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ABSTRACT: The direct and indirect photochemical degradation
of rotenone (ROT) and deguelin (DEG), the primary reduced
nicotinamide adenine dinucleotide-inhibiting rotenoid compo-
nents of the piscicide CFT Legumine, were investigated under
simulated sunlight conditions relevant to their dissipation from
high-latitude surface waters. Photochemical degradation domi-
nated the elimination of ROT and DEG from surface waters with
half-lives ranging from 1.17 to 2.32 and 4.18 to 20.12 h for DEG
and ROT, respectively, when the rotenoids were applied in the
formulation CFT Legumine. We assessed enhanced degradation
processes using argon-purged and cesium chloride-amended water,
which demonstrated the rotenoids to rapidly decompose from
excited triplet states. We further assessed the influence of reactive
oxygen species by hydroxyl radical quenching and thermal generation of singlet oxygen. The studied reactive oxygen species did not
significantly contribute; however, alcohols such as isopropanol may inhibit degradation by quenching ROT excited states or
preventing intersystem crossing. Finally, we compared photochemical degradation in water collected from Hope Lake, Alaska, to a
solution of Suwanee River fulvic acids, which demonstrated that dissolved organic matter (DOM) quality is a major factor that
modulates ROT attenuation through a combination of shielding (light attenuation) and excited-state quenching mechanisms and is
temperature-dependent. Molecular-level characterizations of DOM may help account for the site-specific degradation of these
rotenoids in the environment.

1. INTRODUCTION have precluded the development of accurate attenuation

8
Rotenone (ROT, Figure la) and deguelin (DEG, Figure 1b) models.

. . . . In 2007, the California Department of Fish and Game
are the primary rotenoid components of CFT Legumine Fish . . . oo
. . . T (CDFG) applied CFT Legumine to eradicate northern pike in
Toxicant, the piscicide formulation most commonly applied in

Southcentral Alaska for the eradication of invasive fish species Lake Dav1.s, CA. Va‘squez et.al. @onltored CFT components in
. . . Lake Davis following application and concluded that ROT
such as northern pike (Esox lucius) that have been illegally . . o }
. . . . likely degraded via a combination of photochemical and
introduced into regional freshwater systems. Northern pike o . . ) 9
. . biological mechanisms with an aqueous half-life of 5.6 days.
pose an extreme economic and ecological threat to South- Similar evidence for the multipathway dissipation of ROT
central Alaskan fisheries, which provide nearly 80,000 jobs P Y P

annually, through heavy predation of desirable indigenous iepor?ed }};alf—hvlis of 58 d;:ys n s.clnl mflcrocosms (20 C)l
species such as salmon and trout."™* Furthermore, ROT is ept in the dark and 5-7 h on soil surfaces under natura

light.'”'" Furth degradation slowed to 21-25 d
postulated to have a part in the development of Parkinson’s N UIPIEINOTS, degradaton Sowed to > days

. S—7 . . T in soil microcosms incubated at 10 °C congruent with the
disease,” ' leaving resource managers tasked with weighing the . .
. ) ; T . results from Finlayson et al. that demonstrated a direct
economic and ecological threats of biological invasion versus . . ) .
: o relationship between ROT persistence and temperature in
the human and environmental health concerns of pesticide
application. Recent efforts to monitor the dissipation of ROT
from treated lakes in Southcentral Alaska have shown that its Received: January 6, 2021
persistence varies greatly between application sites, with Revised:  February 20, 2021
approximate half-lives ranging from 10 to 246 days.' >* AccePted: March 4, 2021
Unfortunately, no recommendations for its application in Published: March 16, 2021
Alaska, with respect to its persistence, exist due to the apparent
multipathway and site-specific nature of its degradation that
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Figure 1. Structure of the rotenoids (a) ROT, (b) DEG, and (c) ROH present in the formulation CFT Legumine.

