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Removal of Urban-Use Insecticides in a Large-Scale Constructed
Wetland

Zachary Cryderl”*, Douglas Wolfl, Craig Carlan?, Jay Gan?
1Department of Environmental Sciences, University of California Riverside, CA, 92521, USA

2Department of Neuroscience, University of California Riverside, CA, 92521, USA

Abstract

Water treatment and reuse initiatives are essential to combat declining water supplies in a changing
climate, especially in arid and semi-arid regions. Pollution of water resources intensifies the search
for strategies to provide water for potable and non-potable reuse that mitigates detrimental
ecological and human health effects. Fipronil and synthetic pyrethroids are common urban-use
insecticides that exert aquatic toxicity at trace levels and have been often found in urban surface
streams. In this study, samples were collected from the 182 ha Prado Wetlands in Southern
California for seven months to assess the occurrence of fipronil and its degradation products as
well as pyrethroids (bifenthrin and cyfluthrin) in water, sediment, and plants in a 4.45 ha vegetated
surface flow constructed wetland (CW). Concentration-based removal values and changes in mass
flux were calculated to determine the efficacy of CW treatment. Observed water concentrations
were further used to calculate toxic units for the invertebrates Hyalella aztecaand Chironomus
dilutus. Pesticide concentrations in water, sediment, and plant samples consistently decreased
during passage through the CW at all time points. Removal values for fipronil desulfinyl, fipronil
sulfide, fipronil, fipronil sulfone, bifenthrin, and cyfluthrin were 100%, 99.7-100%, 57.8-88.1%,
75.6-100%, 74.7-100%, and 36.6-82.2%, respectively, and there was a general net deposition of
pesticides into CW compartments. Toxic unit values decreased in every instance for both aquatic
invertebrates. Settling of contaminated particles, adsorption to sediment, plant uptake or
adsorption, and subsequent degradation contributed to the effective removal of these urban-use
insecticides, which highlights the potential of CWs for protecting urban water quality.
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A full-scale surface flow constructed wetland reduced concentrations of common urban-use
insecticides in surface water and alleviated their associated toxicities.
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INTRODUCTION

The combination of rampant urbanization, rapid population growth, and global climate
change has resulted in an extraordinary reduction in the potable and non-potable water
supply worldwide (Arnold and Gibbons, 1996; Kummu et al., 2010; McDonald et al., 2011;
Seto et al., 2012). The deficiency of clean water supplies has led several nations, including
the United States, to encourage a reduction in water use (Farré and Faci, 2009; Fielding et
al., 2013; Tabbal et al., 2002) and pursue a myriad of water treatment and recycling
initiatives (Adhikari et al., 2011; Anderson et al., 2016; Friedler, 2001; Greenway, 2005;
Haile et al., 2016; Kadlec and Wallace, 2008; Yang et al., 2006). Water scarcity is
exacerbated by pollution of surface water and ground water resources by anthropogenic
contaminants such as pesticides. Indoor and outdoor use of insecticides in urban areas has
been shown to cause contamination of urban surface water sources. Urban-use insecticides
are incompletely removed at wastewater treatment plants (WWTPs) before the release of
effluent into surface streams, and runoff after rain and irrigation events further exacerbates
surface water contamination.

Fipronil and the synthetic pyrethroids are insecticides utilized at high rates in urban
environments for professional and homeowner control of structural pest species such as ants,
termites, spiders, and roaches, as well as for elimination of fleas and ticks in veterinary
medications (Ensminger, 2014; Sadaria et al., 2017; Teerlink et al., 2017; USEPA, 2011,
Weston et al., 2005, 2009). Fipronil and its primary degradation products, fipronil desulfinyl,
fipronil sulfide, and fipronil sulfone (abbreviated as fiproles hereafter) are moderately
hydrophobic compounds (log Kqy = 3.9-4.1; Demcheck and Skrobialowski, 2003) while the
pyrethroids are highly hydrophobic with log Ky, =5.7-7.6 (Laskowski, 2002). Numerous
studies have shown occurrence of both insecticide classes in urban surface water (CDPR,
2016; Gan et al., 2012; Weston et al., 2009; Weston and Lydy, 2012) at concentrations that
are toxicologically relevant to aquatic invertebrates (Anderson et al., 2006; Maund et al.,
1998; Weston and Jackson, 2009; Weston and Lydy, 2014) as well as in the sediment where
residues may persist long after deposition (Lao et al., 2010; Lin et al., 2008). Furthermore,
fipronil’s major degradation products exhibit toxicity equal to or greater than that of the
parent compound (Schlenk et al., 2001; Weston et al., 2014). There is also evidence of
additive and synergistic pyrethroid toxicity in sensitive organisms (Trimble et al., 2009).
Fiproles and pyrethroids are easily transported in surface runoff (Jiang et al., 2010, 2012;
Jorgenson and Young, 2010; Laskowski, 2002; Richards et al., 2016; Thuyet et al., 2012)
and are present in WWTP effluents (Sadaria et al., 2017; Supowit et al., 2016; Weston et al.,
2013), aggravating the risk of toxicity to non-target aquatic species.
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In arid or semi-arid regions such as California, some urban streams are predominantly fed
with urban runoff drainage and WWTP effluents. Constructed wetlands (CWs) are one
potential solution to the shortcomings of WWTPs and the general lack of stormwater
treatment. They have been shown to remove nitrogen and phosphorous species, metals,
antibiotic resistance genes, and various organic compounds (Chen et al., 2019; Dong et al.,
2020; Kodituwakku and Yatawara, 2020). Existing data suggest that CWs are effective in
reducing concentrations of fiproles and pyrethroids (Budd et al., 2009; Supowit et al., 2016).
However, field data on the performance of urban wetlands are limited, and in-depth
information on the role of various wetland compartments is scarce.

In this study, samples were collected from the Prado Wetlands, a 182 ha constructed
treatment wetland system located in Southern California containing open water and
vegetated cells, from June 2018-January 2019 and analyzed for fiproles and pyrethroids. The
primary objectives were to determine the removal of these trace contaminants by the surface
flow wetland, to understand the underlying processes most responsible for contaminant
removal, and to estimate potential alleviations in invertebrate toxicity. It was hypothesized
that sediment sorption and biodegradation would play a major role in the removal of fiproles
and pyrethroids, resulting in reduced aquatic toxicity to organisms exposed to the treated
water. Results from this study may be used to optimize the design of CWs and related water
treatment systems to improve the quality of recycled water and to attenuate ecotoxicological
and human health risks from potable and non-potable applications.

