rates at low pH were faster 

than registration documentation (i.e., 37 days in this study versus 913 days at pH 4; 18 days 

versus 111 days at pH 7) but were the same at pH 9 (1.3 days).37 Florpyrauxifen was the only 
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degradation product detected during hydrolysis experiments and accounted for 89% and 99% 

of added FPB at pH 9 and 10, respectively (Figure A.2). Based on these results, FPB hydrolysis 

could impact the required exposure time of ~24 hours in lakes with pH >9.50,53 However, given 

the pH of Kettle Moraine was ~8.5, other processes beyond hydrolysis were responsible for 

the increased FPB degradation rate observed in the field and the production of other 

transformation products. 
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Figure 2.2. (a) Loss of FPB and formation of florpyrauxifen during hydrolysis at pH 8. (b) 
Hydrolysis rates of FPB as a function of pH. Kettle Moraine Lake sediment sorption isotherms 
for (c) FPB and (d) florpyrauxifen. The slope of the isotherm is equivalent to the sediment 
sorption partitioning coefficient (Kd) in L kg-1. Loss of (e) FPB and (f) florpyrauxifen and 
formation of photoproducts during irradiation with 311 nm light in ultrapure water (pH 7). 
Error bars represent the standard deviation of samples taken from triplicate reactors.  Error 
bars in panels (b), (e), and (f) are smaller than the data point symbols. 
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Sorption. Sorption experiments were conducted with Kettle Moraine and Lilly 

sediments at pH 7.0. Both FPB and florpyrauxifen are deprotonated under these conditions due 

to their acid dissociation constants of -1.0 and 3.2, respectively (Figure A.3).22,38,54 Water-

sediment partitioning coefficients (Kd) for FPB were 712 ± 69 L kg-1 and 64 ± 5 L kg-1 for 

Kettle Moraine and Lilly, respectively (Figures 2.2c and A.5a; Table A.6). The average 

organic carbon partitioning coefficient was 104.14 L kg-1 for both lakes, which is comparable to 

the literature value of 104.53 L kg-1.40 Therefore, sorption may be an important FPB removal 

mechanism in lakes with high sediment-water surface area relative to lake volume and/or 

suspended solids. 

Florpyrauxifen was less sorptive than FPB, as expected given its higher polarity and 

lower molecular weight. Kd values were 222 ± 8 L kg-1 and 19 ± 3 L kg-1 for Kettle Moraine 

and Lilly sediments, respectively (Figures 2.2d and A.5b; Table A.6). The average Koc value 

of 103.62 L kg-1 was larger than the reported literature value of 102.3 L kg-1.40  

Microcosm incubations. FPB loss was observed in microcosm incubations under all 

control and experimental conditions (Figures 2.3a-2.3c and A.6a-A.6c). Loss in the 

microcosms followed pseudo-first-order kinetics with no significant lag time (Figure A.7). 

The FPB half-life of 6.6 days in microcosms with filter-sterilized lake water (Figures 2.3a and 

A.6a; Table A.8) was similar to the half-lives in unfiltered water (i.e., 7.3 – 8.5 days; Figures 

2.3c and A.6c) and was consistent with the hydrolysis half-life (Figure A.2). Florpyrauxifen 

was the only detected transformation product under these conditions. Therefore, FPB loss in 

the abiotic controls and water-only microcosms was solely attributable to hydrolysis. 
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Figure 2.3. Kettle Moraine Lake microcosms incubated with (a-c) FPB and (d-f) 
florpyrauxifen. (a, d) Abiotic controls contained 0.2 m filter sterilized water only. (b, e) 
Sediment-water microcosms contained 0.2 m filter sterilized water with sediment. (c, f) 
Water-only microcosms contained unfiltered lake water only. Error bars in each figure are 
smaller than the data point symbols. 
 

Shorter FPB half-lives of 2.5 and 1.8 days were observed in the sediment-water 

microcosms with inocula from Lilly and Kettle Moraine, respectively (Figures 2.3b and A.6b). 

Sorption of FPB to solids contributed to the decrease in initial [FPB] from 23 nM to 8.5 and 

9.9 nM in Lilly and Kettle Moraine, respectively, during the first 24 hours (i.e., over the same 

timescale as sorption experiments). As observed under field conditions, both FPB and 

florpyrauxifen were detected over 80 days after treatment in microcosm sediments, compared 

to up to 34 days in the water (Figure A.13c-A.13d). The formation of hydroxy-FPB and 

hydroxy-florpyrauxifen in addition to florpyrauxifen, as well as more rapid transformation 
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rates, demonstrated that biodegradation occurred under these conditions. Additional 

microcosms were incubated with florpyrauxifen to isolate its behavior (Figures 2.3d-2.3f and 

A.6d-A.6f). No florpyrauxifen loss was observed in filter-sterilized controls or unfiltered water 

microcosms. Florpyrauxifen half-lives of 72 and 6.4 days were observed in the Lilly and Kettle 

Moraine sediment-water microcosms, respectively, along with hydroxy-florpyrauxifen 

accumulation (Figures 2.3e and A.6). Therefore, florpyrauxifen loss was attributed primarily 

to biodegradation under these conditions due to its smaller Koc value (Table A.6).  

Both FPB and florpyrauxifen degraded fastest in the sediment-water microcosms. 

Faster degradation of other organic compounds has been observed with sediment inocula7,10,19 

and this underscores the importance of conducting laboratory experiments with relevant 

microbial communities and concentrations.18,55 Kettle Moraine sediments likely had a higher 

number of active microbes than Lilly due to their higher organic content.48,56,57 This hypothesis 

was supported by the faster degradation of both FPB and florpyrauxifen, as well as the greater 

accumulation of hydroxy-florpyrauxifen, in Kettle Moraine compared to Lilly sediment-water 

microcosms. It also was consistent with the observation of an additional biodegradation 

product, hydroxy-FPB, solely in the Kettle Moraine microcosms. This product was also 

observed in Kettle Moraine during the FPB application (Figure 2.1c). 

Since hydroxy-florpyrauxifen was generated in both FPB and florpyrauxifen sediment-

water microcosms, we hypothesized FPB degradation occurred in two major steps in the 

microcosms and lakes. First, FPB underwent hydrolysis to florpyrauxifen. This intermediate 

product then underwent biodegradation to hydroxy-florpyrauxifen (Figure 2.4). 

Biodegradation of FPB to hydroxy-FPB was also possible but was a minor pathway. While not 
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tested, it was likely that hydroxy-FPB underwent hydrolysis to hydroxy-florpyrauxifen based 

on its chemical structure. While the microcosms provided evidence of sorption, hydrolysis, 

and biodegradation occurring on similar timescales, they did not explain the formation of 

dechloro-FPB observed in the field (Figure 2.1c). 

Photochemical degradation. FPB underwent direct photodegradation under 311 nm 

irradiation with an observed first-order loss rate constant of (3.4  0.1) x 10-3 s-1 (t1/2 = 200 

seconds) (Figure A.10a), which corresponded to a quantum yield () of (2.5  0.3) x 10-2; this 

is the first reported quantum yield for this compound. The observed rate constants in the 

presence of dissolved organic matter (DOM) were almost identical to the direct 

photodegradation rate constant (average k = (3.3  0.1) x 10-3 s-1; corrected for light screening), 

demonstrating that indirect photodegradation was negligible for FPB under these conditions. 

Hydrolysis of FPB was also negligible due to the short duration of the experiment (6 minutes). 

Modeling of in situ depth-integrated photodegradation was conducted with sunlight 

intensity generated using SMARTS on the day of treatment for each study lake, assuming an 

average irradiance from 7 am to 7 pm (Figure A.9; Table A.7). The estimated 

photodegradation half-lives of FPB in the top 1 cm of water (near-surface) were 3.8 hours (0.16 

days) on average, which was longer than 0.07 days estimated at noon in registration 

documents.37,38,58 However, these were overestimated half-lives since sunlight intensity varies 

seasonally and photodegradation half-lives increase exponentially with water depth, as the 

half-life of FPB increased to 8.1 days when integrated over a depth of 1 m. 
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Direct photodegradation was also dominant for florpyrauxifen compared to indirect 

photodegradation. The direct first-order loss rate constant for florpyrauxifen was (1.3  0.03) 

x 10-3 s-1 (t1/2 = 550 seconds; Figure A.10b) at 311 nm, which corresponds to a quantum yield 

() of (3.6  0.5) x 10-3. The presence of DOM did not alter the observed photodegradation 

rate (t1/2 = 550 seconds), demonstrating that indirect photodegradation was negligible. The 

slower photodegradation rates and smaller quantum yield of florpyrauxifen compared to FPB 

indicated florpyrauxifen was less susceptible to photolysis. This was corroborated by 

photochemical modeling calculations using sunlight intensity from SMARTS, where the 

estimated half-life of florpyrauxifen on average in the study lakes was 68 days in the top 1 cm 

of water assuming average sunlight irradiance from 7 am to 7 pm. 

Irradiation of FPB produced dechloro-FPB and dechloro-florpyrauxifen (Figure 2.2e 

and Figure 2.4), which is consistent with the European Food Safety review document.40 

Dechloro-FPB was the dominant photodegradation product based on its larger accumulation 

compared to dechloro-florpyrauxifen. Irradiation of florpyrauxifen only produced dechloro-

florpyrauxifen (Figure 2.2f). Due to its low abundance in both experiments, dechloro-

florpyrauxifen would most likely not accumulate in aquatic environments. This product was 

not detected in any of the lake samples (Figure 2.1c). 

The production of dechloro-FPB during the Kettle Moraine treatment provided direct 

evidence of FPB photodegradation under field conditions for the first time. While this 

photodegradation product was only detected in Kettle Moraine, this could be due to the lack 

of complete mixing throughout the lake, which resulted in a higher epilimnetic FPB 

concentration remaining in the treatment area. 
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Identification of primary loss pathways. Material balance calculations were carried 

out to determine the relative importance of each transformation pathway in Kettle Moraine 

because this treatment had the most degradation products detected (Section A.10). We 

separately evaluated field and laboratory data to assess whether isolated laboratory 

measurements could be used to predict the role of multiple processes that occurred at similar 

timescales in the field. First, the concentration of each degradation product was divided by the 

sum of all detected products in Kettle Moraine at the time of mixing (24 hours after treatment, 

Equation A9) to estimate the contribution of each pathway to FPB transformation. This 

calculation was performed on a molar basis and assumed a 1:1 mole ratio of FPB loss to 

product formation based on compound structures. We assumed that dechloro-FPB was 

produced through photodegradation, hydroxy-florpyrauxifen and hydroxy-FPB were produced 

through biodegradation, and florpyrauxifen was produced through hydrolysis based on 

laboratory experiments. 

A second material balance calculation was conducted using pseudo-first-order kinetics 

from laboratory experiments where contributions of each pathway were calculated by dividing 

their respective pseudo-first-order rate constants by the observed rate loss of FPB in the field 

(Equation A11; Figure A.20). The rate loss of biodegradation observed in the FPB 

microcosms was an overestimation due to sorption contribution, while sorption was calculated 

separately with the field data (Section A.10). Therefore, the biodegradation rate loss observed 

in the lab would be equivalent to the combination of sorption and biodegradation in the field. 