Bravo Reservoir and Lake Davis, CA.'> While these studies
provide crucial data regarding the persistence of ROT in
temperate climates, only a limited number of studies exist for
high-latitude regions where increased pesticide persistence has
been well documented.'> '® Furthermore, results for the
degradation of ROT under cold conditions relevant to high-
latitude regions are highly variable.'~'*>'77%¢

Given that photolysis is identified as a key process in the
environmental attenuation of ROT, the site-specific degrada-
tion kinetics of ROT may be due to the inherent mechanistic
complexity of aquatic photochemistry in natural systems where
compounds are subject to both direct photodegradation, in
which chemical breakdown is induced by direct absorption of a
photon, and indirect photodegradation, in which a compound
reacts with photon-induced reactive transient species such as
hydroxyl radical (*OH), singlet oxygen ('O,), and triplet-state
dissolved organic matter (*DOM).>" Variations in light
intensity and other environmental factors, such as the
concentration of dissolved organic matter (DOM), that
modulate the generation of reactive species between treatment
locations could have a profound effect on the observed rate of
piscicide attenuation. Although photolysis has been identified
as a primary pathway for ROT dissipation, the photochemical
dissipation of the isomer DEG and the underlying direct and
indirect photochemical mechanisms driving the degradation of
both rotenoids have not been investigated to date.

To address the lack of knowledge regarding the key
processes contributing to the photochemical degradation of
CFT Legumine rotenoids, this work aimed to (1) determine
the contribution of indirect processes involving *OH, triplet
excited states, 'O,, and DOM to the overall photochemical
dissipation of ROT and DEG and (2) investigate the influence
of temperature on the photochemical processes driving
rotenoid dissipation. These aims were accomplished by
irradiating solutions of ROT and DEG, as both analytical
standards and CFT Legumine, with selective reactive species
quenchers and sensitizers in a SunTest XLS+ solar simulator at
15 and 20 °C. Over the course of this work, molar
absorptivities and apparent reaction quantum yields for the
direct photolysis of the rotenoids were also determined.
Kinetic parameters describing the photochemical dissipation of
these rotenoids are essential to the development of attenuation
models that are useful to resource managers responsible for
ensuring efficacious removal of invasive species, safe
reintroduction of native fishes, and accurate exposure assess-
ments for humans that recreate and source drinking water from
dosed waterbodies in high-latitude regions.
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2. MATERIALS AND METHODS

2.1. Chemicals. ROT (>98%) and DEG (>98%) were
purchased from Sigma-Aldrich (St. Louis, MO) and Cayman
Chemical Company (Ann Arbor, MI), respectively. CFT
Legumine (5% wt ROT) and rotenolone (ROH, 35% purity)
were provided gratis by Zoécon (Burleson, TX) and Dr.
Vasquez of the California Department of Fish and Wildlife;
additional ROH (>98%) was synthesized in-house by
following the procedure described by Russell et al. for the
preparation of hydroxy-DEG.”” Product identification and
purity assessment are provided along with a brief description of
the synthesis in the Supporting Information (Section SI,
Tables S1—S3, Figures S1—S4). Formic acid [Optima for
liquid chromatography—mass spectrometry (LC—MS)] was
purchased from Fisher Scientific (Waltham, MA). Water (LC—
MS grade), acetonitrile (ACN, LC—MS grade), isopropanol
(IPA, LC—MS grade), dichloromethane (DCM, >99.9%),
sodium molybdate dihydrate (ACS grade), cesium chloride
(>99.9%), hydrogen peroxide solution (35%, w/w), and
furfuryl alcohol (FFA, 98%) were obtained from VWR
(Radnor, PA). 2-Nitro benzaldehyde (2NB, >99%) was
purchased from Alfa Aesar (Tewksbury, MA). Suwanee River
fulvic acids (SRFA) were obtained from the International
Humic Substances Society (Denver, CO).