MATERIALS AND METHODS

Chemicals and materials

Fipronil (98.9%), fipronil desulfinyl (97.8%), fipronil sulfide (98.8%), and fipronil sulfone
(99.7%) were obtained from the United States Environmental Protection Agency’s National
Pesticide Standard Repository (Fort Meade, MD). Bifenthrin (98%) and deuterated (d5)
bifenthrin (99%) were purchased from Toronto Research Chemicals (Toronto, Ontario,
Canada). Cyfluthrin (98%) was purchased from Santa Cruz Biotechnology (Dallas, TX).
Ethiprole (97.4%) was obtained from the Shanghai Pesticide Research Institute (Shanghai,
China). Decachlorobiphenyl (99.1%) was purchased from AccuStandard (New Haven, CT).
Isotopically labeled fipronil (13C4-15N,-fipronil, 99.1%) was obtained from Cambridge
Isotope Laboratories (Andover, MA). Solvents and other chemicals used were of pesticide or
gas chromatography-mass spectrometry (GC-MS) grade.

Site description

This study was undertaken at the Prado Wetlands in Corona, CA (Figure S1). This 182 ha
complex of 45 surface flow wetland ponds was constructed in the 1990s and was initially
established to remove NO3~ from the Santa Ana River (OCWD, 2018). Up to 50% of the
Santa Ana River flow, which consists primarily of treated wastewater during non-storm
seasons, is diverted into the wetland system for treatment (OCWD, 2018). Due to the dry
climate of Southern California, the majority of samples were collected during non-storm
seasons. Additional details regarding the Prado Wetlands are provided in the Supporting
Information (SI).

Environ Pollut. Author manuscript; available in PMC 2022 January 01.
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The ponds selected for use in this study were cells S5 and S6 (Figure S1; connected by an
underground pipe), which together constitute a 4.45 ha vegetated CW complete with inlet
and outlet weir boxes. In the context of this study, this vegetated CW will be referred to as
the Prado Constructed Wetland (PCW). The hydraulic retention time of the PCW was
estimated to be 1.29 d based on the results of a pilot-scale rhodamine WT tracer experiment
conducted at the Prado Wetlands (Lin et al., 2003). Samples and measurements were taken
at the inlet weir box (inlet), the interface between ponds S5 and S6 following the connection
pipe (midpoint), and the outlet weir box (outlet).

Sediment and water properties

Sediment from the inlet, midpoint, and outlet of the PCW was collected from the 0-15 cm
depth in 1 L amber glass jars using a small hand shovel and composited for determination of
sediment physicochemical properties (Table S1). Sediment was air dried and sieved through
a 2 mm mesh before analysis. Sediment particle size composition was determined to be 43%
sand, 29% silt, and 28% clay using the 12-h hydrometer method (Klute, 1986). Sediment pH
was measured to be 7.34 using a 1:2 (v/v) soil slurry (Donohue, 1992). The organic matter
content was 2.35% (w/w), measured via loss-on-ignition (Gavlak et al., 2003). A total
organic carbon content of 1.42% was determined using high temperature combustion on an
Elementar Vario MAX C/N Analyzer (Elementar Americas, Mt. Laurel, NJ) after the
addition of HCI for removal of carbonates (Schumacher, 2002).

The flow rate of the water entering and exiting the PCW at each time point was calculated
based on an equation provided by Prado Wetlands staff:

CFS =333L H>? (€]

where CFSis the flow (ft3 s1), L is the length of the weir box (ft), and His the height of the
water flowing through the weir box (ft). The calculated flow rates were then converted into
metric units (Table S2). Sedimentation rates were subsequently derived using these flow
rates and the concentration of total suspended solids (TSS) in water samples collected from
the PCW inlet and outlet (Table S2; Budd et al., 2009). Water temperatures were measured
in situ at the PCW inlet, midpoint, and outlet (Table S3). After water sample collection,
water pH measurements were performed ex situ in the laboratory prior to extraction (Table
S3).

Collection and extraction of wetland samples

Water, sediment, and plant samples were collected from the PCW monthly during the period
of June 2018-January 2019, with the exception of September 2018 when there were ongoing
maintenance activities. Triplicate 1 L water samples were collected in amber glass bottles at
the inlet, midpoint, and outlet of the PCW. Inlet and outlet samples were collected from the
water flowing into the corresponding weir boxes, while midpoint samples were collected by
placing bottles below the surface of the water against the direction of flow. Sample bottles
were transported to the laboratory on ice and stored at 4 °C until extraction. Before
extraction, water samples were passed through 0.7 um filters to separate the TSS from the
water. Filtered TSS samples were then dried in preparation for extraction.

Environ Pollut. Author manuscript; available in PMC 2022 January 01.
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Wetland water samples were extracted using a method in Gan et al. (2012), with
modifications. Briefly, 30 mL of NaCl was combined with each water sample and liquid-
liquid extraction was performed with 60 mL aliquots of dichloromethane (x 3). Each extract
was drained through a funnel containing anhydrous Na,SO,4 to remove residual water,
evaporated with a Blichi RE121 Rotovapor (Flawil, Switzerland), and solvent exchanged
into 9:1 hexane:acetone (v/v). Samples were then evaporated to approximately 0.5 mL under
a gentle nitrogen stream and reconstituted in 1.0 mL hexane for analysis.

Sediment and plant samples were also collected at the PCW inlet, midpoint, and outlet.
Sediment samples were collected as described above. Whole samples of California bulrush
(Schoenagplectus californicus) were collected by pulling the roots out of the sediment. All
samples were transported on ice prior to laboratory storage at 4 °C. Sediment samples were
dried and ground with a mortar and pestle before extraction. Plant samples were thoroughly
washed with DI water to remove any attached sediment particles and biofilms. The cleaned
plant samples were dried before pulverizing the tissue in the presence of liquid nitrogen
using a mortar and pestle.

