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Abstract

Fluridone is an aquatic herbicide commonly used to treat invasive freshwater plant species such as
Eurasian watermilfoil, hydrilla, and curly-leaf pondweed. However, required exposures times are
very long and often exceed 100 days. Thus, understanding the mechanisms that determine the fate
of fluridone in lakes is critical for supporting effective herbicide treatments and minimizing
impacts to non-target species. We use a combination of laboratory and field studies to quantify
fluridone photodegradation, as well as sorption and microbial degradation in water and sediment
microcosms. Laboratory irradiation studies demonstrate that fluridone is susceptible to direct
photodegradation with negligible indirect photodegradation, with predicted half-lives in sunlight
ranging from 2.3 days (1 cm pathlength) to 118 days (integrated over 1 meter). Biodegradation is
attributable to microbes in sediment with an observed half-life of 57 days. Lastly, fluridone sorbs
to sediments (K, = 340 + 28 L kg™!); sorption accounts for 16% of fluridone loss in the microcosm
experiments. While the laboratory results indicate that all three loss pathways can influence
fluridone fate, these controlled studies oversimplify herbicide behavior due to their inability to
replicate field conditions. Fluridone concentration measurements in a lake following commercial
application demonstrate a half-life of >150 days, indicating that the herbicide is very persistent in
water. This study illustrates why caution should be used when relying on laboratory studies to

predict the fate of pesticides and other polar organic compounds in the environment.

Environmental Significance Statement
Fluridone is an herbicide that is intentionally applied to aquatic environments to combat the growth
of invasive plant species. Fluridone requires a long exposure time in order to be effective,

necessitating an understanding of its fate and behavior in the environment to optimize herbicide
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efficacy and prevent unintended harm to non-target organisms. Combining both field and
laboratory experiments allows for a more holistic perspective of fluridone fate under
environmental conditions. This study provides insight into the photodegradation, biodegradation,
and sorption of fluridone and their translation to aquatic environments. Our findings show that
fluridone is susceptible to all three transformation pathways under laboratory conditions but is
persistent in field environments, indicating that the laboratory experiments overpredict

transformation rates.

Introduction

Chemical control of invasive aquatic plants through herbicide application is frequently
used due to its efficiency of use and selectivity towards invasive species.!-> To achieve an effective
application, waterbodies must attain a sufficient herbicide concentration and exposure time with
target plants, which is often more successfully realized through whole-lake exposures rather than
localized spot treatments.®® However, the unique environmental characteristics of each water body
result in variable degradation rates of these herbicides. Unpredictable herbicide lifetimes may
cause treatment failure, which can lead to additional applications and subsequently higher costs.
Additionally, extensive herbicide application with similar modes of action can induce herbicide
tolerance and resistance, which has been observed more frequently over time.%!? Not only does
extensive herbicide use impact efficacy of herbicidal control on nuisance plant populations, but
increased herbicide application can cause unintended harm to native plant communities.!3
Therefore, understanding the transformation pathways and environmental characteristics that
influence herbicide degradation is crucial to developing responsible aquatic herbicide application

strategies that simultaneously prevent herbicide resistance and protect native plant populations.
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Fluridone (Figure 1a) is used globally!#!7 as an aquatic herbicide and is used to control
invasive hydrilla (Hydrilla verticillata), curly-leaf pondweed (Potamogeton crispus), Eurasian
watermilfoil (EWM; Myriophyllum spicatum), and Eurasian watermilfoil hybridized with native
watermilfoil (hybrid watermilfoil; HWM; Myriophyllum spicatum % Myriophyllum sibiricum) in
the United States.!-'8-24 Fluridone prevents the synthesis of biomolecules that protect the plant from
photobleaching, thus inhibiting the ability of the plant to photosynthesize.>>2¢ For this reason,
fluridone is only effective if applied while 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.!!-27 Fluridone is typically applied at a low concentration
(6-26 nM) for a longer exposure time of 45-100 days?*-2> compared to 2,4-D (24 hours to >14
days)®-39 or florpyrauxifen-benzyl (12 to 24 hours), another auxin-mimic herbicide.?! This
exposure time threshold often requires multiple fluridone applications to maintain an effective
concentration.??22-34 However, studies have documented fluridone resistance by HWM?® and
hydrilla®® and demonstrated evidence of sublethal effects on fish populations,3%-*7 underscoring the

importance of responsible herbicide applications.

(a) HO._ _O (b)
9OV
CF5
N .
| 3-trifluoromethyl
fluridone benzoic acid

Figure 1. Chemical structures of (a) fluridone and (b) a major biodegradation product: 3-
trifluoromethyl benzoic acid.

In aquatic environments, fluridone is stable to hydrolysis®® and considered to be

predominantly influenced by photodegradation, with reported half-lives due to photolysis of 15
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hours to 12 days in ultrapure and lake water, respectively, using natural or simulated sunlight
(Electronic Supplementary Information Table S1).34! Reported photoproducts of fluridone
include N-methylformamide, benzaldehyde, 3-trifluoromethyl-benzaldehyde, benzoic acid, and 3-
trifluoromethyl benzoic acid.>34° While several laboratory studies investigated fluridone
degradation in lake water,*4! the susceptibility of fluridone to dissolved organic matter (DOM)
mediated indirect photodegradation has not been investigated. During indirect photodegradation,
the interaction between DOM and light generates photochemically produced reactive
intermediates that can increase the photodegradation rate; this process can be more important than
direct photodegradation for many polar organic contaminants, including some pesticides.4>44

Laboratory studies also indicate that biodegradation can be an important fluridone loss
pathway under some conditions, with reported half-lives of 50 days to 12 months (Table S1).43:46
Although these biodegradation half-lives are longer than the reported photolysis half-lives,
biodegradation may still influence the fate of fluridone in lakes. For example, the biodegradation
product 3-trifluoromethyl benzoic acid (Figure 1b) was detected under field conditions in a small
eutrophic pond and persisted up to 30 days post-application. '3

While laboratory studies suggest that photo- and biodegradation contribute to fluridone
degradation on the order of hours to weeks, limited fluridone measurements in lakes indicate that
the compound can be highly persistent. Fluridone half-lives estimated from field studies range
from hours to hundreds of days,’**’ with one observation of fluridone persisting in the water
column for more than a year post-treatment (Table S1).2> Thus, we hypothesized that laboratory
experiments underestimate the persistence of the herbicide. Sorption to sediments may also
influence fluridone fate in aquatic systems. The acid dissociation constant (pK,) of 12.3 indicates

that the compound will be protonated at circumneutral pH values, facilitating stronger sorption to
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negatively charged organic carbon in sediments.*® Fluridone has been detected in sediments for up
to a year following initial treatment, suggesting sediments are a possible reservoir for unreacted
fluridone that can undergo future resuspension or uptake by plants.?#4*3% The persistence of
fluridone contributes to its transport, either through water or on suspended particles, and can lead
to detection at high concentrations in untreated water bodies.’'? The long persistence of fluridone
under field conditions in comparison to half-lives measured under laboratory conditions indicates
a need for a holistic investigation into specific degradation pathways to fully evaluate the
persistence of this herbicide.