2.2, Water Collection and Dissolved Organic Carbon
Characterization. Water was collected from Hope Lake, AK
(60°25'18.2"N 151°11'14.6"W), in amber glass bottles and
sterilized via y-irradiation at the Oregon State University
Nuclear Laboratory (Corvallis, OR). The concentrations of
dissolved organic carbon in the lake and a solution of 10 mg
L™ SRFA, measured as nonpurgeable organic carbon (NPOC)
using a TOC-L total organic carbon analyzer (Shimadzu,
Kyoto, Japan), were 5.99 and $.13 mgC L~'. Ultraviolet—
visible (UV—vis) absorbance spectra were collected for both
lake and SRFA water in 1 cm quartz cuvettes from 20S to 800
nm in a UV-1800 UV-—vis spectrophotometer (Shimadzu,
Kyoto, Japan), and light shielding factors were calculated
according to eq 6 (Section 2.6; Figure SS). The optical
characteristics of DOM in lake and SRFA water were further
investigated using an Aqualog fluorescence spectrophotometer
(Horiba Scientific); excitation—emission matrices and spectral
indices are provided in the Supporting Information (Figure S6,
Table S4). Other limnological factors for Hope Lake, including
temperature, specific conductance, and dissolved oxygen
concentration, were monitored by the ADFG at depths
ranging from 0.25 to 9.0 m over a 3 year period and are
presented in the Supporting Information (Table S5).
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2.3. Molar Absorptivity. UV—vis absorbance spectra for
10, 25, 50, 100, 500, and 1000 kM ROT and ROH as well as
10, 25, 50, 100, and 250 M DEG in methanol were collected
in a1 cm quartz cuvette from 205 to 800 nm using a UV-1800
UV—vis spectrophotometer (Shimadzu, Kyoto, Japan). Meth-
anol was used due to solubility limitations in water (e.g,, S, ror
= 0.51 uM at 20 °C). Base-10 molar absorptivities (¢, M™
cm™) were calculated via linear regression of concentration
versus absorbance at each wavelength according to the Beer—
Lambert law.

Molar absorptivities are plotted and tabulated in the
Supporting Information (Figure S7, Table S6).

2.4, Photochemical Degradation Experiments. Micro-
cosms (n = 4) were prepared in 35 mL quartz tubes (15 cm X
1.8 cm ID) (Technical Glass Products, Painesville, OH)
containing 125 nM (~S50 ppb; final solvent concentration
0.1%) ROT, DEG, or CFT Legumine formulation in 18.2 MQ
cm H,0, argon-purged (3 h) 18.2 MQ cm H,0, 18.2 MQ cm
H,O containing either 25 mM IPA, 1 M CsCl, or 10 mg L!
SRFA, and water collected from Hope Lake, AK. DCM was
used as the spiking solvent to avoid potential *OH quenching
by methanol observed in preliminary experiments. Lake water
and SRFA solutions were filtered (0.2 um) before use.
Solutions were illuminated (250 W m™, peak summertime
mean monthly global radiation in Southcentral Alaska ~200—
250 W m™2)** at 15 and 20 °C using a SunTest XLS+
(emission spectrum available in Figure S7) with a Suncool
attachment for chamber temperature regulation (Atlas
Materials Testing Solutions, Mount Prospect, IL). Tubes
were placed in the temperature-controlled chamber at a 30°
incline in two horizontal rows using custom-built sample racks
(Figure S8). Positional and interday variation in the light
intensity was accounted for via 2NB actinometry, as described
below (Section 2.6). 2NB analysis using liquid chromatog-
raphy with variable wavelength detection (LC-VWD) is
described in the Supporting Information (Section S2). Light
intensity differed <8% between edge and center positions in
each sample row (Figure S9), while the interday variation of
janps the first-order rate constant for the photodegradation of
2NB, was <8.5%. Microcosms were sampled after 0, 1, 4, 8, 24,
and 48 h; dark controls (n = 3), prepared in 18.2 MQ cm H,O,
were stored in the dark in a temperature-controlled incubator
and sampled at the first and last time points; lack of
degradation in the dark controls was consistent with previous
reports of recalcitrance under nonalkaline conditions (<5% loss
in 57 h and reported half-lives of up to 12.5 days).”**> At each
time point, samples were extracted using 0.2 ym nylon Spin-X
microcentrifuge tube filter units similar to the methods
described by Sandvik et al.*® In brief, S00 uL was transferred
to a Spin-X microcentrifuge tube insert and centrifuged at
8000 rpm (3575g) for 3 min; the insert was then transferred to
a clean microcentrifuge tube, and analytes were eluted from the
filter with 500 pL of ACN for analysis by liquid
chromatography tandem triple quadrupole mass spectrometry
(LC—MS/MS, Section S2).