 While the two material balance approaches relied on separate data sets (i.e., 

measurement of transformation products in the field versus isolated laboratory experiments), 
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they yielded very similar results. In both cases, hydrolysis was the largest contributor to FPB 

loss (45 – 49%), followed by biodegradation/sorption (33%), and photodegradation (4.1 – 

8.6%) (Figure 2.1d). Importantly, these calculations demonstrated that all considered 

processes occurred simultaneously and must therefore all be considered when assessing the 

fate of FPB. The dominance of hydrolysis emphasized that florpyrauxifen, which is still 

herbicidal,40,50 was the primary environmental degradation product. Overall, both material 

balances confirm the dominant transformation pathway to be FPB hydrolysis to florpyrauxifen 

followed by biodegradation, which primarily forms hydroxy-florpyrauxifen based on field and 

microcosm observations (Figure 2.4). However, both methods had an average of 14% FPB 

loss unaccounted for, indicating other pathways contributed to the fate of FPB. Part of this loss 

was likely attributable to physical transport from the lake, which was not measured in this 

study. In addition, we hypothesized that plant interactions could also influence FPB 

transformation due to the rapid formation of florpyrauxifen. 
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Figure 2.4. Proposed FPB degradation mechanism in aquatic environments. Product identified 
in each reaction by number as follows: 1- field campaign; 2- photodegradation experiments; 
3- FPB incubated-microcosms; 4- florpyrauxifen-incubated microcosm, and 5- hydrolysis 
experiment. Red boxes represent changed functional group after reaction. The dominant 
transformation pathway as determined through the material balances is highlighted in bold. 
 

Plant uptake and transformation of FPB. While florpyrauxifen identification in 

lakes demonstrated that hydrolysis is an important transformation pathway, florpyrauxifen 

accumulated more rapidly in lakes (~1 day) than predicted based on hydrolysis experiments 

(t1/2 ~6-8 days; Table A.8). This discrepancy in florpyrauxifen generation suggests the 

hydrolysis of FPB can be catalyzed through a mechanism not captured in the microcosms.52 

For example, hydrolysis via aquatic plants is part of the uptake and toxicity mechanism 

described for both FPB and the predecessor to FPB, halauxifen-methyl, which suggests the 

rapid hydrolysis in lakes could potentially be due to FPB uptake and florpyrauxifen release by 

the targeted plant community.22,48,59 

Plant extractions were conducted to assess whether plant uptake catalyzed 

florpyrauxifen production. Both FPB and florpyrauxifen accumulated considerably in plants 

collected during and after FPB treatment, with highest concentrations occurring the day after 
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treatment at 103.8 nmol kg-1 and 104.1 nmol kg-1, respectively (Figure A.14). Florpyrauxifen 

quickly decreased until it was no longer detected after 26 days. FPB also rapidly decreased but 

was detected almost 40 days after treatment. While plant uptake was not included in the 

material balance calculations because the plant density was unknown, these findings indicate 

that plant biomass provided an important pathway for FPB transformation to florpyrauxifen, 

thereby influencing the persistence of FPB. 

Environmental Implications. We combined field and laboratory studies to investigate 

the fate of an herbicide added to aquatic environments for the control of nuisance plants.  This 

herbicide represented a unique opportunity to investigate the contribution of multiple 

interacting mechanisms on herbicide fate, which is typically not possible for most organic 

contaminants that are added unintentionally to the environment. Our study combined kinetics 

and product tracking to determine the mechanisms responsible for degradation of FPB and to 

quantify their relative importance. 

Our study demonstrated the limitations of laboratory experiments in predicting the 

environmental fate of polar organic compounds. For example, isolating different 

transformation pathways in laboratory experiments missed combinations of transformation 

pathways that occurred in the environment, such as the proposed plant-catalyzed 

florpyrauxifen hydrolysis and subsequent microbial degradation to hydroxy-florpyrauxifen. 

Furthermore, laboratory experiments overpredicted FPB photodegradation when 

environmental factors (e.g., water depth) were not considered. 

Regulatory studies emphasizing the active ingredient of an intentionally applied 

chemical mixture may overlook potentially bioactive degradation products. Florpyrauxifen, 
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the major product, is bioactive and much more persistent than FPB.40,50 While our study 

focused on the chemical fate of these compounds, additional studies are needed to understand 

how the concentration and persistence of these compounds can impact aquatic or plant life. 

Additionally, more research is needed on the effects of compound mixtures, such as 

combination herbicide treatments using triclopyr and FPB. As such, the current approach to 

regulatory studies relying on active ingredients alone should be revisited from a holistic 

environmental fate perspective.  
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Chapter 3. Evaluating persistence and transformation of aquatic herbicide 

fluridone in field and laboratory experiments 
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manuscript that will be submitted for publication. S.V. collected the samples, analyzed the 

samples, and wrote the manuscript. A.W., J.J., and A.M. assisted with field work and 

laboratory experiments. K.M. and C.R. were the principal investigators.  
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Abstract 

Fluridone is an aquatic herbicide commonly used to treat invasive plant species such as 

Eurasian watermilfoil, hydrilla, and curly-leaf pondweed. However, required exposures times 

are very long, often exceeding 100 days. Thus, understanding the mechanisms responsible for 

degrading fluridone in lakes is critical for supporting effective herbicide treatments and 

minimizing non-target impacts. We used a combination of laboratory and field studies to 

quantify the photodegradation of fluridone as well as sorption and microbial degradation in 

water and sediment microcosms. Irradiation studies found fluridone is susceptible to direct 

photodegradation with negligible indirect photodegradation. Modeling with natural sunlight 

intensities corrected for diurnal variability predicted in-lake photodegradation half-lives to be 

13 days integrated over a depth of 10 cm of water and 120 days over a depth of 1 meter. 

Biodegradation only occurred in the sediment microcosms with an observed half-life of 57 

days. Lastly, sorption to solids was quantified with a Koc value of 340  28 L kg-1 and accounted 

for 39% of fluridone loss in the microcosm experiments. Combined, these results demonstrate 

the importance of all three transformation pathways on fluridone fate. However, laboratory 

studies oversimplify herbicide behavior due to their inability to replicate field conditions. 

Fluridone was measured over a 60-day period in a lake following commercial application and 

little loss was observed during this time. This indicates that fluridone is very persistent in water 

and does not experience analogous susceptibility to these degradation mechanisms under 

environmentally relevant conditions. 
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Introduction 

Chemical control of invasive aquatic plants through herbicide application is becoming 

increasingly popular due to their efficiency of use and ability to be selective towards invasive 

species.1-5 To achieve an effective application, herbicides need to attain a sufficient 

concentration and exposure time with the target plants, which is often successfully realized 

through whole-lake exposures compared to spot treatments.6-8 However, the unique 

environmental characteristics of each water body results in variable degradation rates of these 

herbicides. This may cause treatment failure, which can lead to additional applications and 

subsequently higher costs. Additionally, extensive herbicide application with similar modes of 

action have shown to induce herbicide tolerance and resistance, which has been observed more 

frequently over time.9-12 Not only does extensive herbicide use impact efficacy of herbicidal 

control on nuisance plant populations, but increased herbicide application can also cause 

unintended harm to native plant communities.13 Therefore, understanding the transformation 

pathways and environmental characteristics that influence herbicide degradation is crucial to 

developing responsible herbicide application strategies that simultaneously prevent the rise of 

herbicide resistance and protect native plant populations. 

Fluridone (Figure 3.1a) is a commonly used aquatic herbicide used to control invasive 

hydrilla (Hydrilla verticillata), curly-leaf pondweed (Potamogeton crispus), as well as 

Eurasian watermilfoil (EWM; Myriophyllum spicatum) and its hybridization with native 

watermilfoil (hybrid watermilfoil; HWM; Myriophyllum spicatum × Myriophyllum 

sibiricum).1,14-20 Fluridone prevents the synthesis of biomolecules that protect the plant from 
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photobleaching, thus inhibiting the ability of the plant to photosynthesize.21,22 For this reason, 

fluridone is only effective if applied while the plants are actively growing. Its unique mode of 

action makes it a popular alternative to auxin-mimic herbicides such as 2,4-

dichlorophenoxyacetic acid (2,4-D), for treating 2,4-D-tolerant HWM.11,23 Fluridone is 

typically applied at a low concentration (6-26 nM) for a longer exposure time of 45-100 days,16-

18 compared to 2,4-D (24-72 hours)24,25 or florpyrauxifen-benzyl (12-24 hours).26 This 

exposure time threshold often requires multiple applications to maintain an effective 

concentration.18,27-29 However, preliminary studies have begun documenting fluridone 

resistance by HWM9 and Hydrilla,30 while others have shown evidence of sublethal effects on 

fish populations,31 underscoring the importance of responsible herbicide applications. 

 
Figure 3.1. Chemical structures of (a) fluridone and (b) a biodegradation product 3-
trifluoromethyl benzoic acid. 
 

In aquatic environments, fluridone is expected to be predominantly influenced by 

photodegradation, with reported half-lives due to photolysis of 15 hours to 12 days in ultrapure 

and lake water, respectively (Table B.1).32-34 Limited studies have investigated fluridone 

degradation in lake water, but all have demonstrated the ability of fluridone to photolyze. 



45 
 
 

While outside the scope of this study, fluridone is known to photolyze into n-

methylformamide, benzaldehydes, and benzoic acids.28,33 However, no study has focused on 

the susceptibility of fluridone through dissolved organic matter (DOM) mediated indirect 

photodegradation.33,34 During indirect photodegradation, the interaction between DOM and 

light generates photochemically produced reactive intermediates (PPRI) that can increase the 

rate of photodegradation; this process can be important for many polar organic contaminants, 

including some pesticides.35-37 Thus, a thorough investigation into potential of indirect 

photodegradation of fluridone is critical to understanding its environmental fate in lakes. 

Laboratory studies also indicate that biodegradation can be an important loss pathway 

of fluridone under some conditions, with reported half-lives of 50 days to 12 months (Table 

B.1).38,39 Although these biodegradation half-lives are longer than the reported photolysis half-

lives, biodegradation may still be an important transformation pathway of fluridone. For 

example, the biodegradation product 3-trifluoromethyl benzoic acid has been detected under 

field conditions in a small eutrophic pond and persisted up to 30 days post-application (Figure 

3.1b).14  

While laboratory studies suggest that photo- and biodegradation contribute to fluridone 

degradation on the order of hours to weeks, measurements of fluridone in lakes indicate that 

the compound can be highly persistent. Persistence of fluridone has been observed in field 

studies, with reported half-lives in the range of hours to hundreds of days,29,40 with some 

instances detecting fluridone in the water column for more than a year post-treatment (Table 

B.1).18 Additionally, fluridone has a capacity to sorb to sediments with a pKa of 12.3, 

indicating the compound will be protonated in natural environments which allows for stronger 
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sorption to organic carbon compared to its neutral form.41 It has been found to persist for up to 

a year following initial treatment, suggesting sediments are a possible host for unreacted 

fluridone that can undergo future resuspension or uptake by plants.29,42-43 The long persistence 

of fluridone under field conditions indicates a need for additional investigation into the specific 

degradation pathways of fluridone that can reduce this level of persistence. 

The considerable exposure time requirement for efficacy of fluridone in lakes requires 

a mechanistic understanding of the environmental transformation processes that degrade 

fluridone in order to develop more effective herbicide application strategies and reduce 

negative impacts on ecosystems. Laboratory experiments allow for the isolation of various 

degradation pathways to determine their respective effects on the target compound as well as 

elucidate transformation product formation, but they lack a direct translation to field conditions 

where there are competing transformation mechanisms and many environmental factors that 

do not have influence in a controlled experiment. Conducting laboratory experiments in 

tandem with field studies will provide a holistic understanding of fluridone fate in aquatic 

environments. This study provides a first insight into the simultaneous effects of 

photodegradation, sorption to sediments, and biodegradation in both lab and field conditions. 