The TSS, sediment, and plant samples were extracted by pressurized fluid extraction on a
Dionex ASE 350 (Thermo Fisher Scientific, Waltham, MA) using a method similar to
Brennan et al. (2009) and Maul et al. (2008). Briefly, sample cells were filled with 1: 1
dichloromethane:acetone (v/v), heated to 100 °C, and extracted at 1500 psi for two 5 min
cycles before being flushed with 60% solvent for 1 min. For the TSS samples, the entirety of
the solids from each water sample was extracted. Aliquots of the prepared sediment (25 g)
and whole plant (5 g) samples were extracted and subjected to in-cell cleanup with Cu
powder (Lin et al., 2008) packed between cellulose filters. All extracts were evaporated to
approximately 2 mL under a gentle nitrogen stream. Each sample then underwent clean-up
on a Florisil cartridge preconditioned with hexane and was eluted with 9:1 hexane:acetone
(v/v). Cleaned extracts were again evaporated under a gentle stream of nitrogen to
approximately 0.5 mL and reconstituted in 1.0 mL hexane for final analysis.

Chemical analysis and quality control

Samples were analyzed using an Agilent 6890N/5973N GC/MSD (Santa Clara, CA)
operated in EI mode and equipped with a 30 m x 0.25 mm x 0.25 um DB-5MS column.
Additional analytical information is provided in the Sl. Following sample quantification,
student’s t-tests and linear regressions were performed using SAS® 9.4 (SAS Institute, Cary,
NC). Numerous steps were taken to ensure the accuracy and quality of analysis.

Instrumental controls during analysis included running a calibration standard every 10
samples, adding 13C4-15N,-fipronil and d5-bifenthrin as internal standards to each extract,
and determining method detection limits (MDLs) using EPA Method 40 CFR Part 136,
Appendix B (USEPA, 2012). Calculated MDLs were 2 pg L™ for all analytes except for
fipronil desulfinyl, which had an MDL of 1 pg L™2. In addition, several procedural controls
were utilized. Reagent blanks were analyzed with every set of 7 liquid-liquid extraction
samples and 10 pressurized fluid extraction samples. Reagent blanks revealed no presence of
the target analytes. Matrix spike samples were analyzed to measure extraction efficiencies,
which are listed in the Sl. In addition, ethiprole and decachlorobiphenyl were added to all
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samples prior to extraction to assess surrogate recoveries, which were 105 + 23% and 121 +
18% for liquid-liquid extraction, respectively, and 108 + 21% and 116 + 18% for pressurized
fluid extraction, respectively. Additional quality control measures are described in the SI.

RESULTS AND DISCUSSION

Spatiotemporal trends of fiproles and pyrethroids

The concentrations of fiproles and pyrethroids in water samples collected from the PCW are
depicted in Figure 1. In general, mean whole water concentrations progressively decreased
on a spatial level when moving from the inlet to midpoint to outlet for all compounds of
interest. In addition, mean outlet concentrations were always lower than mean inlet
concentrations. Furthermore, statistically significant (p < 0.05) differences existed for the
majority of inlet and outlet concentration comparisons. When the differences between inlet
and outlet concentrations were not statistically significant, inlet concentrations were found at
low levels and with relatively high variability. Since water and the associated TSS is all that
enters and leaves the PCW, these findings provide evidence indicating that statistically
significant removal of fiproles and pyrethroids occurred as a result of treatment in the PCW.
Previous research by agricultural and WWTP effluent-polishing CWs has similarly shown
removal of fiproles and pyrethroids (Budd et al., 2009; Supowit et al., 2016).

The mean whole water concentrations of fiproles and pyrethroids also exhibited distinct
temporal trends during the sampling period (Figure 1). Mean fipronil concentrations peaked
in June 2018, gradually decreased until October 2018, and then increased until January
2019. Mean whole water concentrations of fipronil desulfinyl, fipronil sulfide, and fipronil
sulfone incrementally increased from June-August 2018, decreased, and then increased until
January 2019. The peak mean whole water concentrations for fipronil desulfinyl and fipronil
sulfone occurred in January 2019 while the peak for fipronil sulfide occurred in August
2018. Taken together, these trends correspond to high fipronil application rates in the
summer months, gradual decrease via degradation of the parent compound and delayed
formation of degradates, and increased transport of applied and degraded residues due to
rainfall events in the winter months of 2018-2019. The mean whole water concentrations of
bifenthrin and cyfluthrin, on the other hand, steadily increased from June-August 2018,
gradually decreased until November 2018, and then increased in December 2018 and
January 2019. The mean bifenthrin concentrations peaked in August 2018 while mean
cyfluthrin concentrations peaked in January 2019. These trends indicate high use of
pyrethroids in the summer months, followed by a period of reduced use and transport, and
finally an increase due to runoff from the rain events in the winter that could have
transported additional residues through the CW and/or caused resuspension of residues from
the sediment bed.

Fipronil and cyfluthrin were detected at the highest levels in whole water PCW samples,
with mean concentrations ranging from 13.5-369 and 13.8-455 ng L=1, respectively (Figure
1). Fipronil sulfone and bifenthrin were detected at moderate mean concentrations of
ND-32.5 and ND-63.9 ng L1, respectively. The compounds detected at the lowest levels,
fipronil desulfinyl and fipronil sulfide, had mean whole water concentrations of ND-2.48
and ND-4.09 ng L1, respectively. The water concentrations of fiproles and pyrethroids
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measured in this study were similar to previous measurements in California in urban runoff
(Gan et al., 2012; Weston et al., 2009).

Figure 2 shows the sediment concentrations (dry weight basis) of fiproles and pyrethroids in
the PCW. As was the case with mean levels in whole water samples, mean sediment
concentrations for all compounds followed a decreasing spatial trend from the inlet to
midpoint to outlet. Since the same spatial pattern was observed for mean water
concentrations, this suggests that sediment binding was partially responsible for the
dissipation of fiproles and pyrethroids from the water. This finding was to be expected due to
the hydrophobicity and strong affinity of these two insecticide classes, particularly for
pyrethroids. This was in agreement with previous studies where sediment binding was
shown to be an important removal mechanism for pyrethroids in flow-through wetlands
receiving agricultural drainage (Budd et al., 2009, 2011). However, based on this spatial
trend alone, it was unclear whether the contaminants were temporarily retained by the
sediment and available for partition back into the passing water or if they were subsequently
degraded in the sediment.