2.5. Rotenoid Degradation by Thermally Generated
Singlet Oxygen. Singlet oxygen was thermally generated,
rather than photochemically, via disproportionation of H,O,
by MoO,”” at pH 10 to isolate its effects from direct
photolysis.””*® Microcosms (n = 3) containing CFT Legumine
(125 nM, ~50 ppb) were prepared in borate-buffered 18.2 MQ
cm H,0 (pH 10) with 1 mM MoO,*” and 20 mM H,0, to
determine the impact of singlet oxygen on ROT and DEG
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degradation. Additional hydrolytic controls (n = 3) were
prepared in pH 10-buffered H,O without MoO,*~ and H,0,.
All samples were kept in the dark at 20 °C in a temperature-
controlled incubator and were sampled after 0, 1, 4, 8, 24, and
96 h via Spin-X extraction. The steady-state concentration of
singlet oxygen in samples containing 1 mM MoO,*” and 20
mM H,0,, 0.66 + 0.03 pM, was calculated by dividing the
pseudo-first-order rate constant obtained from the dissipation
of FFA (100 uM, n = 4) by 1.0 X 10 M~! 57/, the commonly
adopted second order rate constant for its reaction with singlet
oxygen.”” FFA analysis using LC-VWD is described in the
Supporting Information (Section S2).

2.6. Calculations. The first-order rate constant for the
photodegradation of 2NB was calculated as the negative slope
of the regression line obtained from plotting eq 1

] = st )

where C,yg, is the concentration of 2NB (uM) at time ¢ (s),
Cynp, is the initial concentration of 2NB (1M), and j,yp is the
photochemical first-order rate constant (s™'). An initial 2NB
concentration of 10 uM was selected to maintain low
absorbing conditions and prevent interference of the product
2-nitrobenzoic acid.’”’" Differences in the photon flux
between illumination positions and days were accounted for
using correction factors (FP) calculated from the photo-
chemical first-order rate constant of 2NB at each position
(janp,p) relative to that at the center reference position (jyxp,rer),
determisried in triplicate, and the interday variability as shown
in eq 2

2NB, ¢

C
ln[

CzNB,o

_ ]ZNB,p %

P i
J 2NB, ref

AV o\ ref measured at the start and end of the illum.

AV B ref measured at the start and end of first illum.

)
where avg = average and illum. = illumination
Mlumination-position-corrected photochemical rate con-
stants (j;) for ROT and DEG were then determined using eq
33

ln(Ciyt/Ci,O) .
— =

E (3)
Mumination-position-corrected rate constants were then

used to calculate photochemical half-lives (t,;, s) and
quantum yields (¢;) for ROT and DEG via eqs 4 and 5

In(2)
1/2,i — ]
Ji (4)
b= Ji ] 2/1 (SZNB,A'IA) )
l jZNB,ref E/l (Ei,[I/l) 2N (5)

where I, is the volume-averaged photon flux (mol photons L™*
s71) at wavelength A (nm) and ¢, ¢, and j are the quantum
yields, molar absorptivities (M™' ¢cm™), and first-order rate
constants (s') for the photochemical degradation of the
compound of interest i and 2NB, respectively. Spectral
irradiance was provided by the manufacturer, and I, was
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calculated using 2NB actinometry as described in the
Supporting Information (Figure S7, Section S3).

Screening factors (S;) were calculated for water collected
from Hope Lake or containing 10 mg L™' SRFA (Figure S5)
using eq 6>

(1 - 10%)
2.303-a

A =
(6)
where @, is the path length-normalized absorbance of the
solution and I (cm™") is the optical path length of the solution.
The first-order rate constants were adjusted for light screening
according to eq 7

()

where S, is the screening factor at the wavelength of light at
which the rate of light absorbance is the greatest.34

Finally, €; and ¢ (eq S) were used to calculate action spectra
for ROT and DEG Photodegradation under environmental
conditions with eq 8

2.303 1000 cm®
= '7'11'81-’1'%
N, L

b ®
where j;; is the pseudo-first-order rate constant for the
photodegradation of ROT or DEG (s7' nm™) at each
wavelength 4 (nm), N, is Avogadro’s number, and I; is the
TUV-modeled solar photon flux (photons s™ ¢cm™ nm™) for
Anchorage, AK, at midday of the summer solstice.>®

2.7. Statistical Analysis. Statistical differences were
determined via weighted least-squares analysis of covariance
(ANCOVA) using JMP Pro 13 (SAS Institute, Cary, NC) (a =
0.01). Normally distributed residual error was confirmed via
the Wilk—Shapiro test (W > 0.95). The ANCOVA was
weighted to account for unequal variances revealed by a
Levene test (a = 0.05) of the residuals; weighting factors were
calculated from the stratified variance obtained by one-way
analysis of residual error versus the treatment group. Posthoc
analysis was conducted using Tukey honestly significant
difference (HSD) and Student’s T pairwise comparisons (a
= 0.01).