The considerable exposure time requirement for fluridone treatments in lakes requires a
mechanistic understanding of the environmental transformation processes that degrade fluridone.
Laboratory experiments allow for the isolation of specific degradation pathways to determine their
respective effects on the target compound, but they lack a direct translation to field conditions
where there are competing transformation mechanisms and many environmental factors that
cannot be considered in a controlled experiment. In contrast, simultaneously conducting laboratory
experiments in tandem with field studies can provide a more holistic understanding of fluridone
fate in aquatic environments. The goal of this study is to provide the first assessment of the
combined effects of photodegradation, sediment sorption, and biodegradation on fluridone
transformation under laboratory and field conditions. This study has broader implications as a
model for evaluating how well laboratory studies can predict the fate of pesticides in the

environment.

Materials and Methods
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Chemicals. All chemicals were used as received. Fluridone (99.5%) was purchased from
ChemService, Inc. Dibasic potassium phosphate (ACS, 98%), monobasic potassium phosphate
(ReagentPlus(R)), and 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 MQ cm) for
all analyses and photochemical irradiations was obtained from a Milli-Q water purification system.
pH meter calibration solutions were obtained from Aqua Solutions.

Field sampling. Field samples were collected from Hooker Lake in Kenosha County,
Wisconsin, USA (44.56°N, 88.10°W) during a fluridone treatment in May 2022 (Table S2). This
whole-lake treatment applied a pellet formulation of fluridone (SonarOne; 5% fluridone, 95%
inactive ingredients) to target hybrid watermilfoil and curly-leaf pondweed. Pretreatment surface
water was collected from near surface by grab sampling and pretreatment sediment was collected
from a nearshore area by Eckman dredge or hand-coring <2 hours prior to treatment. Water and
sediment samples were collected using the same methods every 1-2 weeks until 60 days post-
treatment. Surface water samples were collected from four additional lakes via grab sampling in
Wisconsin, USA for photochemical experiments (Table S2). All samples were stored at 4°C and
in the dark until processing (Section S2).

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 S1).53 Irradiation experiments were conducted in
triplicate in borosilicate glass tubes using 20 uM (6.6 ppm) fluridone in buffered (pH 7, 10 mM

phosphate) ultrapure water to measure direct photodegradation. Identical solutions were held in
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the dark to serve as dark controls. Indirect photodegradation was measured in lake water diluted
to 3 mg-C L! from four lakes to investigate the influence of dissolved organic matter composition
on photolysis rates, as well as in undiluted water from Hooker Lake ([DOC] = 7.6 mg-C L-!; Table
S2) to quantify fluridone photolysis in the same water as the field treatment. Light intensity was
quantified using 2-nitrobenzaldehyde®* as a chemical actinometer. The fluridone concentration
used in irradiations was higher than typical fluridone applications and was selected to enable
detection over several orders of magnitude of loss. Calculations to convert laboratory rates to
estimated rates using the full solar spectrum are discussed below.

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

described previously3-3-57 using Equation 1:

kscreened,direct, fluridone kabs, act
Dt luridone = ( )( k )(q)act) Eq. 1

kdirect, act abs,fluridone

where Kgcreened direct furidone 15 the direct photodegradation rate constant for the direct control
corrected for light screening (s!), kgirecracr 1S the photodegradation rate constant of the actinometer
(8), kaps.ace (s71) is the rate of light absorbance of the actinometer, Ky fiuridone (57) 18 the rate of light
absorption for fluridone, and @, = 0.41 for 2-nitrobenzaldehyde.’* Additional details are provided
in Section S3.

The calculated quantum yield and measured UV-vis absorption spectrum were combined
with solar irradiance modeled using the Simple Model of Atmospheric Transfer of Sunshine
(SMARTS)?® to calculate the fluridone half-life in sunlight in lakes using Equation 2:

Kphotodegradation = (Kabssun ) (@ fruridone) Eq.2
where k.5, 15 @ 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. Light intensity was averaged over the time span of 6 am to 6 pm (Figure
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S2) and corrected for diurnal variability (i.e., dark conditions between 6 pm and 6 am). A depth-
integrated photodegradation rate was calculated as described previously.***¢ Briefly, the
photodegradation rate was calculated in 1 cm intervals through a 1-meter-deep water column (i.e.,
atl cm,2 cm, 3 cm ... 100 cm) and averaged.

Sorption. Pretreatment sediment from Hooker Lake (overall sediment composition: 99%
muck, <1% sand, gravel, or rock)*® was dried at 100°C for >8 hours. Dried sediment (1 g) was
added to buffered ultrapure water (pH 7, 5 mM phosphate buffer, 100 mL) with five fluridone
concentrations over the range of 1-20 uM in triplicate to create an isotherm. Samples were shaken
in an incubator shaker and filtered through a 0.45 um nylon filter after seven hours. This time
frame to measure equilibrium aqueous concentrations (C,) was based on preliminary sorption
experiments in which equilibrium was reached after six hours (Figure S3). Although sediments
were not sterile, biodegradation was negligible due to the short duration of these experiments (i.e.,
7 hours vs. ~200 days in biodegradation experiments as described below). The concentration

remaining in the sediment at equilibrium was calculated using Equation 4:

c. V(COM— Cw) Eq. 4
where V' is the volume of the solution, Cj is the initial spiked concentration of fluridone, and M is
the mass of lake sediment used.®°

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

method by combusting the dried sediment at 550°C for four hours.®! The organic content was used

to calculate the organic carbon partitioning coefficient (K,.) of fluridone using Equation 5:

Kq
Koe= 7 Eq.5
oc
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where K is the sediment-specific sorption partitioning coefficient which is equivalent to the slope
of the sorption isotherm and f,. is the fraction of organic content.®

Microcosm incubations. Biodegradation was investigated using two sets of aerobic
microcosms (Section S5). The first set of microcosms was established using water and sediment
collected from Hooker Lake immediately before the fluridone treatment. However, samples taken
before 40 days were not analyzed due to improper storage. Because over half of the added fluridone
was degraded by 40 days, a second set of microcosms was established with Hooker Lake water
and sediment collected >3 months post-treatment to validate the fluridone biodegradation rate.
Fluridone was not detected in water and sediment using high performance liquid chromatography
prior to initiation. 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 0.2 pm-filtered lake water (2 L) and
sediment (0.5 kg) at room temperature. Abiotic loss processes were assessed in control microcosms
with 0.2 um-filtered lake water (2 L). Microcosms were initiated with 3 uM (1 ppm) fluridone and
incubated for 204 days at room temperature. Water and sediment samples were collected bi-weekly
from the microcosms during the first three months and then monthly thereafter. Water samples
were filtered through a 0.45 pm nylon filter and stored in a 4°C refrigerator prior to analysis.
Sediment samples were collected using a serological pipette and stored in a 2.5 mL snap-cap tube
in a -20°C freezer until analysis.