The findings of this study will be used to improve fluridone treatment success and minimize 

potential effects to non-target communities. 

Materials and Methods 

Chemicals. All chemicals were used as received. Fluridone (99.5%) was purchased 

from ChemService, Inc. Dibasic potassium phosphate (ACS, 98%), monobasic potassium 
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phosphate (ReagentPlus(R)), 3-trifluoromethyl benzoic acid (99%) were purchased from 

Sigma Aldrich. Acetonitrile (HPLC grade) and formic acid (ACS, 88%) were purchased from 

Fisher Chemical. 2-Nitrobenzaldehyde (99%) was purchased from Acros Organics. Ultrapure 

water (18.2 M cm) for all analyses and photochemical irradiations was obtained from a Milli-

Q water purification system. Calibration solutions for the pH meter were obtained from Aqua 

Solutions. 

Field sampling. Hooker Lake in Kenosha County, Wisconsin, USA (44.56°N, 

88.10°W) underwent a fluridone treatment in May 2022 which served as the focus of our field 

campaign (Figure 3.4a, Table B.2). This treatment applied a pellet formulation of fluridone 

across the lake to target hybrid watermilfoil and curly-leaf pondweed. Pretreatment surface 

water was collected from the epilimnion by grab sampling while pretreatment sediment was 

collected from a nearshore area by Eckman dredge or hand-coring ≤ 2 hours prior to treatment 

and stored at 4oC until processing. Water samples were collected every 1-2 weeks until 60 days 

post-treatment. Samples collected during the treatment were stored on ice and in the dark until 

processing (Section B.2). 

 Photochemical irradiations. Photodegradation experiments were conducted in a 

Rayonet merry-go-round photoreactor equipped with sixteen bulbs that emit light at 311 nm 

(± 22 nm width at half-max). This wavelength range is within the solar irradiance spectrum 

and overlaps with the absorbance spectrum of fluridone (Figure B.1).44 Irradiation experiments 

were conducted in triplicate in borosilicate glass tubes using 20 M (6.6 ppm) fluridone in 10 

mM pH 7 buffered ultrapure water to measure direct photodegradation. Identical solutions 

were held in the dark to serve as dark controls. Indirect photodegradation was measured in lake 
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water diluted to 3 mg-C L-1 from four lakes and undiluted water from Hooker Lake (Table 

B.2). Light intensity was quantified using 2-nitrobenzaldehyde45 as a chemical actinometer. 

The fluridone concentration used in irradiations was higher than typical fluridone applications 

but was selected to enable detection over several orders of magnitude of loss. 

The direct quantum yield of fluridone was calculated relative to the actinometer as 

described previously44,46-48 using Equation 3.1: 

Φ௙௟௨௥௜ௗ௢௡௘ =
𝑘௦௖௥௘௘௡௘ௗ,ௗ௜௥௘௖௧,௙௟௨௥௜ௗ௢௡௘

𝑘ௗ௜௥௘௖௧,௔௖௧
 𝑥 

𝑘௔௕௦,௔௖௧

𝑘௔௕௦,௙௟௨௥௜ௗ௢௡௘
 𝑥 ௔௖௧ Eq. 3.1 

where kscreened,direct,fluridone is the direct photodegradation rate constant for the direct control 

corrected for light screening (s-1), kdirect,act is the photodegradation rate constant of the 

actinometer (s-1), kabs,act (s-1) is the rate of light absorbance of the actinometer, kabs,fluridone (s-1) 

is the rate of light absorption for fluridone, and act = 0.41 for 2-nitrobenzaldehyde (Section 

B.3).45  

The calculated quantum yield was combined with solar irradiance modeling using the 

Simple Model of Atmospheric Transfer of Sunshine (SMARTS)49 to calculate fluridone half-

life in sunlight in lakes using Equation 3.2: 

𝑘௣௛௢௧௢ௗ௘௚௥௔ௗ௔௧௜௢௡ =  𝑘௔௕௦,௦௨௡ x 
௙௟௨௥௜ௗ௢௡௘

 Eq. 3.2 

where kabs,sun is a light absorbance rate constant calculated for the horizontal global irradiance 

spectrum for Kenosha County, Wisconsin, USA on May 12, 2022, which was the location and 

date of our treatment of study, averaged over the time span of 6 am to 6 pm (Figure B.2). A 

depth-integrated photodegradation36,47 rate was calculated as described previously. We 
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calculated the photodegradation rate in 1 cm intervals through a 1-meter-deep water column 

(i.e., at 1 cm, 2 cm, 3 cm … 100 cm) and averaged the rates throughout the water column. 

 Sorption. Pretreatment sediment from Hooker Lake was dried at 100°C for ≥ 8 hours 

(Section B.2). Dried sediment (1 g) was added to buffered ultrapure water (pH 7, 5 mM 

phosphate buffer, 100 mL) with five varying concentrations of fluridone over the range of 1-

20 M in triplicate to create an isotherm. Samples were shaken in an incubator shaker and 

equilibrium aqueous concentrations (Cw) were measured after seven hours (Figure B.3). The 

concentration remaining in the sediment at equilibrium was calculated based on Equation 3.3: 

𝐶௦ =  
𝑉 (𝐶଴ − 𝐶௪)

𝑀
 Eq. 3.3 

where V is the volume of the solution, C0 is the initial spiked concentration of fluridone, and 

M is the mass of lake sediment used.50 

 The organic content of the sediment was measured through a loss-on-ignition method 

by combusting the dried sediment at 550°C for 4 hours.51 The organic content was used to 

calculate the organic carbon partitioning coefficient (Koc) of fluridone using Equation 3.4: 

𝐾௢௖ =  
𝐾ௗ

𝑓௢௖
 Eq. 3.4 

where Kd is the sediment-specific sorption partitioning coefficient which is equivalent to the 

slope of the sorption isotherm and foc is the fraction of organic content.50 

Microcosm incubations. Pretreatment water and sediment was collected from Hooker 

Lake for microcosm biodegradation studies of fluridone. Degradation by the water column 

microbial community was quantified in triplicate microcosms with unfiltered lake water (3 L), 

while degradation by the sediment microbial community was quantified in microcosms with 
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0.2 μm filtered lake water (2 L) and sediment (0.5 kg) at room temperature. Abiotic loss 

processes were assessed in control microcosms with 0.2 μm filtered lake water (2 L). 

Microcosms were incubated with 3 M (1 ppm) fluridone and incubated for 204 days. Water 

and sediment samples were collected bi-weekly during the first three months and then monthly 

thereafter. Water samples were filtered through a 0.45 μm nylon filter and stored in a 4oC fridge 

prior to analysis. Sediment samples were collected using a serological pipette and stored in a 

2.5 mL PCR tube in a -20oC freezer until analysis. 

 Sediment extractions. Fluridone extractions from sediment samples were conducted 

using 100 mg of microcosm sediment dried at 100oC for at least 8 hours. An extraction solution 

of 50:50 methanol:water consistently achieved an average of (103 ± 9) % recovery over a 

[fluridone] range of 1 to 20 M (Figure B.5). This suggested the extraction protocol was 

reliable for microcosm sediment quantification. Dried samples were placed in falcon tubes 

with 7 mL of a 50:50 methanol:water extraction solution, shaken in an incubator shaker for 2 

hours, centrifuged, and syringe filtered (0.45 μm) into clean 2 mL glass amber vial for analysis.  

Analytical methods. Fluridone from laboratory experiments, 3-trifluoromethyl 

benzoic acid, and 2-nitrobenzaldehyde were analyzed via high performance liquid 

chromatography (HPLC).31 Fluridone analyzed through HPLC had a limit of detection (LOD) 

of 0.6 μM. Fluridone in the field samples was quantified using an Agilent Triple Quad 6460 

liquid chromatograph-tandem mass spectrometer (LC-MS/MS) using positive mode 

electrospray ionization which had an LOD of 2.6 nM. Ultraviolet-visible light spectra for each 

lake and compound were collected from 200-800 nm. Method details are provided in Section 

B.7. 
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Results and Discussion 

 Photodegradation of fluridone in lake water. Fluridone underwent rapid 

photodegradation under laboratory conditions. Irradiation of fluridone at 311 nm (Figure 3.2) 

followed first-order loss with a direct photodegradation rate constant in buffered ultrapure 

water (kdirect) of (4.1  0.5) x 10-4 s-1 (t1/2 = 28 minutes). The measured direct photodegradation 

rate constant corresponded to a quantum yield (), or reaction efficiency, of (3.8  0.6) x  

10-4. This was larger than previous measurements of quantum yield of (2.7 – 6.7) x 10-5 in 

ultrapure water.33 However, this could be due to several differences in experimental methods, 

with their study involving a pH range of 3-9 with various buffers, oxygen-containing and 

nitrogen-purged water, as well as the use of fluorescent sunlamps with black lights as the light 

source. 
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Figure 3.2. (a) Photochemical irradiation of fluridone at 311 nm in ultrapure water (direct 
control) and five different lake waters. Natural log of the ratio of [fluridone] at time t to initial 
[fluridone]. (b) Rate constants measured during 311 nm irradiation experiment corrected for 
light screening in the lake waters compared to the direct control. Error bars represent standard 
deviation of triplicate samples. (c) Representation of half-life variability under different 
conditions where A = 311 nm irradiation in the lab, B = lab conditions corrected for light 
screening, C = noontime solar irradiance, D = noontime irradiance with diurnal cycling, E = 
average solar irradiance, and F = average irradiance integrated over 1 m. It is important to note 
that the y-axis is a natural log scale. 
 

Irradiation of fluridone in lake water also followed first order loss (Figure 3.2a). kobs 

in lake water was similar to the direct photodegradation rate constant when corrected for light 

screening (Figure 3.2b), with an average rate constant across all irradiated samples of (3.6  

0.2) x 10-4 s-1. The similarity of rate constants across all irradiated samples demonstrated that 

indirect photodegradation of fluridone is negligible under these conditions. Previous literature 

has described similar photodegradation rates between ultrapure water and one natural water 

sample in sunlight,33,52 but our study confirms the dominance of direct photodegradation by 

testing several different natural waters with varied DOC concentrations and DOM 

compositions (Table B.2). 
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In situ photodegradation modeling was conducted using the calculated quantum yield 

and an average sunlight intensity in Kenosha County, WI on May 12th, 2022 (i.e., the location 

of Hooker Lake on the day of treatment), assuming an average irradiance from 6 am to 6 pm 

which was the range of sunlight exposure (Figure B.2). This estimated an aquatic 

photodegradation half-life of 13 days when integrated through the top 10 cm of water. Previous 

studies report an environmental photodegradation half-life of 7 to 12 days in mesocosm32 and 

glass bottle33 experiments, respectively, which is consistent with our modeled half-life of 13 

days. However, the half-life increased steeply to 120 days when integrated over a depth of 1 

m, indicating that these are overestimated half-lives given fluridone, especially the granular 

formulation, most likely mixes throughout the entire water column. Variability in half-life is 

also introduced through changes in solar irradiance, with the half-life decreasing to 65 days 

when assuming noontime irradiance over a depth of 1 m. This wide range of half-lives indicates 

how fluridone susceptibility to photodegradation is highly variable due to frequent temporal 

and spatial differences that occur in the natural environment (Figure 3.2c). 