The mean sediment concentrations of fipronil desulfinyl, fipronil sulfide, and bifenthrin
followed a similar trend over time (Figure 2). These contaminants generally increased in
concentration from June-August 2018, when they reached a peak for the entire study,
followed by a decreasing trend until November 2018 before gradually increasing until
January 2019. Fipronil in the sediment increased from June-July 2018 when it reached its
peak level, decreased until November 2018, and then increased until January 2019. Fipronil
sulfone and cyfluthrin peaked in January 2019 and June 2018, respectively, but they
followed the same trend as the other compounds. An inspection of Figure 1 and Figure 2
reveals similar seasonal temporal trends for fiproles and pyrethroids in both whole water and
sediment samples. In other words, when analytes were present at high levels in whole water
samples, they tended to also be present at high levels in the sediment. This finding,
combined with the fact that sediment concentrations (Figure 2) did not continuously increase
over the duration of the study, indicates that fiproles and pyrethroids were likely actively
degraded once partitioned into the sediment phase. Another possibility is that the
contaminated sediment particles underwent resuspension and were carried out of the PCW;
however, the generally lower whole water concentrations (Figure 1) at the outlet relative to
the inlet suggested that the contribution of this process was likely negligible.

Among the six compounds, fipronil (1.93-82.7 ng g™1) and cyfluthrin (0.263-52.4 ng g™1)
were detected at the highest mean sediment concentrations during the study period (Figure
2). Fipronil sulfone and bifenthrin were present at moderate levels ranging from 0.166-4.42
and ND-5.40 ng g1, respectively. The lowest mean levels were found for fipronil desulfinyl
and fipronil sulfide, at ND-0.740 and ND-0.718 ng g1, respectively. This pattern was also
reflected in the whole water concentrations (Figure 1). These results again suggest that
fiprole and pyrethroid residues in PCW water partitioned into the sediment and underwent
degradation on site, rather than accumulated over time.

Fiprole and pyrethroid concentrations in whole plant samples are shown in Figure 3. Mean
plant concentrations follow the same spatial trend as whole water or sediment
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concentrations, with levels generally decreasing from inlet to midpoint to outlet for all
compounds. Since the spatial trends of fiproles and pyrethroids are the same in whole water
and plant samples, it appears that plant uptake played a role in the removal of these
insecticides in the PCW. Fipronil is a systemic insecticide, so some degree of plant uptake of
fiproles was to be expected (Simon-Delso et al., 2015). Detection of pyrethroid residues in
whole plant samples was an unexpected finding due to the hydrophobicity of these
insecticides and their consequent affinity for sediment. However, there are studies that have
documented detection of pyrethroids in plant samples, either by uptake (Bouldin et al., 2006;
Mikami et al., 1985) or by apparent irreversible sorption to plant tissues (Hand et al., 2001).

Different temporal trends were observed for fipronil, fipronil degradation products, and the
pyrethroids in plant tissues (Figure 3). Fipronil mean plant concentrations initially decreased
from June-July 2018, increased to peak levels in August 2018, gradually decreased until
November 2018, and progressively increased until January 2019. This trend of fipronil
concentrations over time coincided with the temporal trends of fipronil in whole water and
sediment samples, providing more evidence that plant uptake contributed to the removal of
fipronil in the PCW. Moreover, it is likely that fipronil initially adsorbed to wetland sediment
and was then absorbed into macrophyte roots. The mean plant concentrations of fipronil
desulfinyl, fipronil sulfide, and fipronil sulfone all gradually increased from June 2018-
January 2019, indicating some degree of accumulation in plant tissues over time. However,
since fipronil did not follow this temporal trend of accumulation in wetland macrophytes, it
is likely that some of the parent compound was metabolized into these derivatives upon
uptake. Fipronil sulfone was present at higher concentrations in plant samples than the other
degradation products, which was in agreement with previous studies showing that /n vivo
plant oxidation is a major metabolic pathway for absorbed fipronil (Simon-Delso et al.,
2015). Bifenthrin and cyfluthrin displayed no temporal trend in plant tissues since they were
both only detected in inlet samples at one time point. This suggests that plant adsorption or
absorption did not play a major role in the removal of pyrethroids by the PCW.

Fipronil was detected at the highest levels in PCW plants, with mean concentrations of
4.70-194 ng g~1 (Figure 3). Moderate mean concentrations of ND-17.7 ng g1 were
observed for fipronil sulfone. The lowest mean plant concentrations were measured for
fipronil desulfinyl (ND-1.35 ng g™1), fipronil sulfide (ND-0.300 ng g~1), bifenthrin
(ND-0.341 ng g™1), and cyfluthrin (ND-3.18 ng g~1). The results of plant tissue analysis
reveal that plant uptake played an important role for the removal, degradation, and storage of
fipronil, but did not contribute substantially to the removal of fipronil degradation products
or pyrethroids. However, it must be noted that the dense vegetation was essentially slowing
down the flow and filtering off suspended solids, contributing greatly to the removal through
sedimentation. In addition, microbial activity in the rhizosphere of plant roots likely
facilitated the degradation of these chemicals in the sediment, further contributing to the
overall pesticide removal.

Removal and mass flux of fiproles and pyrethroids

The concentration-based removal values of fiproles and pyrethroids from water flowing
through the PCW are given in Table 1; they were calculated using the following equation:
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Percent Removal
_ (Mean Inlet Analyte Concentrations) — (Mean Outlet Analyte Concentrations)

(Mean Inlet Analyte Concentrations)

(2
* 100

Where all concentrations are reported in units of ng L™1. It is essential to mention that
estimates of 100% removal included outlet concentrations that were below the detection
limit. Therefore, it is possible that removal is slightly less than 100% if compounds are
present at very low levels. Over the entire course of the study, removal values for fipronil
desulfinyl, fipronil sulfide, fipronil, fipronil sulfone, bifenthrin, and cyfluthrin were 100%,
99.7-100%, 57.8-88.1%, 75.6-100%, 74.7-100%, and 36.6-82.2%, respectively. The
compounds with the highest removal values were fipronil desulfinyl, fipronil sulfide, fipronil
sulfone, and bifenthrin, while fipronil and cyfluthrin showed the lowest removal. It is
important to note that only fipronil, bifenthrin, and cyfluthrin were detected every month,
and fipronil and cyfluthrin were detected at higher levels than all the other compounds.
Previous studies have similarly shown that the average CW removal rates of fipronil and
pyrethroids were 44% and 52-94%, respectively, for other CW systems (Budd et al., 2009;
Supowit et al., 2016).