3. RESULTS AND DISCUSSION

3.1. Molar Absorptivities and Photochemical Degra-
dation of ROT and DEG. ROT and DEG strongly absorb
light within the solar spectrum up to approximately 390 nm,
and ROH absorbs light up to approximately 400 nm (Figure
S7); furthermore, DEG exhibits a weak absorbance tail
extending to approximately S00 nm. ROT and ROH
absorbance spectra are nearly identical, with a local absorbance
maximum at 293 nm, while DEG absorbs more consistently
above 290 nm. These features unique to DEG absorptivity are
likely attributable to its slightly extended conjugated s-electron
system relative to ROT and ROH. The wavelength depend-
ence of epor calculated in this work agrees with the limited
data presented by Draper, who calculated epor from a single
absorbance spectrum of 51 M ROT in methanol; however,
eror from this work was approximately 15% lower.”* To our
knowledge, this work is the first to index molar absorptivities
for the bioactive rotenoids ROH and DEG. Based on these
molar absorptivities, photochemical transformation is not
surprisingly a significant contributor to the environmental
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Figure 2. First-order rate constants (average =+ standard deviation, n =
4) for the aqueous photochemical degradation of (a) ROT and (b)
DEG under simulated solar light with quenching by IPA or triplet-
state sensitization by CsCl and argon purging at 20 °C. Labels A—E
denote significance based on Tukey HSD posthoc analysis; treatments
within each plot that do not share a letter are significantly different (p
< 0.01).

dissipation of CFT Legumine rotenoids. To assess the relative
contributions of photochemical processes involving reactive
oxygen species (ROS), triplet excited states, and DOM to
overall photolysis, the photochemical degradation of ROT and
DEG was investigated under simulated solar radiation using a
series of quenching and sensitizing reagents (Section 2.4).
First-order rate constants and half-lives for the degradation of
ROT and DEG illuminated in the solar simulator at 20 °C are
tabulated in the Supporting Information (Table S8). The
aqueous photochemical degradation of DEG in 18.2 MQ cm
H,0 (jpgg,crr = 0.353 + 0.005 h™') was significantly faster
than that for ROT (jrorcpr = 0.062 + 0.001 h™'). This
remained consistent throughout all treatments with photo-
chemical half-lives ranging from 1.17 to 2.32 versus 4.18—
20.12 h for DEG and ROT, respectively, when the rotenoids
were applied together in the formulation CFT Legumine,
which contains additives such as N-methyl pyrrolidinone,
diethylene glycol monethyl ether, and Fenedofo 99.” Notably,
application as the analytical standard or CFT Legumine did
not have an effect on the dissipation of ROT in 18.2 M€ cm
H,0; however, modulation of ROT attenuation in the other
treatment solutions indicates that components of CFT
Legumine may significantly alter the formation, or quenching,
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Figure 3. Action spectra for the photochemical degradation of ROT and DEG under TUV-modeled solar photon flux (photons s~ cm™

Anchorage, AK, at midday of the summer solstice.>
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Figure 4. First-order rate constants (average + standard deviation, n =
3) for the degradation of ROT and DEG (applied as CFT Legumine)
in pH 10 borate-buffered water with and without 'O, generated via
MoO,* -catalyzed thermal disproportionation of H,O,. Labels A and
B denote statistical significance based on Tukey HSD posthoc
analysis; treatments that do not share a letter are significantly different
(p < 0.01).

of reactive species and the ROT triplet state significant to the
photochemical degradation of the piscicide.

3.2. Influence of ROS and Excited Triplet States. The
influence of ROS was initially investigated by purging water
with argon to remove oxygen and thus eliminate their
contribution to the overall photolysis reaction rate. However,
ROT degraded faster (p < 0.01) in argon-purged water than in
nonpurged water (jpor = 0.118 + 0.012 vs 0.063 + 0.009 h™")
and was slightly enhanced, although not statistically different
(p = 0.85), when applied as CFT Legumine (jyor,cpr = 0.082
+ 0.002 vs 0.062 + 0.001 h™") (Figure 2). We postulate that
removal of oxygen resulted in an increased prevalence of ROT
excited triplet states as molecular oxygen is known to quench
excited triplets back to the ground state, and is responsible for
the observed increase in the rate of ROT dissipation.’* ™" It
remains unclear why this effect was not observed when ROT
was applied as CFT Legumine formulation; however, it is
possible that other components of CFT Legumine also quench
triplet ROT. To further delineate the contributions of these
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processes to the photochemical degradation of these rotenoids,

follow-up experiments were conducted using: 1 M Cs* to

enhance triplet state concentrations by gromoting intersystem
. . . . '40-42

crossing via singlet state quenching, 25 mM IPA to
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quench *OH, and 1 mM MoO,*” with 20 mM H,0, to
thermally generate 'O,.