Sorption. Sediment-water partitioning of fluridone was measured over a concentration 

range of 1-20 M after seven hours to establish a sorption isotherm (Figures 3.3a and B.3). 

The slope of this isotherm is equivalent to the sediment-water partitioning coefficient (Kd) 

specific to Hooker Lake sediment which was found to be 12  0.97 L kg-1. Given the organic 

carbon fraction of Hooker Lake sediment was measured to be (3.5  0.08) %, we calculated a 

Koc value of 340  28 L kg-1. This was slightly lower than the literature values of 350 - 2462 

L kg-1, although these measurements were made using field sediments in experimental ponds 
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rather than lakes, which could introduce uncharacterized variability from other transformation 

reactions, temperature changes, pH and soil differences, and water mixing compared to our 

measurements.39,53 Thus, fluridone is moderately sorptive and partitioning to sediment may 

influence its fate and persistence in the environment. 

y = 11.9x + 23.4

Cw (μM)

0 5 10 15 20

C
s 

(μ
m

o
l k

g
-1

)

0

50

100

150

200

250

300
(a)

Incubation days

0 50 100 150 200

C
o

n
ce

n
tr

at
io

n
 (

μ
M

)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Filtered water
Water and sediment
Unfiltered water

(b)

Incubation days

0 50 100 150 200

C
o

n
c

en
tr

a
ti

o
n

 (
μ

M
)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

U
n

k
n

o
w

n
 P

ro
d

u
c

t 
A

re
a

0

4

8

12

16

Fluridone
3-Trifluoromethyl benzoic acid
Unknown product

(d)

Incubation days

0 10 20 30 40 50

C
o

n
ce

n
tr

at
io

n
 (

μ
m

o
l k

g
-1

)

0

5

10

15

20

25

30

%
 F

lu
ri

d
o

n
e

 A
d

d
e

d

0

20

40

60

80

100

Fluridone
Mass balance

(c)

 

Figure 3.3. (a) Hooker Lake sediment sorption isotherm for fluridone. The slope of the 
isotherm is equivalent to the sediment sorption partitioning coefficient (Kd) in L kg-1. (b) 
[Fluridone] in microcosms incubated with relevant environmental inocula from Hooker Lake 
at 3 μM. (c) Sediment extraction data from Hooker Lake water-sediment microcosms. Mass 
balance represents percent of fluridone sorbed to sediment. Concentration represents μmol of 
fluridone per kg of dried sediment. (d) [Fluridone], [3-trifluoromethyl benzoic acid], and area 
of an unknown product detected in the water-sediment microcosms only. Error bars represent 
standard deviation of triplicate samples. 
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 Microcosm incubations. Fluridone experienced virtually no loss throughout the 

duration of the experiment in the abiotic control (filtered water) as well as the unfiltered water 

only microcosms (Figure 3.3b). This signified that fluridone is very stable in water and its 

susceptibility to microbes throughout the water column is negligible. However, fluridone 

underwent pseudo-first-order kinetics in the sediment-water microcosms (Figure B.4) with an 

observed half-life of 57 days and it was no longer detected in the sediment microcosms past 

day 143. This was comparable to literature values and indicates that fluridone is not easily 

biodegraded in the environment.29,38 

Given that sorption is expected to be a sink for fluridone in sediment-water 

environments, extractions were carried out on microcosm sediment samples to quantify the 

amount of sorption to solids. Fluridone concentration in the sediment was greatest initially 

with a concentration of 29 μmol kg-1, which steadily decreased over time (Figure 3.3c). 

Overall, sediment microcosm extractions found an average fluridone concentration of (18  

6.2) μmol kg-1 across seven samples collected over the first 60 days, which accounted for (15 

 5.1) % of the initial fluridone added. This average sorption percentage was consistent with 

previous studies reporting 10-27% of added fluridone partitioning to the solid phase.52,54,55 

Mass balance calculations found that sorption accounted for all of the fluridone loss initially, 

but this decreased immediately, with sorption only accounting for 48% of the added fluridone 

by day 54. This indicated that subsequent fluridone loss was explained by a mechanism other 

than sorption, such as biodegradation. 

Fluridone experiences a steady pseudo-first-order rate loss before day 60, which is 

followed by an increased rate loss until it was no longer present. This increased fluridone loss 
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directly correlates with product formation, as 3-trifluoromethyl benzoic acid and an 

unidentified product were both detected by HPLC after day 60 (Figure 3.3d). 3-

Trifluoromethyl benzoic acid accumulated to a peak concentration of 1.3 μM and remained 

relatively stable. Both compounds were present in the microcosms for over 100 days, 

indicating they could be persistent compounds under environmental conditions. However, 

sorption only accounted for all fluridone loss during the first time point, therefore any loss after 

time zero and before our observed product formation was also due to biodegradation. 

Additional products could have been formed that were not detected in our HPLC methods, 

such as fluridone-acid (l,4-dihydro-l-methyl-4-oxo-5-[3-(trifluoromethyl)phenyl]-3-

pyridinecarboxylic acid), 4-hydroxyfluridone, or the 2-hydroxy derivative that have been 

detected in other fluridone-sediment experiments.39,56 The degradation of fluridone only in the 

sediment microcosms is consistent with several other polar organic compounds, likely due to 

a higher concentration of microbes or additional nutrients in the sediments.48,57–61 The extended 

lag period and then onset of faster degradation is also common for persistent polar organic 

compounds.62,63 Ultimately, the microcosm incubations showed that sorption and 

biodegradation both have the potential to be key sources of fluridone loss in the environment. 

Fluridone behavior in lakes. Fluridone was quantified following a commercial 

application of the pellet formulation in Hooker Lake for up to 60 days after treatment. The 

herbicide formulation was applied lake-wide, therefore we sampled from three sites that 

included two opposing shorelines and one central site to characterize the lake as a whole 

(Figure 3.4a). Samples from each of the three sites reached a peak concentration ranging from 

18-20 nM and by day 60 the concentration of each site was 10 nM, which was equivalent to 



57 
 
 

the expected lake-wide concentration (Figure 3.4b). While these concentrations were 

consistent with the typical exposure time requirement of 45-100 days, two additional 

treatments were conducted shortly after our sampling period.16-18 

 

Figure 3.4. (a) All sample sites on Hooker Lake. Map made using ArcGIS. (b) [Fluridone] in 
each sample site during treatment. Dashed line is expected lake-wide [fluridone] concentration. 
 

Fluridone concentrations appeared to remain steady throughout the sampling period, 

indicating that it is very stable under environmental conditions. Based on our laboratory 

experiments, photodegradation would appear to be an important loss mechanism in the 

epilimnion, but there was no evidence of this occurring. Similarly, our biodegradation 

measured half-life of 57 days was not consistent with the field concentrations as no significant 

loss was observed by day 60 in the lake. Interestingly, there were several outlets in this lake 

for potential fluridone removal through physical transport, but this was not observed either. 

This indicates that fluridone is much less susceptible to degradation mechanisms under 
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environmentally relevant conditions where natural processes have less influence compared to 

controlled experiments. The type of fluridone formulation also influences behavior and 

persistence in the water column, for the solid form acts as a slow release of fluridone into the 

water, causing a delayed susceptibility to degradation compared to the liquid form.64 Previous 

studies have shown that the pellet formulation of fluridone reaches peak concentration 1-3 

weeks after treatment, with the rate of release being strongly dependent on the sediment type 

(sand, clay, organic).3,5,42 This is consistent with our field data as Hooker Lake has a relatively 

higher organic content, therefore it would be expected for fluridone to experience a slower 

release rate and the target concentration is reached by day 20. Given fluridone was still present 

at 10 nM throughout the lake by day 60 and there was a notable discrepancy between the field 

data and our laboratory observations, more research is needed into understanding the duration 

of complete fluridone degradation in the lake and which transformation mechanisms are 

dominant. 

Conclusions. Our work quantified the photodegradation, biodegradation, and sorption 

of fluridone in laboratory experiments in addition to quantification under environmental 

conditions in the field. Our results found fluridone is susceptible to all three transformation 

pathways, although the water depth, water clarity, and sediment composition of a treated water 

body will be critical for determining which degradation process is dominant. Additionally, the 

importance of photodegradation in shallow waters and sediment sorption suggests physical 

lake parameters such as sediment surface area and composition, average depth, or surface area 

to volume ratios may be important in understanding the in-lake degradation mechanisms of 

fluridone. 
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Fluridone was ultimately more persistent under in situ conditions, as fluridone 

concentration remained consistent up to day 60 in Hooker Lake which is longer than each of 

the half-lives observed in all laboratory experiments. This does not consider additional 

potential loss processes such as plant uptake65 and discharge from lakes.48 The difference in 

conclusions based off fluridone behavior in the lab compared to the field indicates that 

laboratory experiments cannot fully describe how compounds will actually persist in the 

natural environment. Due to these discrepancies, fluridone fate and transport in aquatic 

environments should continue to be evaluated holistically through the combination of both 

field and laboratory studies. 
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Chapter 4. Conclusions  

 Aquatic herbicides can be used as tools to investigate the environmental fate and 

transformation of polar organic compounds in natural waters due to their ability to be studied 

under field conditions starting from introduction into the lake. The underlying goal of this 

thesis was to characterize how herbicide behavior in laboratory studies can translate to their 

behavior under environmentally relevant conditions with tandem field studies. Two herbicides 

were studied with varying required exposure times, effective concentrations, modes of actions, 

and physical-chemical properties, which allowed for a range of investigation into strategic 

herbicide application. 

Susceptibility of the herbicides to photodegradation, biodegradation, hydrolysis, and 

sorption was analyzed through laboratory experiments under isolated and controlled 

conditions. Parallel field campaigns were then conducted to contextualize these conclusions 

through quantifying herbicide degradation and transformation product formation directly 

following treatment. These results were used to determine the dominant transformation 

mechanisms acting on each herbicide in the aquatic environment, as well as to draw broader 

conclusions about laboratory-based narratives on the environmental fate of organic 

compounds. 

As detailed in the prologues of Chapters 2 and 3, the chapters of this thesis are draft 

manuscripts in preparation for submittal to academic journals for publication. These drafts will 

continue to be edited in the coming months by coauthors and reviewers. 
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 FPB summary and future research needs. Florpyrauxifen-benzyl (FPB) is a newly 

developed herbicide that was registered with the Environmental Protection Agency (EPA) for 

aquatic use in 2017.1,2 It was developed to combat invasive plant species resistance to previous 

auxin mimic herbicides by targeting a different binding site.3,4 It was found through laboratory 

studies that FPB is extremely susceptible to photodegradation and modeled half-lives under 

field conditions predicted rapid loss in the epilimnion. However, field studies of FPB paint a 

different picture as photodegradation products were formed, but they only accounted for 

around 4-9% of total FPB loss. 

The two dominant transformation products detected in the field were florpyrauxifen 

and hydroxy-florpyrauxifen. Based on laboratory experiments isolating hydrolysis reactions, 

FPB undergoes base-promoted hydrolysis to produce florpyrauxifen. Microcosm incubations 

of both FPB and florpyrauxifen show that hydroxy-florpyrauxifen is a biodegradation product 

that forms directly from florpyrauxifen. Sorption to sediments was also determined to be an 

important loss pathway for FPB through laboratory experiments, and field sediment samples 

demonstrated that around 12% of the total added FPB was sorbed to the sediments. 