Removal of fiproles and pyrethroids followed no apparent monthly or seasonal trends (Table
1). Based on this finding, and on the conclusions drawn from the data presented in Figures
1-3, it is likely that removal of these compounds was not markedly influenced by seasonal
fluctuations in temperature or weather patterns and was more dependent on availability of
sediment bindings sites, degradation in the sediment compartment, and, in the case of
fipronil, rate of plant uptake. Sediment microorganisms responsible for biotic degradation
likely appeared to be unaffected by seasonal temperature variations because temperatures are
relatively high year-round in Southern California. In addition, the emergent macrophytes
present in the PCW experience rampant growth due to the constant availability of nutrients
in the Santa Ana River water. Therefore, aquatic macrophytes were always available for
plant uptake and subsequent transformation of fipronil.

In addition to concentration removal, another important metric for ascertaining the efficacy
of the PCW is the mass flux of fiproles and pyrethroids (Table 1), which were calculated
using the following equation:

Mass Flux = (Whole Water Analyte Concentration) % (Water Flow Rate) )

Whole water concentrations were in units of ng L™1 and water flow rate was in units of L d
~1. Mass flux values were converted to the units found in Table 1 as appropriate. It is
important to note that these flux values are discrete estimates from the time of sampling, but
they do provide useful information. In particular, mass influx, mass efflux, and change in
mass flux were calculated for the inlet, the outlet, and the difference between the inlet and
outlet, respectively. Fipronil, bifenthrin, and cyfluthrin were imported into the PCW at the
highest rates, with mean mass influxes of 115 to 12700 mg d™1, 2.37 to 701 mg d™1, and 100
to 6090 mg d™1, respectively. Fipronil desulfinyl (0 to 22.2 mg d=1), fipronil sulfide (0 to
44.9 mg d™1), and fipronil sulfone (0 to 292 mg d™1) exhibited much lower import rates into
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the wetland. Changes in mass flux, which represents the net import (positive value) or export
(negative value) of chemicals to or from the PCW, were also the highest for fipronil (=426 to
12100 mg d~1), bifenthrin (2.37 to 626 mg d=1), and cyfluthrin (-193 to 5380 mg d™1). The
majority of changes in mass flux for these three compounds were statistically significant (p
< 0.05). In contrast, only one of the changes in mass flux values was statistically significant
for fipronil desulfinyl (0 to 6.53 mg d™1), fipronil sulfide (0 to 44.8 mg d™1), and fipronil
sulfone (0 to 76.5 mg d~1) since the difference between the mass influxes and effluxes for
these compounds was much smaller.

Negative changes in mass flux values were found for fipronil and cyfluthrin in the months of
November and December 2018, though only two of these four measurements were
statistically significant (Table 1). However, the export of these compounds during this time
corresponded to higher outflow than inflow for the PCW (Table S2), which likely resulted in
resuspension of sediment particles as evidenced by the negative sedimentation rates
observed during these two months. The flow of water through the entire Prado wetlands is
regulated to optimize water quality and quantity, which leads to occasional net outflow from
certain wetland cells, as was the case for the PCW in November and December 2018.
Therefore, although net mass export of fipronil and cyfluthrin occurred during this time, it
was compensated for by the high volume of water exiting the PCW, as indicated by the
positive concentration removal values (Table 1). Although no outflow, mass efflux, or
change in mass flux values could be calculated for January 2019, it is important to mention
that the rainfall that occurred during this month resulted in spikes of chemical mass influx
and possibly additional resuspension of contaminated sediment particles. However, positive
removal values again showed that dilution prevented an increase in outlet concentrations.

To further highlight the importance of adsorption in the removal of fiproles and pyrethroids
by the PCW, the relative presence of each compound on TSS obtained from water samples
was calculated (Table 2). With two exceptions, the % of each chemical on TSS at the
wetland inlet was statistically similar to the outlet value. In August 2018, an average of
87.7% of the bifenthrin in the whole water sample was associated with TSS at the inlet, as
compared to 100% at the outlet. In contrast, values decreased from 92.1% at the inlet to
71.9% at the outlet for cyfluthrin in December 2018. In addition, inlet, midpoint, and outlet
values were anomalously low for fipronil and cyfluthrin in July 2018. It is likely that some
cyfluthrin was associated with dissolved organic matter and included in the aqueous phase
concentration (Gustafsson et al., 2001). The lower values for fiproles may be attributed to
their moderate hydrophobicity as compared to the pyrethroids. The overall results suggested
that the fractions of these compounds on TSS were similar throughout the PCW and were
also similar over time, with inlet and outlet values ranging from 60-100%. Combined with
the evidence for the importance of sediment binding in the removal of pyrethroids and
fiproles, it may be concluded that adsorption to suspended particles and subsequent
sedimentation was likely a dominant process governing the fate and transport of these
contaminants in CW systems.

Linear regression was carried out to identify additional factors contributing to the removal of
fiproles and pyrethroids in the PCW (Table 3). Two dependent variables, concentration-
based removal and change in mass flux, and three independent variables, sedimentation rate,
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water pH, and water temperature, were considered. Statistically significant (p < 0.05) linear
relationships were observed between fipronil removal and water pH (p = 0.0248, R2 = 0.67),
between change in fipronil mass flux and sedimentation rate (p = 0.0001, R2 = 1), and
between change in cyfluthrin mass flux and sedimentation rate (p = 0.0175, R? = 0.88).
These results demonstrate that water pH and water temperature had minimal impact on the
removal of fiproles and pyrethroids in the PCW, with the exception of the influence of water
pH on the concentration-based removal of fipronil. This finding may emphasize the
importance of pH in determining the ionization state of fipronil and hence its adsorption
onto sediment particles under field conditions. In addition, the effect of sedimentation rate
on the changes in mass flux for fipronil and cyfluthrin—the analytes detected at the highest
concentrations and mass influxes—further supports the notion that settling of insecticide-
laden particles played a major role in the removal of fiproles and pyrethroids. The evidence
provided by this study therefore highlights that settling of contaminated particles and
partition into the wetland sediment are crucial in achieving the removal of these urban-use
insecticides, which is in agreement with findings from an agricultural drainage wetland
(Budd et al., 2009, 2011).