The addition of Cs" significantly enhanced the rate of both
ROT and DEG photodegradation (Figure 2), providing further
evidence that the excited triplet states of these rotenoids will
rapidly degrade. Notably, the rate of ROT degradation with
Cs* was not different (p = 1.0) compared to argon-purged
water (jror = 0.106 + 0.023 vs 0.118 + 0.012 h™") but greater
(p < 0.01) when applied as CFT Legumine (jror,cpr = 0.143 +
0.014 vs 0.082 + 0.002 h™'). A significant increase in the
degradation rate of ROT in the presence of Cs*, despite the
presence of formulation components, is likely due to the
difference in the efficiency of intersystem crossing promotion
by 1 M Cs" versus excited state quenching by the low
concentration of formulation components. This implies and
underscores the importance of lake-specific limnologic factors
such as dissolved oxygen and redox potential during treatment
events; these are potentially important cofactors governing
rotenoid photolysis. While the focus of this work was to
identify which photochemical pathways most significantly
contribute to rotenoid degradation under simulated conditions
in the laboratory, where anoxic conditions may exist in lake
photic zones (e.g., shallow lakes with high biological oxygen
demand), we postulate accelerated degradation of CFT
Legumine residues may occur. As shown by the data provided
by ADFG (Table SS), Hope Lake dissolved oxygen
concentrations at a depth of 0.25 m peak as high as 12.05
mg L' during the summer months and steadily decrease over
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the winter months to concentrations as low as 5.48 mg L' and
as low as 0.20 mg L™ at 8.0 m in the spring during ice-out. In
high-latitude regions such as Alaska where ice-out occurs
rapidly after ~6 months ice and snow cover and low (to no)
sunlight intensity, sediments that may become anoxic over the
winter months may cause rotenoids to degrade at a more rapid
pace than during the initial application period.

IPA (25 mM) was used as a selective *OH quencher to
eliminate confounding caused by the removal of molecular
oxygen. IPA addition resulted in a statistically significant
decrease (p < 0.01) in the rate of ROT, although not DEG,
degradation in illuminated samples (jgor = 0.025 + 0.004 vs
0.063 + 0.009 h™" and jror.crr = 0.035 % 0.005 vs 0.062 +
0.001 h™") (Figure 2). However, follow-up experiments using a
benzene probe to determine the rate of hydroxyl radical
formation as described by Faust and Allen (Section S3)
showed that no hydroxyl radical was formed in 18.2 MQ cm
H,O, contrary to our initial assumptions, indicating that the
inhibition of ROT photochemical degradation by the addition
of 25 mM IPA was not due to hydroxyl radical quenching.*
The apparent quantum vyields for the photochemical
degradation of ROT and DEG by sunlight, calculated using
the first-order rate constants for their degradation in 18.2 MQ
cm H,0, were 3.95 X 107 + 5.95 X 107 and 1.40 X 107° +
3.37 X 1075, respectively. Action spectra, or the rate of direct
photochemical degradation at each wavelength, were calcu-
lated using these quantum yields and the TUV-modeled solar
photon flux (photons s~ cm™ nm™) for Anchorage, AK, at
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midday of the summer solstice” and are presented in Figure 3.
The quantum yield for ROT is larger than the value of 1.5 X
10™* previously reported by a factor of ~2.6.”* Interestingly,
the apparent quantum yield for ROT calculated using the first-
order rate constant for its degradation in solutions containing
25 mM IPA was 1.69 X 10™* + 2.94 X 1075, in close agreement
with the previously reported value. During preliminary
investigations, the rate of ROT degradation was inhibited
when methanol was used as the spiking solvent (therefore,
DCM was used in this work); the low quantum yield calculated
by Draper may be explained by the use of methanol as a
spiking solvent (final concentration ~ 62 mM).