While FPB hydrolysis is a base-promoted reaction, florpyrauxifen formation in lakes 

was faster than any hydrolysis or microcosm experiment at the same pH. This was 

hypothesized to be due to plant-catalyzed hydrolysis in lake, which is described as part of the 

toxicity mechanism of FPB as well as its terrestrial predecessor halauxifen-methyl.3,5,6 This 

was corroborated by plant extractions conducted with plant biomass samples taken throughout 

treatment, with high concentrations of both FPB and florpyrauxifen recovered during the early 
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stages of treatment. Since hydrolysis is the dominant loss pathway of FPB, observed 

degradation rates in aquatic environments are likely most dependent on physical and chemical 

lake parameters such as plant density and pH. 

 Since florpyrauxifen and hydroxy-florpyrauxifen persisted in the water column for 

much longer than FPB, future research is needed to investigate their potential negative effects 

on non-target communities such as native aquatic plants and fish populations. FPB acts as a 

proherbicide, meaning that the parent compound must undergo a chemical conversion in order 

to become biologically active. Florpyrauxifen acts as the herbicidal product for FPB by 

accumulating inside the plant tissue, indicating that it could retain biological effects in the 

water on its own.4,7 Previous work has demonstrated that transformation of one toxic chemical 

to a degradation product does not necessarily eliminate toxicity,8-12 thus the persistence of 

florpyrauxifen must be investigated further to understand the potential for inadvertent effects 

on aquatic ecosystems. 

 Fluridone summary and future research needs. Fluridone has a long history of use 

in aquatic systems, with its initial EPA registration occurring in 1986.13 It has a unique mode 

of action that inhibits the production of protective pigment by the plant which causes 

photobleaching.14,15 Laboratory studies found fluridone underwent degradation the fastest 

through photodegradation, with the shortest half-lives produced through modeling calculations 

in the epilimnion. This is consistent with many literature studies establishing the dominant loss 

pathway of fluridone to be photodegradation.16-19 Fluridone was also determined to be 

susceptible to biodegradation, with loss occurring only in the sediment microcosms which was 
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similar to FPB. However, the half-life of fluridone observed in the sediment microcosms was 

longer than photodegradation by about 40 days. Sorption was observed to be an important loss 

pathway through isotherms returning a Koc value of 340  28 L kg-1, and sediment samples 

returned (15  5.1) % of total fluridone added to the microcosms. 

While laboratory studies demonstrated susceptibility of fluridone to several 

transformation pathways, little loss was observed through quantification in the field for 60 days 

post-treatment. The type of fluridone used during application was a pellet formulation designed 

for slow release into the water column, which is expected to reach maximum concentration by 

1-3 weeks.20-22 Despite this delay in fluridone accumulation, the half-lives calculated in the lab 

were not relevant under environmental conditions. These discrepancies highlight the 

importance of tandem field and laboratory studies when characterizing organic compound 

behavior in the environment. Future studies on fluridone need to be conducted from a holistic 

perspective, with a complete characterization of fluridone from initial application to below 

detection in order to truly understand its persistence in lakes. Based on our observations, 

physical lake parameters such as water depth, water clarity, and sediment-water surface area 

are most likely important factors in fluridone environmental fate given its potential for 

photodegradation, biodegradation, and sorption. 
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Appendix A. Supplementary Material for Chapter 2 

Section A.1. Materials and chemical structures 

Dibasic potassium phosphate (ACS, 98%) and monobasic potassium phosphate 

(ReagentPlus(R)) were purchased from Sigma Aldrich. Acetonitrile (HPLC grade) and formic 

acid (ACS, 88%) were purchased from Fisher Chemical. 2-Nitrobenzaldehyde (99%) was 

purchased from Acros Organics. Florpyrauxifen-benzyl (99.5%) was purchased from Chem 

Service, Inc. Florpyrauxifen (98.5%) was purchased from LGC Standards. Sodium borate was 

purchased from Amresco. Sodium acetate (ACS purity) was purchased from Alfa Aesar. 

Methanol (>99.8%) purchased from VWR. Standards for hydroxy-FPB, hydroxy-

florpyrauxifen, dechloro-FPB, and dechloro-florpyrauxifen (Table A.1), as well as 13C-labeled 

florpyrauxifen-benzyl and florpyrauxifen, were not commercially available and were provided 

courtesy of Corteva Agrisciences. All chemicals were used as received. 

Ultrapure water (18.2 M cm) for all analyses and photochemical irradiations was 

obtained from Milli-Q water purification system. Calibration solutions for the pH meter were 

obtained from Aqua Solutions. 
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Table A.1. Chemical structures, formulas, and molecular weight of florpyrauxifen-benzyl and 
five degradation products.1-3 
 
Chemical Name and Formula Structure 
Florpyrauxifen-benzyl 
 
Molecular Formula: C20H14Cl2F2N2O3  
 
Molecular Weight: 439.24  
 
CAS Number: 1390661-72-9   
Florpyrauxifen 
 
Molecular Formula: C20H14Cl2F2N2O3 

  

Molecular Weight: 439.24  
 
CAS Number: 1390661-72-9  

 

Hydroxy-FPB 
 
Molecular Formula: C19H12Cl2F2N2O3  
 
Molecular Weight: 425.21  
  
Hydroxy-florpyrauxifen 
 
Molecular Formula: C12H6Cl2F2N2O3  
 
Molecular Weight: 335.09  
  

Dechloro-FPB 
 
Molecular Formula: C20H15ClF2N2O3  
 
Molecular Weight: 404.79   
Dechloro-florpyrauxifen 
 
Molecular Formula: C13H9ClF2N2O3  
 
Molecular Weight: 314.67   
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Section A.2. Field sampling methods 

Five FPB treatments were studied during the summers of 2021 and 2022 (Figure A.1). 

FPB was applied to areas of high-density Eurasian watermilfoil but had the potential to mix 

completely throughout the lake. Pretreatment surface water and sediment were collected from 

the epilimnion and nearshore area ≤ 2 hours prior to treatment and stored at 4oC until 

processing. Pretreatment samples used for bulk water chemistry measurements and 

photochemical irradiations were collected in 4 L combusted glass amber bottles, filtered 

through a 0.45 M nylon filter, and preserved at 4oC until analysis. Water for microcosm 

incubations was collected with 10 L HDPE cubitainers and stored in the dark on ice until 

microcosm set up. Sediment for microcosm incubations was collected by Eckman dredge or 

hand-coring at a nearshore site of each and stored in the dark on ice until microcosms set up 

which occurred within 24 hours.  

Water samples collected during and after FPB treatments were stored on ice and in the 

dark until processing, typically on site (i.e., within 1 hour of collection) but no more than 24 

hours after collection, and preserved with methanol, formic acid, and a 13C-labeled 

florpyrauxifen-benzyl internal standard (2.2 nM). 

Water samples were collected at three sites on each lake, with at least one site in 

treatment area, one outside of treatment area (i.e., not intended to be treated) to monitor 

advective transport out of the treatment area, and one site at the deepest point of the lake. 

Samples were collected immediately after FPB application (<1 hour after application) and at 

3- to-4-hour intervals for 12 hours after treatment, every 1 to 2 days after treatment for one 
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week after treatment, and then weekly thereafter. Additional depth discrete samples were 

collected with a Van Dorn sampler at 2 or 3 m intervals the deep hole of Muskellunge and 

Silver Lakes. At each sampling event, surface water was analyzed for all six target compounds 

(Table A.1).  

 
 
Figure A.1. Map of lakes sampled during 2021 and 2022 field campaigns. Map made using 
Leaflet package in RStudio.   
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Section A.3. Analytical methods 

FPB, 13C-FPB, 13C-florpyrauxifen, florpyrauxifen, hydroxy-FPB, hydroxy-

florpyrauxifen, dechloro-FPB, and dechloro-florpyrauxifen were quantified using an Agilent 

Triple Quad 6460 liquid chromatograph-tandem mass spectrometer (LC-MS/MS; Table A.2). 

Samples were analyzed using a gradient method (Table A.3) of aqueous buffer (A; 0.1% 

formic acid in ultra-pure water) and organic phase of 100% methanol (B) at 0.35 mL min-1 on 

an Agilent InfinityLab Poroshell 120 EC-C18 (3.0 x 50 mm) column and a column temperature 

control of 40°C. 

LC-MS/MS running conditions and method details for FPB and degradation products:  
Mode: Positive electrospray ionization 
Scan type: MRM 
Gas temp: 400 oC 
Speed: 13 L/min 
Nebulizer pressure: 45 psi 
Sheath gas temperature: 400 oC 
Sheath gas flow rate: 12 L/min 
Capillary voltage: 4500 V 
Dwell: 100 msec 
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Table A.2. Precursor and product ion information for FPB, internal standards, and degradation 
products. 

 
Compound Retention 

Time 
(min) 

Precursor 
m/z 

Product 
m/z 

Fragmentor 
voltage 

Collision 
energy 

Cell 
accelerator 

voltage 

LOD 
(nM) 

FPB 5.1 439 91 95 98 4 0.07 
65 95 110 4 

13C FPB 
 

5.1 445 91 95 98 4 0.07 
65 95 110 4 

Florpyrauxifen 4.2 349 268 96 25 7 0.09 
303 96 20 7 

13C Florpyrauxifen 4.2 355 274 96 25 7 0.09 
309 96 20 7 

Hydroxy-FPB 4.8 425 91 102 50 7 0.08 
65 102 100 7 

Dechloro-FPB 4.9 405 91 93 30 7 0.03 
65 93 100 6 

Hydroxy-
florpyrauxifen 

2.9 335 289 12 21 5 0.07 
254 102 34 5 

Dechloro-
florpyrauxifen 

3.7 315 234 98 30 4 0.13 
191 98 60 4 

 
Table A.3. Gradient chromatography details for LC-MS/MS analytical method of FPB, 
internal standard, and degradation products. 
 

Time (minutes) A% B% 
0.0 50 50 
1.0 50 50 

1.25 20 80 
2.0 0 100 
5.2 0 100 
5.3 50 50 
8.5 50 50 

 
The actinometer 2-nitrobenzaldehyde was quantified used an Agilent 1260 high-

performance liquid chromatograph (HPLC) equipped with a diode-array detector. Samples 

were analyzed using an isocratic method with acetonitrile as a mobile phase and an aqueous 

buffer of 90:10 ultrapure water: aqueous buffer of 10 % acetonitrile and 0.1% formic acid in 
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ultrapure water (Table A.4). An Agilent InfinityLab Poroshell 120 EC-C18 (3.0 x 50 mm) 

column was used with a column temperature control of 30°C. 

 
Table A.4. Method information for quantification of 2-nitrobenzaldehyde via high pressure 
liquid chromatography. 