Invertebrate toxicity estimation

To understand the effect of PCW treatment in mitigating the potential toxicity of fiproles and
pyrethroids to sensitive aquatic invertebrates, toxic units (TUs) were calculated using the
following equation (Weston and Lydy, 2014):

_ Observed Analyte Concentration
~ Species—speci fic Analyte Toxicity Value

4

A TU value of 1 or greater indicates that toxicity would occur if the organism in question
were exposed to an analyte at the observed concentration. The toxicity threshold values used
in the calculations may be found in Table S4 (Weston and Jackson, 2009; Weston and Lydy,
2014).

Calculated TUs based on the concentrations measured at the PCW inlet and outlet are given
in Table 4. Sublethal (ECsgp) and lethal (LCsgp) toxicity values for the amphipod Hyalella
aztecawere used to determine the change in potential pyrethroid toxicity between inlet and
outlet measurements since previous research has demonstrated this organism’s sensitivity to
pyrethroids (Anderson et al., 2006; Maund et al., 1998; Weston and Jackson, 2009). Mean
sublethal bifenthrin TUs decreased from 0.704-19.4 at the inlet to 0-4.91 at the outlet, while
mean lethal TUs decreased from 0.302-8.30 to 0-2.10 at the inlet and outlet, respectively. All
decreases were statistically significant (p < 0.05) except for the month of November 2018
when inlet TUs were relatively low with high variability and outlet TUs were 0 since no
bifenthrin was detected. Cyfluthrin mean sublethal TUs were 26.0-240 at the inlet, and
decreased to 7.27-68.0 at the outlet. The corresponding mean lethal TUs were 21.5-198 and
6.01-56.1 at the inlet and outlet, respectively. All decreases in cyfluthrin TUs were
statistically significant.

The midge Chironomus dilutus was selected for the calculation of fiprole TUs (Table 4)
since it has been shown to be extremely sensitive to these chemicals (Weston and Lydy,
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2014). Mean sublethal TUs for fipronil sulfide decreased from 0-0.414 at the inlet to
0-0.00131 at the outlet in a statistically significant manner. Similarly, mean lethal fipronil
sulfide TUs underwent statistically significant decreases from 0-0.0592 at the inlet to 0-1.88
x 1074 at the outlet. Fipronil mean sublethal TUs decreased from 0.984-11.4 at the inlet to
0.416-2.72 at the outlet, while mean lethal TUs decreased from 0.392-4.53 at the inlet to
0.166-1.08 at the outlet. All inlet-outlet comparisons for fipronil were statistically significant
except for TUs corresponding to the month of January 2019 when variability in
concentrations at the inlet was high. Mean sublethal fipronil sulfone TUs were 0-4.22 at the
inlet, decreasing to 0-1.03 at the outlet. Mean lethal TUs for fipronil sulfone were 0-0.312
and 0-0.0761 at the inlet and outlet, respectively. Statistically significant differences for
fipronil sulfone were only observed in the months of October 2018, December 2018, and
January 2019, but TU values for the other months were all <1 at the inlet and O at the outlet.

These results showed that removal of fiproles and pyrethroids by the PCW resulted in
toxicity reductions for all urban-use insecticides, and the reductions were statistically
significant in most instances (Table 4). The TU values reported in this study represent
hypothetical worst-case single chemical exposure scenarios for the most sensitive aquatic
invertebrates. Furthermore, the TU values were derived from whole water concentrations
and did not take into account bioavailable concentrations. For pyrethroids, studies have
shown that bioavailability in whole water and sediment is inhibited by DOM or organic
matter (Cui et al., 2013; Xue et al., 2017). Therefore, it is likely that the TU values in this
study overestimated the actual toxicity and would serve as a conservative assessment. The
influence of bioavailability on fiproles should be less significant given their moderate
hydrophobicity. Moreover, the TUs calculated from PCW data do not represent the Prado
Wetlands as a whole, since it is composed of many interconnected ponds operating in series.
The effluent from the PCW undergoes dilution as it recombines with additional treated water
emanating from adjacent wetland cells, is subjected to further treatment, and is ultimately
deposited into Chino Creek. As a result, the TU values for the entire treatment chain would
very likely be further reduced.

CONCLUSIONS

The results of this study have revealed that a CW receiving water from an urban river was
effective in removing the common urban-use insecticides considered in this study. It is clear
that sedimentation of contaminated particles, adsorption of dissolved analytes to wetland
sediment, uptake into or adsorption to macrophyte tissues, and subsequent degradation were
the major mechanisms responsible for removal of these compounds. In addition, this
removal coincided with reductions in potential toxicity to sensitive aquatic invertebrates.
These findings indicate that CWs would be effective in removing these and similar
contaminants from stormwater runoff or treated wastewater as a component of decentralized
stormwater treatment or as a polishing step in WWTPs, respectively. CWs require a great
deal of land to install and develop, but do not necessitate high operating costs relative to
traditional wastewater treatment. Therefore, they could be utilized in conjunction with
pollution mitigation efforts to reduce the overall contamination of surface water, reducing
potential ecotoxicity and providing higher quality water for reuse initiatives. Future research
should focus on further examining the kinetics of, mechanisms responsible, and ideal

Environ Pollut. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cryder et al.

Page 13

conditions required for removal of hydrophobic organic contaminants in CWSs to optimize
the design and size of such systems, including an investigation of fiprole and pyrethroid
mass balance in vegetated constructed wetlands. In addition, continued investigation of the
Prado Wetlands, including the removal of contaminants throughout the entire wetland
complex and determination of freely dissolved contaminant concentrations using passive
samplers, would provide more insight into the overall efficacy of constructed wetland
treatment systems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. A full-scale constructed wetland (CW) effectively treated fiproles and
pyrethroids.

. Wetland sediment was an important sink for fiproles and pyrethroids.

. Plant uptake played a role in wetland removal of fipronil.

. Sediment sorption and subsequent degradation is the primary removal
pathway.