Sediment extractions. Fluridone extractions from sediment samples were conducted using
100 mg of microcosm or field sediment dried at 100°C for >8 hours. 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 um) into clean 2 mL glass amber vials
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for analysis. This method had an average of (103 + 9)% recovery over an initial fluridone
concentration range of 1 to 20 uM in control experiments (Figure S6).

Analytical methods. Fluridone from laboratory experiments, 3-trifluoromethyl benzoic
acid, and 2-nitrobenzaldehyde (i.e., the actinometer) were analyzed via high performance liquid
chromatography (HPLC).3¢ Fluridone analyzed through HPLC had a limit of detection (LOD) of
0.6 uM. 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 2.2 nM. Ultraviolet-visible light spectra for each lake and

compound were collected from 200-800 nm. Method details are provided in Section S7.

Results and Discussion

Fluridone susceptibility to direct and indirect photodegradation. Fluridone underwent
rapid photodegradation under laboratory conditions. Fluridone loss at 311 + 22 nm (i.e., UV-B
irradiation) followed first-order kinetics with a direct photodegradation rate constant in buffered
ultrapure water (kgiree;) Of (4.1 £0.5) x 104 57! (¢;,,= 28 minutes; Figures 2a and 2b). The measured
direct photodegradation rate constant corresponded to a quantum yield (®), or reaction efficiency,
of (3.8 £ 0.6) x 10-*. This value was larger than previous measurements of quantum yield of (2.7
— 5.7) x 107 in ultrapure water measured at pH 3 — 9 under UV-A irradiation (Table S1).4 The
different quantum yields may therefore be attributable to differences in experimental conditions or
irradiation wavelengths.

Fluridone was irradiated in the presence of dissolved organic matter (DOM) using water
from five lakes to investigate susceptibility of the herbicide to indirect photodegradation. DOM

composition (i.e., aromaticity and apparent molecular weight) varied in each sample as determined
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using UV-vis spectroscopy (Table S2). Fluridone loss in lake water also followed first-order
kinetics (Figure 2a). The observed rate constant (k,s) in lake water was slower than the direct
photodegradation rate constant when corrected for light screening (p = 0.0006, t-test; Figure 2b),
with an average rate constant across all irradiated samples of (3.6 + 0.2) x 10 s-!. The statistically
slower rate constant in lake water confirmed that indirect photodegradation of fluridone was
negligible under these conditions. Instead, DOM may have inhibited fluridone photodegradation,
as observed previously for other target compounds.®?%3 Previous literature described similar
photodegradation rates between ultrapure water and one natural water sample in sunlight.**-%* Qur
study confirmed the dominance of direct photodegradation for fluridone by testing several
different natural waters. Therefore, only direct photodegradation was considered for modeling

half-lives under field conditions.
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Figure 2. (a) First-order kinetics of fluridone loss during photochemical irradiation at 311 nm in
ultrapure water (direct control) and five lake waters (Table S2). (b) Rate constants measured
during 311 nm irradiation experiment corrected for light screening in lake waters compared to the
direct control. Error bars represent standard deviation of triplicate samples. (¢) Calculated
fluridone photolysis half-lives where A = 311 nm irradiation (1 cm pathlength), B = laboratory
conditions corrected for light screening (1 cm), C = noontime solar irradiance (1 cm), D = average
irradiance with diurnal cycling (1 cm), and E = average irradiance with diurnal cycling (1 m). Note
that the y-axis is on a log scale. (d) The predicted first-order photodegradation rate of fluridone
under average solar irradiance conditions as a function of water depth.

The rapid photodegradation of fluridone under intense laboratory irradiation (Figure S1)
is not indicative of the photodegradation rates expected under natural sunlight. Therefore, in situ
photodegradation modeling was conducted using the calculated quantum yield and modeled

sunlight intensities in Kenosha County, WI on May 12, 2022 (i.e., the location of Hooker Lake on
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the day of treatment; Section S3). The half-life increased from 28 minutes under 311 nm irradiation
to 16 hours under solar noon irradiation when integrated over 1 cm (i.e., near-surface conditions;
conditions A and C in Figure 2c¢, respectively). Accounting for average irradiance and diurnal
variability (Figure S2) resulted in a predicted half-life of 2.3 days over a 1 cm pathlength
(condition D in Figure 2¢) and 13 days over a 10 cm pathlength. These calculations were similar
to previous reported half-lives of 7 to 12 days in mesocosm?3® and glass bottle** experiments (depths
of 57 and 11 cm, respectively). When accounting for both diurnal variability and a depth of 1 m,
the predicted fluridone half-life increased to 118 days (condition E in Figure 2c¢).

This wide range of calculated half-lives demonstrated how environmental factors could
influence fluridone photodegradation rates. Using site-specific sunlight rather than intense
laboratory light increased the half-life by over an order of magnitude. Importantly, the predicted
half-life increased exponentially with depth (Figure 2d), demonstrating that depth (i.e.,
pathlength) was a key factor to consider under environmental conditions. Importantly, the long
half-lives estimated under field conditions challenged the previous assumption that
photodegradation dominates fluridone loss in aquatic systems,3%-4146.64

Sorption. Sediment-water partitioning of fluridone was measured over a concentration
range of 1-20 uM after seven hours to establish a sorption isotherm (Figure S3). The sediment-
water partitioning coefficient (K4) using Hooker Lake sediment was 12 + 1 L kg''. Given the
organic carbon fraction of Hooker Lake sediment of (3.5 + 0.08)%, we calculated a K, value of
340 + 28 L kg™'. Previously reported values ranged nearly an order of magnitude from 270 to 2,460
L kg1.46:65.66 Fluridone sorption has been shown to be influenced by factors such as clay content,
solution pH, and temperature changes, which could explain the wide range of K, values.®®’ Our

measured value agreed with the lower end of the reported range in the literature. Thus, fluridone
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is moderately sorptive and partitioning to sediment may influence its fate and persistence in the
environment, as well as in microcosms with sediment.

Biodegradation of fluridone. Degradation of fluridone was negligible throughout the
duration of the 204-day microcosm study using water from Hooker Lake in the abiotic control
(filtered water), as well as in the unfiltered water microcosms (Figure 3a). However, fluridone
loss was observed in the sediment-water microcosms (Figures 3a and S5) and the loss followed
pseudo-first-order kinetics with an observed half-life of 57 days. Fluridone was no longer detected
in the sediment microcosms after day 143. Similar trends and kinetics were observed using the
preliminary microcosms (Figure S4). This observed loss was comparable to reported half-lives of
50 days to 12 months measured in microcosms conducted using sediment (Table S1).344 While
this half-life indicated that the compound was relatively stable in aquatic systems, it also suggested
that biodegradation could be more important than photodegradation under some conditions.