 

  

Compound % 
Aqueous 
Buffer 

Flow 
(mL 

min-1) 

Detection 
wavelength 

(nm) 

Retention 
Time 
(min) 

Purpose LOD 
(M) 

2-
nitrobenzaldehyde 

80 0.5 231 2.9 311 nm 
actinometer 

0.5 
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Section A.4. Hydrolysis experiments 
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Figure A.2. FPB and florpyrauxifen concentrations in hydrolysis experiments in buffered 
ultrapure water at (a) pH 10, (b) pH 9, (c) pH 8, (d) pH 7, (e) pH 6, (f) pH 5, and (g) pH 4, as 
well as in unbuffered water from (h) Muskellunge (pH 7.15), (i) Silver (pH 7.22), and (j) South 
Twin (pH 8.62) lakes. Error bars represent the standard deviation of triplicate reactors. 
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Figure A.3. Absorbance data for florpyrauxifen from pH 2.5-4 at 239 nm. An acid dissociation 
constant (pKa) of 3.18 was determined by measuring pH at different wavelengths and using 
least squares regression.4 
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Section A.5. Sorption experiments 

Sorption isotherms were calculated for FPB and florpyrauxifen with Kettle Moraine 

Lake and Lilly Lake sediments. The concentration remaining in the water at equilibrium (Cw) 

was quantified after 8 hours for FPB and after 24 hours for florpyrauxifen; timepoints were 

determined based on preliminary kinetics experiments (shown for FPB in Figure A.4). The 

concentration remaining in the sediment at equilibrium was calculated based on Equation S1: 

𝐶௦ =  
𝑉 (𝐶଴ − 𝐶௪)

𝑀
 Eq. S1 

where V is the volume of the solution, C0 is the initial spiked concentration of FPB or 

florpyrauxifen, and M is the mass of lake sediment used.5 The batch reactors were spiked with 

4.6, 9.1, 14, 18, and 22 nM FPB and 5.7, 11, 17, 23, and 29 nM florpyrauxifen. 
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Figure A.4. Sorption kinetics of FPB interaction with lake sediment and control of FPB 
without sediment over time. FPB with sediment shows equilibrium is reached by 8 hours of 
sediment interaction. FPB control without sediment shows little to no loss occurs through 
volatilization, photodegradation, or sorption to the glass bottles. 
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Figure A.5. Lilly Lake sediment sorption isotherms for (a) FPB and (b) florpyrauxifen. The 
slope of the isotherm is equivalent to the sediment sorption partitioning coefficient (Kd) in L 
kg-1. Error bars represent the standard deviation of triplicate reactors. 
 

The organic content was measured for Kettle Moraine and Lilly Lake sediments 

through a loss-on-ignition method by combusting the dried sediment at 550°C for 4 hours.6 

The organic content was used to calculate the Koc of FPB and florpyrauxifen using Equation 

S2: 

𝐾௢௖ =  
𝐾ௗ

𝑓௢௖
 Eq. S2 

where Kd is the sediment-specific sorption partitioning coefficient and foc is the fraction of 

organic content (Table A.6).5 
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Table A.6. Sediment sorption parameters for FPB and florpyrauxifen. Kd is the sediment-
specific partitioning coefficient in L kg-1 and foc is the fraction of organic content in each 
sediment. 
 

Lake 
sediment 

foc 
Kd – 
FPB 

(L kg-1) 

Koc – FPB 
(L kg-1) 

Kd – 
Florpyrauxifen 

(L kg-1) 

Koc – 
Florpyrauxifen 

(L kg-1) 
Kettle 

Moraine 
5.7% 710 ± 69 

12000 ± 
1200 

220 ± 8 3900 ± 150 

Lilly 0.4% 64 ± 5 
15000 ± 

1400 
19 ± 3 4600 ± 700 
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Section A.6. Microcosm incubations 
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Figure A.6. Lilly Lake microcosms incubated with (a-c) FPB and (d-f) florpyrauxifen. 
Reactors contained (a, d) 0.2 m filter sterilized water only (abiotic controls), (b, e) 0.2 m 
filter sterilized water with sediment, and (c, f) unfiltered lake water only. Error bars represent 
the standard deviation of samples from triplicate microcosms. Error bars in each figure are 
smaller than the data point symbols. 
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Figure A.7. Pseudo-first-order microcosm kinetics for FPB in (a) Kettle Moraine Lake and (b) 
Lilly Lake, as well as florpyrauxifen incubations in (c) Kettle Moraine Lake and (d) Lilly Lake. 
“Abiotic control” is 0.2 m filter sterilized water only, “sediment-water” is 0.2 m filter 
sterilized water with sediment, and “water only” is unfiltered lake water. Error bars represent 
the standard deviation of triplicate reactors. 
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Section A.7. Photochemical irradiations and modeling 

Irradiation experiments. Irradiation experiments were carried out using bulbs that 

emit light at 311  22 nm (width at half-max) alongside a 2-nitrobenzaledhyde actinometer.7 

Lake water used for indirect photodegradation analysis was diluted to 3 mg-C L-1. 
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Figure A.8. Molar absorptivity (ɛ) of FPB and florpyrauxifen overlapping with 311 nm 
intensity of Rayonet bulbs used in photochemistry experiments. 
 

Quantum yield calculations. Quantum yields were calculated for FPB and 

florpyrauxifen as described previously.4,8 Briefly, the observed photodegradation rate 

constants (kobs) were corrected for light screening in all solutions using by calculating a 

screening factor at each wavelength (Sλ): 

𝑆஛ =
ଵିଵ଴షഀഊ∗೗

ଶ.ଷ଴ଷ∗ିఈഊ∗௟
                      Eq. A3 
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where αλ is the solution decadic absorbance measured using a UV-vis spectrophotometer and 

l is the pathlength of the cuvette (1 cm). An average weighted screening factor (Sweighted) was 

calculated from 250-455 nm and was used to correct the observed degradation rate constants 

for all lake waters and the direct control using the Equation A4: 

𝑘௦௖௥௘௘௡௘ௗ =
௞೚್ೞ

ௌೢ೐೔೒೓೟೐೏
                            Eq. A4 

The light absorbance rate constant (kabs) was calculated using Equation A5: 

𝑘௔௕௦ = Σ
ଶ.ଷ଴ଷ ௫ ୍ಓ ୶ ஑ಓ ୶ ୗಓ

[େ] ୶ ୨
                  Eq. A5     

where Iλ is the intensity of light (mEi cm-2 s-1), λ is the solution decadic absorbance, Sλ is the 

weighted screening factor, [C] is FPB concentration (molar), and j is a conversion factor of 1 

einstein-mol-1.9  

The quantum yield () was then calculated using Equation A6:4,8,10 

Φி௉஻ =
௞ೞ೎ೝ೐೐೙೐೏,೏೔ೝ೐೎೟,ೠ೙ೖ

௞೏೔ೝ೐೎೟,ೌ೎೟
 𝑥 

௞ೌ್ೞ,ೌ೎೟

௞ೌ್ೞ,ೠ೙ೖ
 𝑥 ௔௖௧                                   Eq. A6 

where kscreened,direct,unk is the light screening corrected direct photodegradation rate constant for 

the direct control (s-1), kdirect,act is the photodegradation rate constant of the actinometer (s-1), 

kabs,act  

(s-1) is the rate of light absorbance of the actinometer, and kabs,unk (s-1) is the rate of light 

absorption for the target compound. act is the quantum yield for 2-nitrobenzaldehyde (0.41).7  

In-lake photodegradation modeling. The FPB calculated quantum yield was coupled 

with solar irradiance modeling using the Simple Model of Atmospheric Transfer of Sunshine 

(SMARTS)11 to calculate FPB half-lives in the study lakes. A light absorbance rate constant, 
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kabs,sun, was calculated for the horizontal global irradiance spectrum (Figure A.9) using 

Equation S5. 8 kabs,sun was then used to calculate direct photodegradation rates in lakes with 

site-specific solar intensity using Equation A7: 

𝑘௣௛௢௧௢ௗ௘௚௥௔ௗ௔௧௜௢ =  𝑘௔௕௦,௦௨௡ x 
ி௉஻

                               Eq. A7 

A depth integrated photodegradation rate was calculated by varying the pathlength (Eq. S3) to 

find a new kphotodegradation at 1 cm intervals throughout a 1 m water column (i.e., 1 cm, 2 cm, … 

100 cm). The depth discrete rates were then averaged together to find a depth integrated 

photodegradation rate.  
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Figure A.9. (a) Irradiance data for the global horizontal irradiance spectra of each study lake 
generated using SMARTS. (b) Hourly irradiance at Kettle Moraine Lake during the day of 
treatment from 7 am to 7 pm. 
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Table A.7. SMARTS modeling input parameters for the in-lake photolysis degradation of FPB.  
 

Card 
Number/ 
Description 

Muskellunge South Twin Silver Kettle 
Moraine 

Lilly 

1. Comment ‘Muskellunge’ ‘South Twin’ ‘Silver’ ‘Kettle 
Moraine’ 

‘Lilly’ 

1. Manually 
input 
pressure 

1 1 1 1 1 

2a. Pressure, 
surface 
altitude, and 
height 

1013.25  
0.495  
0 

1013.25 
0.517 
0 

1013.25 
0.476 
0 

1013.25 
0.313 
0 

1013.25 
0.228 
0 

3. Option to 
use default 
atmosphere 

1 1 1 1 1 

3a. 
Midlatitude 
Summer 

‘MLS’ ‘MLS’ ‘MLS’ ‘MLS’ ‘MLS’ 

4. Use default 
Water vapor 

1 1 1 1 1 

5. Use default 
ozone 
abundance 

1 1 1 1 1 

6. Use default 
gas 
abundance 
except CO2 

1 1 1 1 1 

7. Carbon 
dioxide from 
June 2021 
and 2022 

415.2 415.2 415.2 417.46 417.46 

7a. Use 
default 
synthetic 
spectrum 

0 0 0 0 0 

8.Use 
continental 
aerosol 
model 

‘SRA_CONTL
’ 

‘SRA_CONTL
’ 

‘SRA_CONTL
’ 

‘SRA_CONTL
’ 

‘SRA_CONTL
’ 

9. Use 
aerosol 
optical depth 
of 55 nm 

5 5 5 5 5 

9a. 0.084 0.084 0.084 0.084 0.084 
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10. Select 
“water” for 
albedo 

2 2 2 2 2 

10b. ITILT 1 1 1 1 1 
ITILT is an 
option for 
tilted surface 
calculations. 
Leave box 
unchecked 

51 
37. 
180. 

51 
37. 
180. 

51 
37. 
180. 

51 
37. 
180. 

51 
37. 
180. 

11. Minimal 
spectral 
range, max 
spectral 
range, 
variability in 
irradiance, 
and default 
solar 
constant. 

280 
4000 
1.0 
1366.1 

280 
4000 
1.0 
1366.1 

280 
4000 
1.0 
1366.1 

280 
4000 
1.0 
1366.1 

280 
4000 
1.0 
1366.1 

12. Option to 
generate 
results with 
spreadsheet 

2 2 2 2 2 

12a: Interval 
for printing 
results 

280 
4000 
1 

280 
4000 
1 

280 
4000 
1 

280 
4000 
1 

280 
4000 
1 

12b. Total 
number of 
outputs 

5 5 5 5 5 

12c. Outputs: 
(1) 
extraterrestria
l spectrum, 
(2) direct 
normal 
irradiance, 
(3) diffuse 
horizontal 
irradiance, 
(4) global 
horizontal 
irradiance 
and (5) direct 
horizontal 
irradiance 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

13. Bypass 
circumsolar 
radiation  

0 0 0 0 0 
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14. Bypass 
smoothing 
calculation 

0 0 0 0 0 

15. 
Illuminance 
using CIE 
photopic 
curve 

1 1 1 1 1 

16. No 
special UV 
calculations 

0 0 0 0 0 

17. Set inputs 
for card 17 

3 3 3 3 3 

17a. Year, 
month, day 
hour, latitude, 
longitude, 
time zone.  