While it is possible that the small difference between the
apparent quantum yield of ROT in the presence of IPA (25
mM) and that previously reported in the presence of methanol
(~62 mM) was due to the actinometers used (2NB vs
trifluralin), the increase in quantum yield is most likely
attributable to discrepancies in the calculated molar
absorptivities (Section 3.1). Lamp emission spectra could
have significantly impacted on the calculation as ROT was
irradiated with simulated solar light (~290—800 nm, Figure
S7) versus fluorescent black-light bulbs (310—410 nm,
maximal output at 350 nm) in this and previous work,
respectively. However, because ROT does not absorb light
above 410 nm and the single broad peak in the action spectra
for ROT does not reveal multiple wavelength-dependent
excitations, it can be assumed differences in relative intensity at
each wavelength between the two lamp emission spectra will
not significantly influence the spectrum-averaged quantum
yields calculated previously and in this work. In summary, due
to the lack of measurable formation of hydroxyl radicals in 18.2
MQ cm H,O, we hypothesize that the alcohols IPA and
methanol were responsible for quenching ROT excited states;
future work will investigate potential ROT excited state
quenching by alcohols and other DOM species.

Our assessment of 'O, influence on CFT Legumine ROT
and DEG (Figure 4) indicated both rotenoids were susceptible
to base-catalyzed hydrolysis, although degradation was faster in
solutions containing 0.66 pM '0, (kpor = 0.020 + 0.001 vs
0.010 + 0.002 h™" and kpgg = 0.060 + 0.005 vs 0.018 + 0.001
h™'). The pseudo-first-order rate constants for the reaction of
'0, with ROT and DEG, calculated by subtracting the average
rate constant for their base-catalyzed hydrolysis from that
observed in solutions containing 0.66 pM of thermally
generated 'O,, were 0.010 and 0.043 h™', respectively.
Considering the steady-state concentration of 'O, used in
this work (0.66 pM) is large relative to that previously
measured in natural waters, it is unlikely that 'O, will have a
significant impact on the overall environmental dissipation of
these rotenoids.**** Overall, decomposition of ROT and DEG
from an excited triplet state will dominate photochemical
degradation under low-oxygen conditions, and ROS present in
natural waters will have minor influence on attenuation.

3.3. Influence of DOM. The influence of DOM-mediated
secondary processes on the aqueous photochemical degrada-
tion of ROT and DEG was determined using microcosms
containing either lake water (NPOC: 5.99 mg L") or 18.2
MQ cm H,0 with 10 mg L™ SRFA (NPOC: 5.13 mg L™").
DOM has been shown to be a cofactor mediating both
increases and decreases in the observed rate of photochemical
degradation of small organic models; increases occur by
catalyzing the production of ROS or reacting as *DOM, and
decreases occur by absorbing photons and shielding molecules
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from direct photochemical degradation.”’**** In this work,

ROT, although not DEG, attenuation was significantly slower
(p < 0.01) in both lake water and SRFA solutions than in 18.2
MQ cm H,O when applied alone (jgor = 0.021 + 0.002 and
0.043 + 0.003 vs 0.063 + 0.009 h™') or in the formulation
CFT Legumine (jROT’CFT = 0.036 + 0.001 and 0.055 + 0.005
vs 0.062 + 0.001 h™') (Figure 5). Attenuation rates were
corrected for light shielding by DOM (eqs 6 and 7); adjusted
rates of ROT degradation in the presence of SRFA (jrors =
0.053 # 0.004 h™" and jror,crrs = 0.068 & 0.006 h™") were
not significantly different (p = 0.19 and 0.40) from the rate in
pure water, indicating that increased persistence was
attributable to a reduction in direct photochemical degrada-
tion. However, shielding-corrected attenuation rates for ROT
in lake water remained significantly lower (p < 0.01) than the
rate in pure water (jpors = 0.024 + 0.002 h™" and jrorcprs =
0.040 + 0.001 h™"), suggesting that DOM has a more complex
role in the modulation of the indirect photochemical processes
responsible for ROT attenuation. In part, ROT persistence
may be attributable to excited state quenching by DOM
constituents in the lake water as shielding-corrected rates were
nearly identical to those in microcosms containing 25 mM IPA
as a quencher (jror = 0.025 + 0.004 h™' and jror,cer = 0.035
+ 0.005 h™') (Figure 5). Differences in lake-water DOM and
SRFA efficiency as ROT excited-state quenchers are not likely
an artifact of concentration as NPOC (5.13 vs 5.99 mg L")
and absorbance (Figure S5) were lower for lake water than
SRFA. Fluorescence spectroscopy of the two solutions revealed
unique components in lake water, not present in SRFA, that
would suggest molecular-level differences that could theoret-
ically account for differences in reactivity (Figure S6);
however, determination of ROT attenuation in different lake
waters coupled with more robust analysis of the molecular-
level features of present DOM is necessary to test this
hypothesis.