Given that sorption was expected to remove fluridone from the water column in sediment-
water environments, extractions were carried out on microcosm sediment samples to quantify the
amount of sorption to solids. Fluridone in the sediment was greatest at the first time point of 1 hour
with a concentration of 29 umol kg'!, which steadily decreased over time (Figure 3b). The average
fluridone concentration in sediment from the microcosms was (18 + 6) umol kg'! across seven
samples collected over the first 60 days, which accounted for (16 £+ 8)% 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.6+%.5 Mass balance calculations demonstrated that
sorption accounted for all the fluridone lost from the aqueous phase during the first hour, but the

fraction of fluridone in the sediment decreased over time (Figure 3¢). For example, sorption only
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accounted for 12% of the total added fluridone by day 49. We hypothesized that biodegradation

was responsible for the remaining fluridone lost from the microcosms.
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Figure 3. (a) Aqueous fluridone concentrations (initial concentration = 3 pM) in microcosms
incubated with environmental inocula from Hooker Lake. (b) Sediment fluridone concentrations
in water-sediment microcosms. Concentrations are reported as umol of fluridone per kg of dried
sediment. (c) The percent of fluridone in the water-sediment microcosms found in the water, in
the sediment, and lost due to biodegradation. (d) Aqueous concentrations of fluridone and 3-
trifluoromethyl benzoic acid, as well as area of an unknown product (second y-axis), detected in
the water-sediment microcosms. Error bars in panels (a), (b), and (d) represent the standard
deviation of triplicate reactors.

While the focus of this study was on fluridone transformation rates rather than product
identification, we observed two major fluridone products by HPLC after day 60 in the sediment-

water microcosms (Figure 3d). The transformation product 3-trifluoromethyl benzoic acid was
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confirmed using an authentic standard and accumulated to a peak concentration of 1.3 uM, which
corresponded to ~40% of the initial fluridone concentration. The second compound was
unidentified but did not persist and was no longer detected by day 204. This compound had a
shorter retention time than both fluridone and 3-trifluoromethyl benzoic acid, indicating it had a
higher polarity (Table S5). The appearance of these products after 60 days indicated that they were
not primary fluridone transformation products because loss of the herbicide was demonstrated at
early timepoints through mass balance calculations (Figure 3¢). Additional products could have
been formed that were not quantified or detected in our HPLC methods; fluridone-acid (1,4-
dihydro-l-methyl-4-oxo0-5-[3-(trifluoromethyl)phenyl]-3-pyridinecarboxylic acid), 4-
hydroxyfluridone, or the 2-hydroxy derivative have been detected in previous fluridone-sediment
experiments.*¢ Both compounds detected by HPLC were present in the microcosms for over 100
days, indicating they could be persistent compounds under some environmental conditions.
Collectively, the mass balance (Figure 3¢) and presence of transformation products (Figure 3d)
provided evidence of biodegradation by the sediment microbial community.

Our observation of fluridone biodegradation only in microcosms with added sediment was
consistent with the behavior of several other polar organic compounds and was likely due to higher
numbers of microbes or additional nutrients in the sediments.’”-7%-7* Previous studies on aquatic
herbicides such as 2,4-D and florpyrauxifen-benzyl similarly observed biodegradation only in the
presence of the sediment microbial community, with no loss observed due to microbes exclusively
in the water column.’”-”> Ultimately, the microcosm incubations showed that biodegradation has
the potential to be a key fluridone loss mechanism and that sorbed fluridone can serve as a reservoir

of the herbicide.
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Fluridone behavior in lakes. Fluridone was quantified in water and sediment following a
commercial application in Hooker Lake for 60 days after treatment. This final timepoint was
selected because supplemental booster fluridone treatments were planned ~2 months after the
initial herbicide application, which would complicate interpretation of field data. The herbicide
was applied lake-wide with a target concentration of 10 nM. Therefore, we sampled from three
sites that included two opposing shorelines and one central site to characterize the 0.4-km? lake as
a whole (Figure 4a).>® Sediment samples were collected by the shore near sites 1 and 3. Fluridone
was applied in a pellet formulation, which slowly releases fluridone into the water column.’®
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
(e.g., percentages of sand, clay, and organic carbon).>>#° The sediment in Hooker Lake has a
moderate organic content of (3.5 + 0.08)%, which would decrease the predicted release rate of the
pellet formulation.

Aqueous fluridone concentrations at day 19 (i.e., the first timepoint after fluridone
application) ranged from 7.4 nM at Site 2 to 19 nM at Site 1, corresponding to an average
concentration of 12 nM. Fluridone accumulation up to ~3 weeks was consistent with previous
observations of this formulation.>>*° Lake water samples were collected for 40 additional days
after the herbicide reached its peak concentration. The average lake-wide fluridone concentration
remained steady during this time (e.g., 11 + 4.7 nM on day 33, 11 + 1.4 nM on day 46, and 10 +
0.1 nM on day 60; Figure 4b), suggesting the lake was well mixed by day 33. Thus, fluridone

remained near its target concentration of 10 nM over the 40-day period.
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23 Figure 4. (a) All sample sites on Hooker Lake. Map made using ArcGIS. (b) Aqueous fluridone
concentrations in each sample site during treatment. The dashed line is the target lake-wide
fluridone concentration of 10 nM.

28 Fluridone was also quantified in nearshore sediment samples collected near Sites 1 and 3.
30 Fluridone in the sediment reached a peak concentration of 4.7 nmol kg! on day 19, with an average
sediment concentration of 1.2 nmol kg! (Figure S7). The average sediment fluridone
35 concentration decreased between day 19 and day 28, which was consistent with fluridone
37 accumulation peaking in the water around day 19. The higher initial sediment fluridone
39 concentrations suggested initial sorption from pellet interaction with the sediments, followed by
4 the observed accumulation of fluridone in the water due to desorption as well as release from the
44 pellets. The average sediment concentration over days 28-60 decreased by 0.3 nmol kg,
46 indicating that the sediment did not serve as a major source of fluridone over this time period.
We predicted that both photo- and biodegradation would influence fluridone fate between
51 days 19 and 60 (i.e., after the herbicide reached its peak concentration) based on our laboratory

53 measurements. For example, a 20% loss of fluridone would be expected due to photolysis for 40

days using our slowest estimated half-life of 118 days (i.e., diurnal sunlight integrated over a 1 m
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depth). Similarly, 40% loss of fluridone would be expected due to biodegradation for the same
period using our measured half-life of 57 days. While we did not quantify fluridone in the small
river leaving the lake, we also anticipated loss due to physical transport because Hooker Lake is a
drainage lake. However, fluridone concentrations only experienced a total loss of 17% in the water
column throughout the sampling period with an estimated half-life of >150 days (Figure 4b),
indicating that the combined laboratory experiments underestimated the persistence of the
herbicide.

There are several explanations for why the behavior of fluridone in Hooker Lake did not
follow our controlled laboratory experiments. While we accounted for diurnal variability in
sunlight intensity and water depth in our photodegradation calculations, other environmental
factors likely slowed photolysis in the lake. First, our modeled sunlight intensity assumed clear
sky conditions and did not account for cloud cover. Irradiance has a non-linear dependence on
cloud cover and can decrease by nearly 70% on fully cloudy days.”” Second, we integrated the
photodegradation rate over 1 m depth because photodegradation was negligible deeper in the water
column (Figure 2d). However, Hooker Lake was not stratified at the time of fluridone application
and has a depth of up to 7 m.>® Therefore, photodegradation was not possible in much of the water
column assuming the herbicide was well mixed with depth.