. CW treatment reduced fiprole and pyrethroid toxic units for aquatic
invertebrates.
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Figure 1:
Whole water concentrations of fipronil desulfinyl (a), fipronil sulfide (b), fipronil (c),

fipronil sulfone (d), bifenthrin (e), and cyfluthrin (f) in samples collected from the Prado
Constructed Wetland. Data are reported as mean + 1 SD. Asterisks indicate a statistically
significant (p < 0.05) difference between inlet and outlet concentrations.
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Sediment (dry weight) concentrations of fipronil desulfinyl (a), fipronil sulfide (b), fipronil
(), fipronil sulfone (d), bifenthrin (e), and cyfluthrin (f) in samples collected from the Prado
Constructed Wetland. Data are reported as mean = 1 SD.
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Figure 3:

Plant tissue concentrations of fipronil desulfinyl (a), fipronil sulfide (b), fipronil (c), fipronil
sulfone (d), bifenthrin (e), and cyfluthrin (f) in samples collected from the Prado
Constructed Wetland. Data are reported as mean = 1 SD.

Environ Pollut. Author manuscript; available in PMC 2022 January 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Cryder et al. Page 21

Table 1.

Mass flux and concentration-based removal of fiproles and pyrethroids from the Prado Constructed Wetland
(2018-2019). Data are reported as mean = 1 SD where applicable.

June July August October November December January
a
Mass 'gf'll;x (mg 0 0 6.53+11.3 0 0 0.268+0.465 22.2%5.46
b
. . Mass Efflux™ (mg 0 0 0 0 0 0 d
Fipronil d -
Desulfinyl
A Masz_l')ux (mg 0 0 6.53¢ 0 0 0.268 €
Removal (%) - - 100 - - 100 100
Mass '”f'f)‘x (mgd 0 0 4494215 0 0 0 20.7 +1.61
Mass Efflux (mg d 0.143 =
! 0 0 0 0 0 -
Fipronil Y 0.247
Sulfide
A Masii'_:l')ux (mg 0 0 448 0 0 0 -
Removal (%) - - 99.7 - - - 100
Mass Influx (mg d 4050 + 12700 £ 1980 +
) 250 ey 18704427 566183 338+77.0 115240 1940
Mass Ef_ﬂf)”‘ (Mgd 4134309 5324478 5184212 1374619 7654851  135+519 -
Fipronil
A Masiii')”x Mg gl 12100% 1350* 429 4269 -20.0 -
Removal (%) 88.1 773 722 57.8 57.8 748 59.8
Mass '“ﬂ‘;x (mgd 25211; 0 5204489 8104241 197+172 902+137  292+122
o Mass Efflux (mg d 0 0 0 453+2.36 0 3.38+2.93 -
Fipronil )
Sulfone
A MaSZi')”X (mg 25.1 0 52.0 76.5% 1.97 5.64 -
Removal (%) 100 - 100 90.3 100 92.0 75.6
Mass '”ﬂ;‘x (Mad  255%  Gi6x202 7014960 6+715 893:136 237+0822 288524
Mass Ef_ﬂlg’x (mgd 0 D8E 1776712 487x465 0 0 -
Bifenthrin
A Masfji')“x Mg 55 626 524+ 328* 8.93 2.37* -
Removal (%) 100 835 747 77.4 100 100 87.0
Mass Influx (mgd 542+ 6090 + 4090 +
5 o 100 2790374 2440%543 198401 100137 1570
Cyfluthrin

Mass Efflux (mg d 129 +

-1) 6.45 716 +409 497 +115 564 + 291 338 +323 293 +69.8 -
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June July August October November December January
A Masfj_Fl')“X Mg gy« 5380* 2300% 1880* -140 -193* -
Removal (%0) 72.0 36.6 82.2 59.7 68.1 37.6 76.7

alnflux is the flow of a given analyte into the wetland at the inlet weir box.
b . . .
Efflux is the flow of a given analyte out of the wetland at the outlet weir box.
[ - . .
Positive values of A Mass Flux indicate import of a given analyte to the wetland cell.

Due to rain-induced flooding of the outlet weir box in January, no flow calculation could be performed. As a result, no mass flux at the outlet weir
box could be calculated.

e.. . . s .
Since mass efflux could not be calculated for January, it was not possible to calculate A Mass Flux for this time point.
Asterisks indicate a statistically significant (p < 0.05) difference in mass flux between inlet and outlet measurements.

gNegative values of A Mass Flux indicate export of a given analyte from the wetland cell.
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Table 2.

Relative presence of fiproles and pyrethroids on total suspended solids (TSS) present in water samples
collected from the Prado Constructed Wetland. Data are reported as mean + 1 SD.

Ju|ya August October ~ November  December January

Inlet b 1006 - - 100 100+0

Fipronil Desulfinyl on TSS (%)  Mmidpoint - - - - - 100 + 0
Outlet - - - - - -

Inlet - 79.3+2.19 - - - 1000

Fipronil Sulfide on TSS (%) Midpoint - 98.1 - - - 100+0
Outlet - 100 - - - -

Inlet 3.30+£5.72 84.7+139 1000 719+9.12 823+151 952%4.19
Fipronil on TSS (%) Midpoint 0 100+0 100+ 0 76.8+8.06 98.6+250 98.4+276
Outlet 113+160 936+11.1 1000 61.6+7.71 75.8+8.16 100+0

Inlet - 949+7.20 100+0 100+0 100+0 100+0

Fipronil Sulfone on TSS (%) Midpoint - - 1000 - 100+0 100+0
Outlet - - 100+0 - 100+0 100+ 0

Inlet 100+0 87.7+3.08 95.2+8.34 100+0 925+13.1 100+0

Bifenthrin on TSS (%) Midpoint - 841+307  100+0 100 100 1000
Outlet  66.7+57.7 1gg+0*%€¢ 1000 - - 100+0

Inlet 325+9.64 93.5+5.88 1000 846+11.6 921+544 100+0
Cyfluthrin on TSS (%) Midpoint  25.7+12.7 96.3+6.45 1000 86.9+12.1 100+0 100+0
Outlet 21.7+7.44 100+0 100+ 0 100+0 71.9 £ 4.05* 100+0

a\/alues for June 2018 are not included since the method used to separate the water and TSS phases for this initial time point resulted in incomplete
filtration based on visual inspection of filtered samples. A more robust method was adopted for the remaining samples. Whole water concentrations
were still obtained for these incompletely filtered samples.
b - .

Hyphens indicate that the analyte was not detected in the aqueous or TSS phase.
C . T .