3.4. Influence of Temperature. To simulate a lower
temperature regime, we assessed the rate of ROT photo-
chemical degradation at 15 °C, the lowest temperature we
could consistently attain inside the XLS+ solar simulator.
Surprisingly, our data (Figure 6a,b) indicated rate enhance-
ments occurred relative to 20 °C measurements, ranging from
2.13 to 147%. These rate enhancements were significant (p <
0.01) for all treatments other than the 10 mg L™ SRFA and
ROT standard in argon-purged water (Figure 6d). Rate
enhancement was the greatest in argon-purged and 1 M CsCl
microcosms, which suggests that temperature may inhibit ROT
excited triplet state quenching in solution. Previous studies
have shown that triplet state decay to the ground state, through
unimolecular intersystem crossing or quenching via secondary
species such as molecular oxygen, is slower as temperature
decreases.”’ =" This temperature effect was also observed for
DEG, and enhancement was more pronounced when ROT was
applied as the formulation, providing further evidence to
support the hypothesis that formulation components quench
rotenoid triplets and account for decreased ROT photodecay
rate enhancement in argon-purged microcosms at 20 °C when
the piscicide is applied as the analytical grade versus CFT
Legumine (Section 3.2; Figure 2).

Only the degradation of DEG in SRFA microcosms was
observed to decrease at 15 °C (Figure 6¢). While the rate was
equivalent to that measured at 20 °C during the first 8 h, the
data deviated from first-order kinetics, and DEG was observed
to persist through the remainder of the experiment, possibly
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the result of sorption-induced shielding by SRFA at lower
temperatures. Future studies working at lower temperatures
should carefully consider the temperature dependence of
chemodynamic processes that could impact rotenoid degrada-
tion in high-latitude regions where water temperatures
fluctuate from ~22 °C in late summer to ~4 °C under winter
ice and during spring ice-out (Table SS). Unfortunately,
chamber temperatures below 15 °C could not be maintained
by the illumination system; future research should consider
larger-scale modifications to the illumination system or
microcosm construction, such as the use of water-cooled
jacketed beakers in order to assess the rate of rotenoid
dissipation at lower temperatures.

3.5. Photochemical Production of ROH. Over the
course of these investigations, the concentration of ROH, the
hydroxylated degradate of ROT, was monitored in each
microcosm. In general, ROH production was lower (<12% of
initial ROT) when analytical-grade ROT was applied to 25
mM IPA, lake water, and SRFA microcosms than when applied
to argon-purged and 1 M CsCl microcosms (~20—30% of
initial ROT), indicating that the reaction of triplet state ROT
with water is primarily responsible for the production of ROH
(Figure S11). In all cases, ROH as a percentage of applied
ROT approached a steady state, more easily recognized when
ROT was applied as the formulation CFT Legumine which
contains ROH (~35% that of ROT), and began to decay after
depletion of ROT in the microcosms (Figures S11 and S12).
The observation that apparent photochemical degradation of
ROH is similar to, although slightly slower, than that of ROT is
supported by the conclusion that, while the relative absorbance
spectra are nearly identical, ROH absorbs significantly fewer
photons than ROT (Figure S7). Because ROH will persist
longer in aquatic systems and exhibit similar reduced
nicotinamide adenine dinucleotide-inhibiting activity to
ROT, human and ecological risk assessments would benefit
from future determination of the rates and mechanisms by
which ROH photochemically degrades.

This work demonstrates that ROT and DEG rapidly
decompose from excited triplet states, DOM modulates ROT
attenuation through a combination of shielding (light
attenuation) and excited-state quenching mechanisms and
that ROS will not significantly alter their photochemical
degradation in surface waters. As degradation from the triplet
state is the apparent dominant photochemical mechanism for
the degradation of these rotenoids, dissolved oxygen
concentrations, temperature, and DOM quality will be
important cofactors to consider when estimating rotenoid
persistence in the environment. Future work will incorporate
molecular-level characterizations of DOM to help account for
the site-specific degradation of these rotenoids in the
environment.
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