Similarly, biodegradation in the field was likely slower than laboratory conditions for
several reasons. First, the microcosms were incubated at room temperature (21 — 29 °C) due to
logistical reasons. However, lake water temperatures in the region around this time of year ranged
from 9 — 15 °C,’®7 suggesting that microbial degradation would be slower because microbial
activity decreases with decreasing temperature.’9-82 Second, the laboratory microcosms used

higher concentrations of fluridone than the field treatment to facilitate quantification. Furthermore,
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we demonstrated that biodegradation in the water column was negligible and that sediment
microbes were responsible for fluridone biodegradation (Figure 3). Compared to field conditions,
the ratio of sediment to water was also different (i.e., there was a higher sediment:water ratio in
the microcosms compared to the lake). While higher biomass can increase the degradation rate and
consistency of measurements, matrix-specific degradation rates can be more difficult to
extrapolate to the environment.”>8384 Because our study only observed degradation in the
sediment-water microcosms, the herbicide was applied directly to the sediment, and we used the
same sediment from the field study, the sediment-water system biodegradation rate was a
reasonable approximation when comparing laboratory and field data. We have successfully related
laboratory-measured biodegradation rates of 2,4-D and florpyrauxifen-benzyl to field rates using
a similar approach, but their biodegradation rates were faster (i.e., t;, ~25 and 2.2 days,
respectively).’””> We hypothesize the more rapid biodegradation of 2,4-D and florpyrauxifen-
benzyl contributed to better laboratory to field comparisons than the fluridone microcosms,”® but
future research specifically on fluridone biodegradation is needed. While the second set of
microcosms could have been primed for fluridone degradation due to the sediment being collected
after initial treatment, similar fluridone loss rates were observed in microcosms conducted with
pretreatment lake water and sediment (Figures 3 and S4). Thus, the differences between laboratory
and field sediment-water interactions, herbicide concentrations, and temperature coupled with a
relatively slow fluridone biodegradation rate likely contributed to slower microbial degradation
under field conditions.

Conclusions. This study quantified, for the first time, the photodegradation,
biodegradation, and sorption of the aquatic herbicide fluridone in laboratory experiments in

parallel with quantification under environmental conditions in the field. Fluridone was susceptible
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to all three loss pathways under laboratory conditions and the estimated half-lives of
biodegradation and photodegradation were of similar orders of magnitude. Multiple environmental
factors likely influenced these processes, including water depth, seasonal variation in sunlight,
temperature, microbial community composition, and sediment surface area and composition.
Therefore, unique physical and chemical characteristics likely will determine whether
biodegradation or photodegradation is ultimately the dominant transformation mechanism of
fluridone in individual lakes.

Fluridone was persistent under in sifu conditions and >80% of its concentration remained
in the water column up to 60 days in Hooker Lake, which was longer than each of the half-lives
observed in laboratory experiments. This stability further suggested that other loss processes, such
as plant uptake,®> were also minor. While the stability of the compound is beneficial for invasive
species control due to the long concentration and exposure time needed for this herbicide to be
effective, it raises potential concerns about fluridone persistence in lakes and possible impacts on
non-target species.337

Importantly, the discrepancies between laboratory measurements and fluridone fate during
the studied lake application underscore the need for caution when relying on laboratory
experiments to predict the fate of organic compounds in aquatic systems. Laboratory studies are
well controlled, reproducible, and enable the isolation of specific transformation or loss processes,
in contrast with field studies which are logistically challenging and infeasible for compounds that
are present at low concentrations and/or added to the environment at unknown rates. Therefore,
laboratory-based persistence studies are widely used to predict environmental fate and to inform
regulatory decisions for chemicals, including pesticides. Aquatic herbicides such as fluridone offer

a unique opportunity to study transformation pathways of polar organic compounds under field
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1

2

z conditions. This study demonstrated that laboratory measurements can greatly overestimate
5 . . . .

6 degradation rates, as observed previously,’%-71:848687 resulting in our assessment that compounds
7

8 classified as being photolabile or biodegradable may be much more persistent in the environment
9

1(1) than expected.

:g Acknowledgements. This work was funded by the Midwest Aquatic Plant Management
14

15 Society Robert L. Johnson Memorial Grant (S.V.F. and A.M.W.), Anna Grant Birge Memorial
16

17 Award (S.V.F., AM.W., and A.M.M.) and a National Science Foundation Graduate Research
18

;g Fellowship (A.M.W.). SOLitude Lake Management, especially Amy Kay, provided valuable
21

22 assistance with field treatment logistics. The authors thank Michelle Nault from the Wisconsin
23

24 Department of Natural Resources for technical support.

25

;? Electronic Supplementary Information. Additional information on field sampling
28 . . .. . . . .

29 methods, photochemical irradiations, sorption experiments, microcosms, and analytical methods
30

31 can be found in the Electronic Supplementary Information.

32

33

34

35

36 References

2573 (1) Slade, J. G.; Poovey, A. G.; Netherland, M. D. Efficacy of fluridone on Eurasian and hybrid
39 watermilfoil. J. Aquat. Plant Manage. 2007, 45 (2), 116-118.

40 (2) Bartels, P. G.; Watson, C. W. Inhibition of carotenoid synthesis by fluridone and
41 norflurazon. Weed Sci. 1978, 26 (2), 198-203.

42 3) Koschnick, T. J.; Haller, W. T.; Vandiver, V. V.; Santra, U. Efficacy and residue
43 comparisons between two slow-release formulations of fluridone. J. Aquat. Plant Manage.
2‘5‘ 2003, 41, 25-27.

46 (4) Peterson, M. A.; McMaster, S. A.; Riechers, D. E.; Skelton, J.; Stahlman, P. W. 2,4-D past,
47 present, and future: A review. Weed Technol. 2016, 30 (2), 303-345.

48 (%) Netherland, M. D.; Sisneros, D.; Fox, A. M.; Haller, W. T. Field Evaluation of Low-Dose
49 Metering and Polymer Endothall Applications and Comparison of Fluridone Degradation
50 from Liquid and Slow Release-Release Pellet Applications. https://erdc-
51 library.erdc.dren.mil/jspui/bitstream/11681/6301/1/8745.pdf (accessed May 4, 2023).

g g (6) Wagner, K. I.; Hauxwell, J.; Rasmussen, P. W.; Koshere, F.; Toshner, P.; Aron, K.; Helsel,
54 D. R.; Toshner, S.; Provost, S.; Gansberg, M.; Masterson, J.; Warwick, S. Whole-lake
55 herbicide treatments for Eurasian watermilfoil in four Wisconsin lakes: Effects on
56 vegetation and water clarity. Lake Reservoir Manage. 2007, 23 (1), 83-94.