Data reported without a standard deviation indicate that only one sample contained analyte at a detectable level.

a., .. .. . .
Statistical tests were performed when there was mean inlet and outlet data available.

e - - I . . .
Asterisks indicate a statistically significant (p < 0.05) difference in the percentage of analyte adsorbed to TSS between inlet and outlet
measurements.
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Table 3.

Page 24

Linear regression analyses of fiprole and pyrethroid concentration-based removal and change in mass flux
versus sedimentation rate, water pH, and water temperature.

Fipronil Fipronil Sulfone Bifenthrin Cyfluthrin
Removal (%6) vs. Removal = _ . . Removal =
Sedimentation Rate (Sedimentation a R;;?:)\fg_a E)Soezdégertgg%n (Sedimentation
(kg d™) Rate)*(0.00326) + 65.1 ’ ) Rate)*(—0.00555) + 61.8
R? 0.35 - 0.11 0.23
p-value 0.294 - 0.580 0.410

Removal (%0) vs.
Water pH

RZ

p-value

Removal = (Water
pH)*(67.3) — 436

0.67

0.0248*b

Removal = (Water
pH)*(49.5) — 278

0.53

0.101

Removal = (Water
pH)*(21.4) - 71.8

0.074

0.555

Removal = (Water
pH)*(-11.2) + 146

0.008

0.854

Removal (%) vs.
Water Temperature

Removal = (Water
Temperature)*(1.22) +

Removal = (Water
Temperature)*(1.08) +

Removal = (Water
Temperature)*(—0.467) +

Removal = (Water
Temperature)*(1.01) +

(°C) 52.2 776 95.6 475
R? 0.36 0.50 0.058 0.10
p-value 0.152 0.116 0.602 0.491
A Mass Flux (mg d™1) A Mass Flux = A Mass Flux = A Mass Flux =

vs. Sedimentation
Rate (kg d™1)

RZ

p-value

(Sedimentation
Rate)*(3.09) - 59.9

1
0.0001*

(Sedimentation
Rate)*(0.128) + 183

0.59
0.130

(Sedimentation
Rate)*(1.25) + 732

0.88
0.0175*

A Mass Flux (mg d™1)
vs. Water pH

R2

p-value

A Mass Flux = (Water
pH)*(22300) - 166000

0.38
0.192

A Mass Flux = (Water
pH)*(-61.7) + 496

0.070
0.668

A Mass Flux = (Water
pH)*(112) - 592

0.0028
0.921

A Mass Flux = (Water
pH)*(3970) - 28300

0.061
0.637

A Mass Flux (mg d™1)
vs. Water
Temperature (°C)

R2

p-value

A Mass Flux = (Water

Temperature)*(148) + 558

0.025
0.764

A Mass Flux = (Water
Temperature)*(2.57) -
8.36
0.21

0.432

A Mass Flux = (Water
Temperature)*(16.0) + 4.24

0.086
0.573

A Mass Flux = (Water
Temperature)*(76.3) +
419
0.034

0.726

a - . - . . .
Hyphens indicate that there was insufficient data to perform linear regression analysis.

Asterisks indicate a statistically significant (p < 0.05) linear correlation.
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Table 4.

Page 25

Toxic units (TU) of fiproles and pyrethroids in whole water samples collected from the Prado Constructed
Wetland. Data are reported as mean + 1 SD.

June July August October November  December January
0704+ 252+  194= 6.44 = 148+ 9.70 =
Inlet  “5o97 114 2.65 1.22 1.07+163 0513 177
ECso 0417+ 491z 146+ 126+
Outlet  0+® G371+ 1ge% 139% 0 0* 2.19%
et 0302+ 108+  830% 276+ 0.460 + 0.635 + 416+
TU 0127 0488 114 0525 0.700 0.220 0.758
LCso outlet o+ 0179% 210+ 0.624 % 0 o 0542 +
0150*  0.796* 0.595* 0.938*
Hyalella
azteca®?
260+ 413+ 134+ 72,6+ 240 +
Mt G e Pk TOF 4134837  109:149 e
ECso outlet  721E  262% 239 293+ 132+ 68.0 % 55.8+
0363*  1.49% 5.54% 15.1% 12.6% 16.2% 19.7%
215+ 341+ 111 + 60.0 + 198 +
o et e o e Ly 341%691 899x123 0
LCso Outlet  601% 216 197 242+ 109+ 56.1+ 461+
0300%  1.23* 4.58* 125% 10.4% 13.4% 16.3*
0.414 + 0.334 +
et 0 0 s 0 0 0 Yt
ECso 0.00131 +
Outlet 0 0 Py 0 0 0 o
0.0592 + 0.0479 +
Ty Met 0 0 0.0284 0 0 0 0.00260
LCso 1.88E-4 +
Outlet 0 0 Py 0 0 0 0
114+ 502+  524= 0.984 + 413+ 6.77 %
v et T35 Tpar 120 0.318 093 8L 48
ECso outlet  L3BE Ll4r 145+ 0.416 + 174+ 183+ 272+
108*  102¢  0.700% 0.188* 0.194* 0.703* 2.19
Chironomus
dilutusc’ Inlet 453+ 2.00 £ 2.09 + 0.392 + 165+ 290 + 2.70 £
TU 140 0563 0.477 0.127 0.375 0.607 1.69
LCso e 0540+ 0454+ 0580+ 0166+ 0.694 + 0.730 + 108+
0432%  0407% 0279 00749 00773 0.281* 0.875
et 0296 o 0615+ 0595+ 0102+ 241+ 422+
TU 0.292 0579 0.177 0.0886 0.366 1.76
ECso 0.0580 + 0.193 + 103+
Outlet 0 0 0 0.0303* 0 0.168* 0.399*
et DP9 00455+ 00440  000752%  0179%  0312%
TU 0,016 0.0429 0.0131 0.00656 0.0271 0.131
0.00429 + 00143+ 00761+
Outlet 0 0 0 0.00224* B 0.0124%  0.0295*

a_ ..
Toxicity values for Hyalella azteca sourced from Weston and Jackson, 2009.
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bSubIethaI end point for EC5Q: ability to swim.

cToxicity values for Chironomus dilutus sourced from Weston and Lydy, 2014.

dSubIethaI end point for EC5(: ability to thrash when prodded.

e —— - I . .
Asterisks indicate a statistically significant (p < 0.05) difference between the inlet and outlet TU values.
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