2021 06 23 
12.1 
45.951384 
-89.379651 
-6 

2021 06 09 
12.1 
46.031795 
-89.171600 
-6 

2021 06 23 
12.1 
45.557370 
-88.707779 
-6 

2022 06 03 
12.1 
43.653153 
-88.209903 
-6 

2022 05 22 
12.1 
42.563358 
-88.212591 
-6 
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Figure A.10. First-order kinetics of photodegradation of (a) FPB and (b) florpyrauxifen at 311 
nm in buffered ultrapure water (direct control) and filtered lake water (Kettle Moraine and 
Lily) alongside dark controls. Error bars represent the standard deviation of triplicate reactors.  
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Section A.8. Sediment and plant extractions 
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Figure A.11. Solution determination for sediment and plant extractions. All solution 
recoveries were comparable; therefore 90% ACN was chosen due to being a previously 
established method.3,12 
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Figure A.12. FPB and florpyrauxifen concentrations in nearshore sediment from (a) Kettle 
Moraine Lake and (b) Lilly Lake. Concentration represents nmol per kg of dried sediment. 13C-
FPB and 13C-florpyrauxifen concentrations were used to correct for extraction efficiency. 
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Figure A.13. Sediment extraction data from Kettle Moraine Lake microcosms incubated with 
(a) FPB and (b) florpyrauxifen and Lilly Lake microcosms incubated with (c) FPB and (d) 
florpyrauxifen. Concentration represents nmol per kg of dried sediment. 13C-FPB and 13C-
florpyrauxifen concentrations were used to correct for extraction efficiency. 
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Figure A.14. Plant extraction data from (a) Kettle Moraine Lake and (b) Lilly Lake. 
Concentration represents nmol per kg of dried plant material. 13C-FPB and 13C-florpyrauxifen 
concentrations were used to correct for extraction efficiency. 
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Section A.9. Treatment data

 
Figure A.15. (a) All sites on Kettle Moraine Lake. Concentrations of (b) FPB, florpyrauxifen, 
hydroxy-florpyrauxifen, hydroxy-FPB, and dechloro-FPB in site KM1. Concentrations of (c) 
FPB, (d) florpyrauxifen, (e) hydroxy-florpyrauxifen, (f) hydroxy-FPB, and (g) dechloro-FPB 
in all sites. Dashed line in panel (c) is the potential lake-wide FPB concentration of 1.28 nM. 
  

Days after treatment
0 2 4 6

[F
P

B
] 

(n
M

)

0

5

10

15

20

Site KM1 (treated)
Site KM2 (not treated)
Site KM3 (deep hole)

Days after treatment

0 5 10 15 20 25

[F
lo

rp
yr

a
u

x
if

en
] 

(n
M

)

0

1

2

3

4

5

6

Site KM1 (treated)
Site KM2 (not treated)
Site KM3 (deep hole)

Days after treatment

0 5 10 15 20 25

[H
yd

ro
x

y-
fl

o
rp

yr
a

u
xi

fe
n

] 
(n

M
)

0

1

2

3

4

5
Site KM1 (treated)
Site KM2 (not treated)
Site KM3 (deep hole)

Days after treatment

0 5 10 15 20 25

[H
yd

ro
xy

-F
P

B
] 

(n
M

)

0.0

0.1

0.2

0.3

0.4

0.5

0.6
Site KM1 (treated)
Site KM2 (not treated)
Site KM3 (deep hole)

Days after treatment

0 1 2 3 4

[D
ec

h
lo

ro
-F

P
B

] 
(n

M
)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
Site KM1 (treated)
Site KM2 (not treated)
Site KM3 (deep hole)

Days after treatment
0 5 10 15 20 25

C
o

n
c

en
tr

a
ti

o
n

 (
n

M
)

0

2

4

6

20 FPB 
Florpyrauxifen 
Hydroxy-florpyrauxifen 
Dechloro-FPB 
Hydroxy-FPB 

(b) (c)

(d) (e) (f)

(g)

KM1

KM2

KM3

(a)



94 
 
 

 
Figure A.16. (a) All sites on Muskellunge Lake. (b) Lake-wide average concentrations of FPB 
and florpyrauxifen. Concentrations of (c) FPB and (d) florpyrauxifen in all sites. Dashed line 
in panel (b) is potential lake-wide FPB concentration of 0.48 nM. Error bars in (b) represent 
standard deviation of three samples (one from each site) at each time point. 
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Figure A.17. (a) All sites on Silver Lake. (b) Lake-wide average concentrations of FPB and 
florpyrauxifen. Concentrations of (c) FPB and (d) florpyrauxifen in all sites. Dashed line panels 
(b) and (c) is potential lake wide concentration of 0.36 nM. Error bars in (b) represent standard 
deviation of three samples (one from each site) at each time point. 
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Figure A.18. (a) All sites on South Twin Lake. (b) Lake-wide average concentrations of FPB 
and florpyrauxifen. Concentrations of (c) FPB and (d) florpyrauxifen in all sites. Dashed line 
in panels (b) and (c) is potential lake wide concentration of 0.93 nM. Error bars in (b) represent 
standard deviation of three samples (one from each site) at each time point. 
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Figure A.19. (a) All sites on Lilly Lake. (b) Lake-wide average concentrations of FPB, 
florpyrauxifen, and hydroxy-florpyrauxifen. Concentrations of (c) FPB, (d) florpyrauxifen, 
and (e) hydroxy-florpyrauxifen in all sites. Dashed line in panels (b) and (c) is potential lake 
wide concentration of 2.16 nM. Error bars in (b) represent standard deviation of three samples 
(one from each site) at each time point. 
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Section A.10. Material balance calculations 

FPB recovery in lakes. Calculations were carried out to calculate the recovery of FPB 

and its primary degradation product florpyrauxifen in all the lake treatments (i.e., to assess 

whether florpyrauxifen accounted for all observed loss of FPB; Table A.8). An estimate of 

time of lake mixing, specifically when lake-wide concentrations began to stabilize, was made 

within the first 12-48 hours based on FPB concentrations at all three sampling sites in a lake 

(Figures A.15-A.19). Percent recovery was calculated using Equation A8: 

% 𝐹𝑃𝐵௟௔௞௘ 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =
[𝐹𝑃𝐵]௠௜௫௘ௗ + [𝑓𝑙𝑜𝑟𝑝𝑦𝑟𝑎𝑢𝑥𝑖𝑓𝑒𝑛]௠௜௫௘ௗ

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑙𝑎𝑘𝑒 𝑤𝑖𝑑𝑒 [𝐹𝑃𝐵]
 Eq. A8 

where [FPB]mixed is the average of [FPB] at all sampling stations and [florpyrauxifen]mixed is 

the average [florpyrauxifen] at all three sites found in the lake at the time of mixing.  The 

expected lake wide [FPB] is found on the herbicide treatment plan or calculated using lake 

volume13 and mass of FPB applied from treatment record. 
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Table A.8. Half-lives of FPB in field study and laboratory experiments. 
 

Lake 
In-lake 

recovery 
of FPB 

Lake 
half-life 
(days) 

Photodeg. 
half-life 
in top 1 

cm 
(days) 

Microcosm half-life (days) 
Hydrolysis 

half-life 
(days) Abiotic 

Water 
only 

Water-
Sediment 

South Twin 
Lake 

160% 1 0.16 - - - 5.5 

Muskellunge 
Lake 

112% 2 0.15 - - - 14 

Silver Lake 126% 3 0.16 - - - 18 
Lilly Lake 103% 0.2 0.16 6.6 7.3 2.5 6.6 

Kettle 
Moraine 

Lake 
103% 1 0.16 6.5 8.5 1.8 6.1 

 

Material balance using product yields from field data. To calculate a percent 

contribution for each transformation pathway using the field data, the concentration of products 

associated with a specific pathway were divided by the sum of all products measured in the 

lake at the time of mixing (24 hours after treatment) assuming a 1:1 molar ratio of FPB loss to 

product formation as described by Equation A9. 

% 𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑜𝑓 𝑋 𝑝𝑎𝑡ℎ𝑤𝑎𝑦 =  
[𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑜𝑓 𝑋 𝑝𝑎𝑡ℎ𝑤𝑎𝑦]ଶସ ௛௥

[𝑠𝑢𝑚 𝑜𝑓 𝑎𝑙𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠]ଶସ ௛௥
 Eq. A9 

We assumed that dechloro-FPB was produced through photodegradation, hydroxy-

florpyrauxifen and hydroxy-FPB were produced through biodegradation, and florpyrauxifen 

was produced through hydrolysis based on laboratory experiments. 
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To calculate the percent contribution of sorption, the concentration of FPB estimated 

to be remaining in the sediment at equilibrium (Cs), which was calculated through Equation 

A10, was divided by the initial FPB concentration detected in the lake. 

𝐶௦ =  
[𝐹𝑃𝐵] ∗ 𝐾ௗ ∗ 𝑚

𝑉
 Eq. A10 

The value of Kd was obtained from the sorption experiment with Kettle Moraine Lake 

sediment (Table A.6). The volume of the lake was estimated by multiplying the area of the 

lake by the mean depth.13 The mass of sediment was estimated by assuming FPB interacts with 

the top 2.5-cm layer of sediment with the same surface area as the lake and the sediment bulk 

density is 1.2 g/cm3.14 

Material balance based on measured kinetics under laboratory conditions. A 

second material balance was conducted for Kettle Moraine Lake using first-order rate loss 

calculations from hydrolysis, photodegradation, and biodegradation in the following equation: 

𝐶௧ = 𝐶଴ 𝑥 𝑒ି൫௞೓೤೏ೝ೚೗೤ೞ೔ೞ ା௞್೔೚೏೐೒ೝೌ೏ೌ೟೔೚೙ା௞೛೓೚೟೚೏೐೒ೝೌ೏ೌ೟೔೚೙ ൯ ௧  Eq. A11 

where Ct is [FPB] at time t, C0 is initial [FPB] measured, khydrolysis is the hydrolysis rate 

calculated from hydrolysis experiments at pH 8, kphotodegradation is the modeled direct 

photodegradation rate in sunlight averaged over the top 1 m of the lake, and kbiodegradation is the 

biodegradation rate calculated using microcosm incubations. 
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Figure A.20. Modeling results of first-order kinetics compared with measured epilimnion 
concentrations of FPB in Kettle Moraine Lake. 
 

 To calculate the percent contribution of each transformation pathway, each rate 

constant was divided by the pseudo-first-order rate constant for FPB loss observed in the field. 

The actual rate of FPB loss observed in Kettle Moraine, however, was still faster than the total 

material balance rate calculated. This could be due to sediment sorption, which could not be 

included in the first-order rate model, physical transport, or other processes. Specifically, a 

process called “phloem-trapping”, which is the uptake of FPB by targeted plants and release 

of florpyrauxifen, could have contributed to the loss in the water column.15,16 
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Appendix B. Supplementary Material for Chapter 3 

Section B.1. Summary of previous fluridone studies 

Table B.1. Summary of literature reports of field, photodegradation, biodegradation, and 
sorption studies of fluridone.  
 