57

58

59 o)



oNOYTULT D WN =

(7

(8)

©)

(10)

(11)

(12)
(13)

(14)

(15)

(16)

(17)

(18)
(19)
(20)

1)

(22)

Environmental Science: Processes & Impacts

Nault, M. E.; Netherland, M. D.; Mikulyuk, A.; Skogerboe, J. G.; Asplund, T.; Hauxwell,
J.; Toshner, P. Efficacy, selectivity, and herbicide concentrations following a whole-lake
2,4-D application targeting Eurasian watermilfoil in two adjacent northern Wisconsin
lakes. Lake Reservoir Manage. 2014, 30 (1), 1-10.

Getsinger, K. D.; Madsen, J. D.; Koschnick, T. J.; Netherland, M. D. Whole Lake fluridone
treatments for selective control of Eurasian watermilfoil: 1. Application strategy and
herbicide residues. Lake Reservoir Manage. 2002, 18 (3), 181-190.

Berger, S. T.; Netherland, M. D.; MacDonald, G. E. Laboratory documentation of multiple-
herbicide tolerance to fluridone, norflurazon, and topramazone in a hybrid watermilfoil
(Myriophyllum spicatum % M. sibiricum) population. Weed Sci. 2015, 63 (1), 235-241.
Mallory-Smith, C. A.; Retzinger Jr., E. J. Revised classification of herbicides by site of
action for weed resistance management strategies. Weed Technol. 2003, 17 (3), 605—-619.
Nault, M. E.; Barton, M.; Hauxwell, J.; Heath, E.; Hoyman, T.; Mikulyuk, A.; Netherland,
M. D.; Provost, S.; Skogerboe, J.; Van Egeren, S. Evaluation of large-scale low-
concentration 2,4-D treatments for Eurasian and hybrid watermilfoil control across
multiple Wisconsin lakes. Lake Reservoir Manage. 2018, 34 (2), 115-129.

Richardson, R. J. Aquatic plant management and the impact of emerging herbicide
resistance issues. Weed Technol. 2008, 22 (1), 8—15.

Mikulyuk, A.; Kujawa, E.; Nault, M. E.; Van Egeren, S.; Wagner, K. 1.; Barton, M.;
Hauxwell, J.; Vander Zanden, M. J. Is the cure worse than the disease? Comparing the
ecological effects of an invasive aquatic plant and the herbicide treatments used to control
it. Facets 2020, 5 (1), 353-366.

Jamil, M., Wang, J. Y., Berqdar, L., Alagoz, Y., Behisi, A., Al-Babili, S. Cytokinins as an
alternative suicidal Striga germination compound. Weed Research. 2023, 1-8.

Zou, Z., Zou, X., Zhao, S., Xia, C., Qian, K., Wang, P., Yin, C. Fluridone induces leaf
bleaching by inhibiting pigment biosynthesis via downregulated transcription levels of
pigment biosynthetic genes in rice (Oryza Sativa L.). J. Plant Growth Regulation. 2018,
37, 1385-1395.

Ding, X., Huang, X., Sun, L., Wu, J., Liu, J. Influence of abscisic acid-biosynthesis
inhibitor fluridone on the feeding behavior and fecundity of Nilaparvata lugens. Insects.
2019, 10 (2) 57.

Park, H., Song, G., Hong, T., An, G., Park, S., Lim, W. Exposure to the herbicide fluridone
induces cardiovascular toxicity in early developmental stages of zebrafish. Sci. Total Env.
2023, 867, 161535.

Wisconsin Department of Natural Resources. Fluridone Chemical Fact Sheet
https://dnr.wi.gov/lakes/plants/factsheets/FluridoneFactsheet.pdf (accessed May 4, 2023).
Jeremy, S. G.; Poovey, A. G.; Netherland, M. D. Efficacy of fluridone on Eurasian and
hybrid watermilfoil. J. Aquat. Plant Manage. 2007, 45, 116-118.

Netherland, M. D.; Getsinger, K. D.; Skogerboe, J. D. Mesocosm evaluation of the species-
selective potential of fluridone. J. Aquat. Plant Manage. 1997, 35 (2), 41-50.

Netherland, M. D.; Getsinger, K. D.; Turner, E. G. Fluridone concentration and exposure
time requirements for control of Eurasian watermilfoil and hydrilla. J. Aquat. Plant
Manage. 1993, 31, 189-194.

Onterra. Silver Lake Management Plan https://www.townshipofmarion.com/wp-
content/uploads/2018/01/SilverWaushara HWMmonitorReport2017 v1-1.pdf (accessed
May 4, 2023).

Page 24 of 28



Page 25 of 28

oNOYTULT D WN =

(23)

24)

(25)
(26)

(27)

(28)

(29)

(30)

(31

(32)

(33)

(34)

(35)

(36)

(37)

Environmental Science: Processes & Impacts

Valley, R. D.; Crowell, W.; Welling, C. H.; Proulx, N. Effects of a low-dose fluridone
treatment on submersed aquatic vegetation in a eutrophic Minnesota lake dominated by
Eurasian watermilfoil and coontail. J. Aquat. Plant Manage. 2006, 44, 19-25.

Madsen, J. D.; Getsinger, K. D.; Stewart, R. M.; Owens, C. S. Whole Lake fluridone
treatments for selective control of Eurasian watermilfoil: II. Impacts on submersed plant
communities. Lake Reservoir Manage. 2002, 18 (3), 191-200.

Arnold, W. R. Fluridone: A new aquatic herbicide. J. Aquat. Plant Manage. 1979, 17, 30—
33.

Bartels, P. G.; Watson, C. W. Inhibition of carotenoid synthesis by fluridone and
norflurazon. Weed Sci. 1978, 26 (2), 198-203.

Larue, E. A.; Zuellig, M. P.; Netherland, M. D.; Heilman, M. A.; Thum, R. A. Hybrid
watermilfoil lineages are more invasive and less sensitive to a commonly used herbicide
than their exotic parent (Eurasian watermilfoil). Evol. Appl. 2013, 6 (3), 462—471.

Green, W. R.; Westerdahl, H. E. Response of Eurasian watermilfoil to 2,4-D concentrations
and exposure times. J. Aquat. Plant Manage. 1990, 28, 27-32.

Nault, M.; Mikulyuk, A.; Hauxwell, J.; Skogerboe, J.; Asplund, T.; Barton, M.; Wagner,
K.; Hoyman, T.; Heath, E. Herbicide Treatments in Wisconsin Lakes. Lakeline 2012, 21-
26.

Glomski, L. M.; Netherland, M. D. Response of Eurasian and hybrid watermilfoil to low
use rates and extended exposures of 2,4-D and triclopyr. J. Aquat. Plant Manage. 2010,
48, 12-14.

Wisconsin Department of Natural Resources. Florpyrauxifen-benzyl Chemical Fact Sheet
https://dnr.wi.gov/water/wsSWIMSDocument.ashx?documentSeqNo=164039981
(accessed May 4, 2023).