Half-life Study type Ref. # 
Field Studies 

2-11 days Three ponds and one lake in MI, NY, FL, & Panama Canal 1 
4 – 7 days Small ponds in Manitoba, Canada 2 
5-60 days Ponds in TX, WV, MO, CA, IN, and FL 3 

30-50 days Small- medium ponds in Greenfield, Indiana 4 
17 weeks Small artificial ponds in Manitoba, Canada 5 
8 months Lake, Silver Lake, Wisconsin 6 

Photodegradation Studies 
15-36 hours Ultrapure water, natural light, filtered > 297 nm 7 

23 hours Ultrapure water, simulated sunlight 280-365 nm 1 
28-55 hours Ultrapure water, simulated sunlight 280-365 nm 8 

35 hours Ultrapure water, natural sunlight, 325-355 nm 7 
8.8 days Ultrapure water, simulated sunlight, 310-380 nm 7 
7 days Well water, natural sunlight 9 

12 days Ultrapure & lake water, natural sunlight 8 
33 days Well water, natural sunlight, 290 - 320 nm light filtered out 9 

Biodegradation Studies 
50 days Microcosms with silty and sandy soil, saturated with tap water 10 

>150 days Microcosm with lake sediment 11 
>150 days Cultures enriched from lake sediments 11 
12 months Culture flasks with three sediment types 5 

Sorption Studies 
10% sorbed in 30 

days 
Silty and sandy soil, saturated with tap water 10 

16-27% sorbed in 
28 days 

Pond application in New York and Florida 1 

14-52% sorbed in 
over 150 days 

Pond sediments in Manitoba, Canada 5 

Koc: 883- 2462 L 
kg-1 

Pond sediments in Manitoba, Canada 2 
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Section B.2. Field sampling methods 

Lake water was collected from six lakes for bulk water chemistry measurements and 

photochemical irradiations. Surface water was collected from the epilimnion and nearshore 

area in 4 L combusted glass amber bottles, filtered through a 0.45 m nylon filter, and 

preserved at 4oC until analysis. 

Table B.2. Location, pH, dissolved organic carbon, E2:E3 (absorbance at 250 nm divided by 
absorbance at 365 nm),12 and SUVA254 (specific UV absorbance at 254 nm)13 for all lakes 
visited during field sampling. 
 

Lake Coordinates pH DOC (mg/L) SUVA254 E2:E3 

Silver 45.92°N, 89.24°W 7.95 6.54 1.55 7.17 
Pike 43.31°N, 88.33°W 8.21 7.18 1.83 9.24 

Tomahawk 46.37°N, 91.52°W 8.02 4.52 1.06 10.06 
Pleasant 42.79°N, 88.55°W 8.04 6.16 0.86 9.61 
Hooker 44.56°N, 88.10°W 8.01 7.60 2.21 8.35 

 
Pretreatment water used for microcosm incubations was collected with 10 L HDPE 

cubitainers and stored in the dark on ice until microcosm set up. Sediment for microcosm 

incubations and sorption experiments was collected by Eckman dredge or hand-coring at a 

nearshore site of each and stored in the dark on ice until microcosms set up which occurred 

within 24 hours. 

Water samples collected during the fluridone treatment of Hooker Lake were stored on 

ice and in the dark until processing which occurred no longer than 24 hours after collection. 

Processing involved filtration through a 0.45 μm nylon filter and preserved at 4oC until 

analysis. Water samples were collected at three sites on Hooker Lake, with two being opposite 

nearshore sites and one location being in the center to characterize behavior throughout the 

lake. Samples were collected every 1-2 weeks until 60 days post-treatment. 
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Section B.3. Photochemical irradiations 
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Figure B.1. Molar absorptivity (ɛ) fluridone and the irradiance of the 311 nm bulbs used in 
photochemistry experiments (second y-axis). 
 

The observed photodegradation rate constants (kobs) were corrected for light screening 

in all solutions using by calculating a screening factor at each wavelength (Sλ): 

𝑆஛ =
ଵିଵ షഀഊ∗೗

ଶ.ଷ଴ଷ∗ିఈഊ∗௟
                      Eq. B3 

where αλ is the solution decadic absorbance measured using a UV-vis spectrophotometer and 

l is the pathlength of the cuvette (1 cm). An average weighted screening factor (Sweighted) was 

calculated from 250-455 nm and was used to correct the observed degradation rate constants 

for all lake waters and the direct control using the Equation B4: 

𝑘௦௖௥௘௘௡௘ௗ =
௞೚್ೞ

ௌೢ೐೔೒೓೟೐೏
                            Eq. B4 

The light absorbance rate constant (kabs) was calculated using Equation B5: 
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𝑘௔௕௦ = Σ
ଶ.ଷ଴ଷ ௫ ୍ಓ ୶ ஑ಓ ୶ ୗಓ

[େ] ୶ ୨
                  Eq. B5     

where Iλ is the intensity of light (mEi cm-2 s-1), λ is the solution decadic absorbance, Sλ is the 

weighted screening factor, [C] is fluridone concentration (molar), and j is a conversion factor 

of 1 einstein-mol-1.14 
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Figure B.2. Average of the hourly irradiance at Hooker Lake during the day of treatment from 
6 am to 6 pm. Global horizontal irradiance spectra at each time was generated using 
SMARTS.15 
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Table B.3. SMARTS modeling input parameters for the in-lake photolysis degradation of 
fluridone in Hooker Lake on the day of treatment. 

Card Number/ Description Hooker Lake Parameters 
1. Comment ‘Hooker’ 
1. Manually input pressure 1 
2a. Pressure, surface altitude, and height 1013.25  

0.229  
0 

3. Option to use default atmosphere 1 
3a. Midlatitude Summer ‘MLS’ 
4. Use default Water vapor 1 
5. Use default ozone abundance 1 
6. Use default gas abundance except CO2 1 
7. Carbon dioxide from June 2021 and 2022 417.46 
7a. Use default synthetic spectrum 0 
8.Use continental aerosol model ‘SRA_CONTL’ 
9. Use aerosol optical depth of 55 nm 5 
9a. 0.084 
10. Select “water” for albedo 2 
10b. ITILT 1 
ITILT is an option for tilted surface calculations. Leave 
box unchecked 

51 
37. 
180. 

11. Minimal spectral range, max spectral range, 
variability in irradiance, and default solar constant. 

280 
4000 
1.0 
1366.1 

12. Option to generate results with spreadsheet 2 
12a: Interval for printing results 280 

4000 
1 

12b. Total number of outputs 5 
12c. Outputs: (1) extraterrestrial spectrum, (2) direct 
normal 
irradiance, (3) diffuse horizontal irradiance, (4) global 
horizontal irradiance and (5) direct horizontal 
irradiance 

1 
2 
3 
4 
5 

13. Bypass circumsolar radiation  0 
14. Bypass smoothing calculation 0 
15. Illuminance using CIE photopic curve 1 
16. No special UV calculations 0 
17. Set inputs for card 17 3 
17a. Year, month, day hour, latitude, longitude, time 
zone.  

2022 05 12 
12.1 
42.558952 -88.100541 -6 
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Section B.4. Sorption experiments 
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Figure B.3. Sorption kinetics of fluridone interaction with lake sediment along with controls 
of fluridone without sediment and the lake sediment with no fluridone. Fluridone with 
sediment shows equilibrium is reached by 6 hours of sediment interaction. Fluridone control 
without sediment shows little to no loss occurs through volatilization, photodegradation, or 
sorption to the glass bottles. The sediment control shows no signs of preexisting fluridone that 
would skew the measured concentrations. Error bars represent the standard deviation of 
triplicate reactors.  
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Section B.5. Microcosm incubations 
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Figure B.4. Pseudo-first-order microcosm kinetics for fluridone. Error bars represent the 
standard deviation of triplicate reactors. 
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Figure B.5. [Fluridone] in original microcosms incubated with relevant environmental inocula 
from Hooker Lake at 3 μM.  
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Section B.6. Sediment extractions 
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Figure B.6. Percent recovery of fluridone from sediment samples using a 50:50 
methanol:water extraction solution. Error bars represent the standard deviation of triplicate 
reactors. 
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Section B.7. Analytical methods 

Fluridone from laboratory experiments, 3-trifluoromethyl benzoic acid, and 2-

nitrobenzaldehyde were analyzed via high performance liquid chromatography (HPLC). All 

methods used an Agilent Technologies 1260 Infinity instrument equipped with a diode array 

detector, an Agilent InfinityLab C-18 Poroshell 120 column, and an aqueous buffer composed 

of 10% acetonitrile and 0.1% formic acid in ultrapure water for the aqueous phase (A) and 

100% acetonitrile for the mobile phase (B). Fluridone and 3-trifluoromethyl benzoic acid were 

analyzed using a gradient method (Table B.4)31 and 2-nitrobenzyaldehyde was analyzed using 

an isocratic method (Table B.5). Fluridone analyzed through HPLC had a limit of detection 

(LOD) of 0.6 μM. 

Table B.4. Time segments for gradient method used to analyze fluridone and 3-trifluoromethyl 
benzoic acid on HPLC. 

Time (minutes) A% B% 

0 60 40 

0.8 0 100 

1.25 0 100 

1.30 60 40 

3.5 60 40 
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Table B.5. Instrument parameters for detection of fluridone, 3-trifluoromethyl benzoic acid, 
and 2-nitrobenzaldehyde in water. 

 

Fluridone in the field samples was quantified using an Agilent Triple Quad 6460 liquid 

chromatograph-tandem mass spectrometer (LC-MS/MS) using positive mode electrospray 

ionization which had an LOD of 2.6 nM. Samples were analyzed using a gradient method 

(Table B.6) of aqueous buffer (A: 10% acetonitrile and 0.1% formic acid in ultra-pure water) 

and organic phase of 100% acetonitrile (B) at 0.4 mL min-1 on an Agilent InfinityLab C-18 

Poroshell 120 column with a column temperature control of 40°C. 

LC-MS/MS running conditions and method details for fluridone: 
Mode: Positive electrospray ionization 
Scan type: MRM 
Gas temp: 300°C 
Nebulizer pressure: 45 psi 
Sheath gas temperature: 250°C 
Sheath gas flow rate: 11 L/min 
Capillary voltage: 3500 V 
Dwell: 80 msec 

Retention time: 2.8 min 
Precursor m/z: 330 
Product m/z: 309, 259 
Fragmentor voltage: 312 
Collision energy: 41, 56 
Cell accelerator voltage: 4 
LOD: 2.6 nM 

 
  

Compound % 
Aqueous 
Buffer 

Flow 
(mL 

min-1) 

Detection 
wavelength 

(nm) 

Retention 
Time 
(min) 

Purpose LOD 
(M) 

2-
nitrobenzaldehyde 

80 0.5 231 2.9 311 nm 
actinometer 

0.5 

fluridone See Table 
B.4 

0.8 313 1.8 herbicide 0.6 

3-trifluoromethyl 
benzoic acid 

See Table 
B.4 

0.8 222 1.1 degradation 
product 

0.01 
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Table B.6. Time segments for gradient method used to analyze fluridone on LC-MS/MS. 

Time (minutes) A% B% 

0 40 60 

0.75 40 60 

0.80 0 100 

1.15 0 100 

1.25 40 60 

3.00 40 60 
 
Dissolved organic carbon (DOC) was measured using a GE Sievers M5310 TOC 

analyzer. Calibration check solutions were made from analytical grade potassium hydrogen 

phthalate ranging from 0 - 10 mg-C L-1. Ultraviolet-visible light spectra for each lake were 

collected using a Shimadzu 2401PC recording spectrophotometer in 1 nm increments from 

200-800 nm. 
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