Blanke, C.; Mikulyuk, A.; Nault, M.; Provost, S.; Schaal, C.; Van Egeren, S.; Williams,
M.; Mednick, A. Strategic Analysis of Aquatic Plant Management in Wisconsin
https://dnr.wisconsin.gov/sites/default/files/topic/Aid/grants/surfacewater/APMSA_Final
_2019-06-14.pdf (accessed May 4, 2023).

Osborne, J. A.; West, S. D.; Cooper, Raymond, B.; Schmitz, D. C.; Cooper B., R.; Schmitz,
D. C. Fluridone and N-methylformamide residue determination in ponds. J. Aquat. Plant
Manage. 1989, 27, 74-78.

West, S. D.; Burger, R. O.; Poole, G. M.; Mowrey, D. H. Bioconcentration and field
dissipation of the aquatic herbicide fluridone and its degradation products in aquatic
environments. J. Agric. Food Chem. 1983, 31 (3), 579-585.

Netherland, M. D.; Jones, D. Fluridone-resistant hydrilla (Hydrilla verticillata) is still
dominant in the Kissimmee Chain of Lakes, FL. Invasive Plant Sci. Manage. 2015, § (2),
212-218.

Cozzola, A. J.; Dehnert, G. K.; White, A. M.; Karasov, W. H. Effects of subchronic
exposure to environmentally relevant concentrations of a commercial fluridone
formulation on fathead minnows (Pimephales promelas). Aquat. Toxicol. 2022, 244,
106098.

Jin, J.; Kurobe, T.; Ramirez-Duarte, W. F.; Bolotaolo, M. B.; Lam, C. H.; Pandey, P. K.;
Hung, T.; Stillway, M. E.; Zweig, L.; Caudill, J.; Lin, L.; Teh, S. J. Sub-lethal effects of
herbicides penoxsulam, imazamox, fluridone and glyphosate on delta smelt (Hypomesus
transpacificus). Aquat. Toxicol. 2018, 197, 79-88.



oNOYTULT D WN =

(38)
(39)
(40)

(41)
(42)

(43)

(44)

(45)
(46)

(47)

(48)
(49)

(50)

(1)

(52)

(33)

(54)

(55)

(56)

Environmental Science: Processes & Impacts

McCowen, M. C., Young, C. L., West, S. D., Parka, S., J., Arnold, W. R. Fluridone, a new
herbicide for aquatic plant management. J. Aquat. Plant Manage. 1979, 17, 27-30.
Macdonald, G. E.; Haller, W. T.; Shilling, D. G. UV-B filtration to reduce photolysis of
fluridone in experimental tanks. J. Aquat. Plant Manage. 1996, 34 (2), 78-80.

Saunders, D. G.; Mosier, J. W. Photolysis of the aquatic herbicide fluridone in aqueous
solution. J. Agric. Food Chem. 1983, 31 (2), 237-241.

Mossler, M. A.; Shilling, D. G.; Haller, W. T. Photolytic degradation of fluridone. J. Aquat.
Plant Manage. 1989, 27, 69-73.

Remucal, C. K. The role of indirect photochemical degradation in the environmental fate
of pesticides: a review. Environ. Sci.: Processes Impacts 2014, 16 (4), 628—653.
McConville, M. B.; Mezyk, S. P.; Remucal, C. K. Indirect photodegradation of the
lampricides TFM and niclosamide. Environ. Sci.: Processes Impacts 2017, 19 (8), 1028—
1039.

Maizel, A. C.; Li, J.; Remucal, C. K. Relationships between dissolved organic matter
composition and photochemistry in lakes of diverse trophic status. Environ. Sci. Technol.
2017, 51 (17), 9624-9632.

Mossler, M. A.; Shilling, D. G.; Albrecht, S. L.; Haller, W. T. Microbial degradation of
fluridone. J. Aquat. Plant Manage. 1991, 29, 77-80.

Muir, D. C. G.; Grift, N. P. Fate of fluridone in sediment and water in laboratory and field
experiments. J. Agric. Food Chem. 1982, 30 (2), 238-244.

Wickham, P.; Pandey, P.; Harter, T.; Sandovol-Solis, S. UV light and temperature induced
fluridone degradation in water and sediment and potential transport into aquifer. Environ.
Pollut. 2020, 265, 114750.

Tomlin, C. The e-Pesticides Manual, British Crop Protection Council, Surrey, 2004.
Mossler, M. A.; Shilling, D. G.; Milgram, K. E.; Haller, W. T. Interaction of formulation
and soil components on the aqueous concentration of fluridone. J. Aquat. Plant Manage.
1993, 31, 257-260.

Muir, D.; Grift, N. P.; Blouw, A. P.; Lockhart, W. L. Persistence of fluridone in small
ponds. J. Environ. Qual. 1980, 9 (1), 151-156.

Wang, S., Matt, M., Murphy, B. L., Perkins, M., Matthews, D. A., Moran, S. D., Zeng, T.
Organic micropollutants in New York lakes: A statewide citizen science occurrence study.
Environ. Sci. Technol. 2020, 54, 13759-13770.

Tian, Z., Peter, K. T., Gipe, A. D., Zhao, H., Hou, F., Wark, D. A., Khangaonkar, T.,
Kolodziej, E. P., James, C. A. Suspect and nontarget screening for contaminants of
emerging concern in an urban estuary. Environ. Sci. Technol. 2020, 54, 889-901.

Bulman, D. M.; P. Mezyk, S.; K. Remucal, C. The impact of pH and irradiation wavelength
on the production of reactive oxidants during chlorine photolysis. Environ. Sci. Technol.
2019, 53 (8), 4450-4459.

Galbavy, E. S.; Ram, K.; Anastasio, C. 2-Nitrobenzaldehyde as a chemical actinometer for
solution and ice photochemistry. J. Photochem. Photobiol., A 2010, 209 (2-3), 186—192.
Berg, S. M.; Whiting, Q. T.; Herrli, J. A.; Winkels, R.; Wammer, K. H.; Remucal, C. K.
The role of dissolved organic matter composition in determining photochemical reactivity
at the molecular level. Environ. Sci. Technol. 2019, 53 (20), 11725-11734.

McConville, M. B.; Hubert, T. D.; Remucal, C. K. Direct photolysis rates and
transformation pathways of the lampricides TFM and niclosamide in simulated sunlight.
Environ. Sci. Technol. 2016, 50 (18), 9998—10006.

Page 26 of 28



Page 27 of 28

oNOYTULT D WN =

(57)

(58)
(39)
(60)

(61)

(62)

(63)

(64)
(65)

(66)

(67)
(68)
(69)
(70)
(71)

(72)

(73)

(74)

Environmental Science: Processes & Impacts

White, A. M.; Nault, M. E.; McMahon, K. D.; Remucal, C. K. Synthesizing laboratory and
field experiments to quantify dominant transformation mechanisms of 2,4-
dichlorophenoxyacetic acid (2,4-D) in aquatic environments. Environ. Sci. Technol. 2022,
56 (15), 10838—-10848.

Gueymard, C. A. Interdisciplinary applications of a versatile spectral solar irradiance
model: A review. Energy 2005, 30 (9), 1551-1576.

Wisconsin ~ Department of  Natural Resources. Wisconsin Lake  Finder
https://dnr.wi.gov/lakes/findalake/ (accessed May 4, 2023).

Schwarzenbach, R. P.; Gschwend, P. M.; Imboden, D. M. Environmental Organic
Chemistry, 2" edition, Wiley-Interscience, New Jersey, 2017, 275-320.

Kellogg Soil Survey Laboratory Methods Manual
https://www.nrcs.usda.gov/sites/default/files/2023-01/SSIR42.pdf (accessed May 4,
2023).

Wenk, J.; von Gunten, U.; Canonica S. Effect of dissolved organic matter on the
transformation of contaminants induced by excited triplet states and the hydroxyl radical.
Environ. Sci. Technol. 2011, 45 (4), 1334-1340.

Wenk, J.; Canonica S. Phenolic antioxidants inhibit the triplet-induced transformation of
anilines and sulfonamide antibiotics in aqueous solution. Environ. Sci. Technol. 2012, 46
(10), 5455-5462.

West, S. D.; Day, E. W.; Burger, R. O. Dissipation of the experimental aquatic herbicide
fluridone from lakes and ponds. J. Agric. Food Chem. 1979, 27 (5), 1067- 1072.
Fluridone Human Health and Ecological Risk Assessment
https://www.dec.ny.gov/docs/lands_forests pdf/seraflurid.pdf (accessed May 4,2023).
Reinert, K.H. Environmental Behavior of Aquatic Herbicides in Sediments. Chapter 13
Reactions and Movements of Organic Chemicals in Soils, Soil Science Society of
American and American Society of Agronomy, Madison, Wisconsin, 1989, 335-348.
Weber, J. B.; Shea, P. H.; Weed, S.B. Fluridone retention and release in soils. Soil Sci. Soc.
Am. J. 1986, 50, 582-588.

Banks, P. A.; Ketchersid, M. L.; Merkle, M. G. The persistence of fluridone in various soils
under field and controlled conditions. Weed Sci. 1979, 27, 631-633.

Marquis, L. Y.; Comes, R. D.; Yang, C. P. Degradation of fluridone in submersed soils
under controlled laboratory conditions. Pestic. Biochem. Physiol. 1982, 17, 68-75.
Mezzanotte, V.; Bertani, R.; Innocenti, F. D.; Tosin, M. Influence of inocula on the results
of biodegradation tests. Polym. Degrad. Stab. 2005, 87 (1), 51-56.

Ott, A.; Martin, T. J.; Snape, J. R.; Davenport, R. J. Increased cell numbers improve marine
biodegradation tests for persistence assessment. Sci. Total Environ. 2020, 706, 135621.
Zhi, H.; Mianecki, A. L.; Kolpin, D. W.; Klaper, R. D.; Iwanowicz, L. R.; LeFevre, G. H.
Tandem field and laboratory approaches to quantify attenuation mechanisms of
pharmaceutical and pharmaceutical transformation products in a wastewater effluent-
dominated stream. Water Res. 2021, 203, 117537.

Seller, C.; Honti, M.; Singer, H.; Fenner, K. Biotransformation of chemicals in water-
sediment suspensions: Influencing factors and implications for persistence assessment.
Environ. Sci. Technol. Lett. 2020, 7 (11), 854-860.

Seller, C.; Ozel Duygan, B. D.; Honti, M.; Fenner, K. Biotransformation of chemicals at
the water—sediment interface—Toward a robust simulation study setup. ACS Environ. Au
2021, 7 (1), 46-57.



oNOYTULT D WN =

(75)

(76)

(77)

(78)

(79)

(80)

(81)

(82)

(83)

(84)

(85)

(86)

(87)

Environmental Science: Processes & Impacts

White, A. M.; Van Frost, S. R.; Jauquet, J. M.; Magness, A. M; McMahon, K. D.; Remucal,
C. K. Quantifying the role of simultaneous transformation pathways in the fate of the novel
aquatic herbicide florpyrauxifen-benzyl. Environ. Sci. Technol. 2023, 57 (33), 12421—
12430.

Beste, C. E. Herbicide handbook of the Weed Society of America, Weed Society of
America, Champaign, IL, 1983.

Nevins, M. G.; Apell, J. N. Emerging investigator series: Quantifying the impact of cloud
cover on solar irradiance and environmental photodegradation. Environ. Sci..: Processes
Impacts 2021, 23, 1884-1892.

Rohwer, R.R.; McMahon, K. D. Lake Mendota Microbial Observatory Temperature,
Dissolved  Oxygen, pH, and conductivity data, 2006-present. 2022
https://doi.org/10.6073/pasta/9aededa7f406e2c204dc318249153b9d (accessed May 4,
2023).

Magnuson, J.; Carpenter, S.; Stanley, E. 2022. North Temperate Lakes LTER High
Frequency Water Temperature Data, Dissolved Oxygen, Chlorophyll, pH - Crystal Lake
2011 — 2014. 2022 https://doi.org/10.6073/pasta/aa256369954269842575atac7d37ee75
(accessed May 4, 2023).

Ratkowsky, D. A.; Lowry, R. K.; McMeekin, T. A.; Stokes, A. N.; Chandler, R. E. Model
for bacterial culture growth rate throughout the entire biokinetic temperature range. J.
Bacteriol. 1983, 154 (3), 1222-1226.

Ratkowsky, D. A.; Olley, J.; McMeekin, T. A.; Ball, A. Relationship between temperature
and growth rate of bacterial cultures. J. Bacteriol. 1982, 149 (1), 1-5.

Waksman, S. A.; Gerretsen, F. C. Influence of temperature and moisture upon the nature
and extent of decomposition of plant residues by microorganisms. Ecology 1931, 12 (1),
33-60.

Honti, M., Hahn, S., Hennecke, D., Junker, T., Shrestha, P., Fenner, K. Bridging across
OECD 308 and 309 data in search of a robust biotransformation indicator. Environ. Sci.
Technol. 2016, 50, 6865-6872.

Honti, M.; Fenner, K. Deriving persistence indicators from regulatory water-sediment
studies - Opportunities and limitations in OECD 308 data. Environ. Sci. Technol. 2015, 49
(10), 5879-5886.

Vassios, J. D.; Nissen, S. J.; Koschnick, T. J.; Hielman, M. A. Fluridone, penoxsulam, and
triclopyr absorption and translocation by Eurasian watermilfoil (Myriophyllum spicatum)
and hydrilla (Hydrillla verticillata). J. Aquat. Plant Manage. 2017, 55, 58—64

Unice, K.; Bare, J.; Kreider, M.; Panko, J. Experimental methodology for assessing the
environmental fate of organic chemicals in polymer matrices using column leaching studies
and OECD 308 water/sediment systems: Application to tire and road wear particles. Sci.
Total Environ. 2015, 533, 476-487.

Li, Z.; McLachlan, M. Comparing non-targeted chemical persistence assessed using an
unspiked OECD 309 test to field measurements. Environ. Sci. Processes Impacts 2020, 22
(5), 1233-1242.

Page 28 of 28



