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Neonicotinoids in aquatic systems have been predominantly associated with agriculture, but some are increasingly
being linked to municipal wastewater. Thus, the aim of this work was to understand the municipal wastewater
contribution to neonicotinoids in a representative, characterized effluent-dominated temperate-region stream.
Our approach was to quantify the spatiotemporal concentrations of imidacloprid, clothianidin, thiamethoxam,
and transformation product imidacloprid urea: 0.1 km upstream, the municipal wastewater effluent, and 0.1 and
51 km downstream from the wastewater outfall (collected twice-monthly for one year under baseflow
conditions). Quantified results demonstrated that wastewater effluent was a point-source of imidacloprid
(consistently) and clothianidin (episodically), where chronic invertebrate exposure benchmarks were exceeded
for imidacloprid (36/52 samples; 3/52 > acute exposure benchmark) and clothianidin (8/52 samples).
Neonicotinoids persisted downstream where mass loads were not significantly different than those in the
effluent. The combined analysis of neonicotinoid effluent concentrations, instream seasonality, and registered
uses in lowa all indicate imidacloprid, and seasonally clothianidin, were driven by wastewater effluent, whereas

thiamethoxam and imidacloprid urea were primarily from upstream non-point sources (or potential in-stream
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Accepted 15th April 2021 transformation for imidacloprid urea). This is the first study to quantify neonicotinoid persistence in an effluent-

dominated stream throughout the year—implicating wastewater effluent as a point-source for imidacloprid
(year-round) and clothianidin (seasonal). These findings suggest possible overlooked neonicotinoid indoor
rsc.li/espi human exposure routes with subsequent implications for instream ecotoxicological exposure.
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Environmental significance

Neonicotinoids are the most widely-used insecticides in the world, yet little is known regarding their mass loads in municipal wastewater effluent throughout
the year or their contributions to ecological exposure conditions in effluent dominated streams, particularly in temperate regions. Collecting twice-monthly
samples at an effluent dominated stream in Iowa for 1 year, we discovered municipal wastewater effluent is a significant year-round point source of neon-
icotinoids—particularly imidacloprid and clothianidin. Frequent concentrations exceeded chronic benchmarks for invertebrates, and some episodic concen-
trations exceeded acute levels. Neonicotinoids from the wastewater treatment plant led to persistent ecotoxicological concentrations of concern 5 km
downstream of the wastewater outfall. The neonicotinoid mass loads observed in the wastewater effluent also suggests that indoor neonicotinoid use is
underappreciated.
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Neonicotinoids are the most-widely used insecticides in the
world, with applications in agriculture, forestry, gardening,
indoor/outdoor pest control, and pet treatments.'” Due to their
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of neonicotinoids can adversely impact aquatic and terrestrial
ecosystems (e.g., insects, birds, fish).">**'42* Additionally,
detection of neonicotinoid transformation products in natural
and engineered systems are of concern due to implications for
human health.>*>>*>7

The presence of neonicotinoids in aquatic systems has been
predominantly associated with agricultural activities®*® but are
increasingly linked to urban sources (particularly imidacloprid),
including stormwater runoff and wastewater effluent.®*>>*3°
Studies examining wastewater as a source of neonicotinoids to
receiving waters are limited and primarily focus on removal
within a wastewater treatment plant (WWTP)'***"* or assessing
spatiotemporal trends along an effluent-impacted stream on
a limited number of dates (e.g., two sampling dates, or proximal
to a WWTP).">** Imidacloprid, clothianidin, and thiamethoxam
have each been detected in raw and treated wastewater, exhib-
iting no significant removal.’®*“* In treated wastewater
effluent, imidacloprid has been reported between 20-
387 ng L', with presumed sources ascribed to pet treat-
ments.'***35  Clothianidin and thiamethoxam have been
detected in treated wastewater at lower concentrations than
imidacloprid (=347 ng L' clothianidin and =~15.0 ng L™"
thiamethoxam).**>3* None of these studies have quantified the
spatiotemporal contributions of neonicotinoids from a WWTP
to a stream reach over an extended time period, or analyzed
wastewater for imidacloprid transformation products with
known altered toxicological effects (e.g., imidacloprid urea).
Where municipal WWTPs operate on separated collection
systems (i.e., not combined-sewers with stormwater influence),
detection of neonicotinoids in wastewater also implicates
extensive neonicotinoid use in and around homes/businesses.

Neonicotinoid inputs from wastewater are of increasing
concern as WWTP effluent becomes a larger proportion of flows
in receiving-waters.**** Growing demand for freshwater has
increased the prevalence of treated wastewater in environ-
mental waters across the U.S.**** Treated wastewater can
significantly impact downstream water quality, particularly in
effluent-dominated streams where aquatic biota are chronically
exposed to elevated concentrations of contaminants.***® There
is a critical knowledge gap regarding the contribution and
persistence of neonicotinoids and transformation products
from wastewater to effluent-dominated streams, spatiotemporal
dynamics, and biotic exposure conditions. We hypothesized
that wastewater could be a significant point source of neon-
icotinoids to an effluent dominated stream. Herein, we (1)
quantified the prevalence of the three most environmentally
prevalent neonicotinoids>>**?*®* (imidacloprid, clothianidin,
thiamethoxam) and the photolysis/biotransformation trans-
formation product imidacloprid urea (an environmentally
stable, pharmacophore-altered transformation product)*>** in
treated municipal wastewater and along the effluent-dominated
receiving stream, (2) determined spatiotemporal trends in
neonicotinoid concentration and mass loads to assess the
impact of wastewater effluent on exposure conditions for
instream aquatic biota, and (3) examined possible sources of
neonicotinoids to the WWTP through analysis of registered
uses of neonicotinoids.

This journal is © The Royal Society of Chemistry 2021
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Methods

Study site

Muddy Creek is an effluent-dominated stream in North Liberty,
Towa (USA), receiving treated wastewater from the North Liberty
wastewater treatment plant (WWTP) and agricultural/
stormwater runoff (Fig. S.1 and S.271). North Liberty is a rapidly
growing community in east-central Iowa that operates a sepa-
rated sewerage collection system (i.e., stormwater and waste-
water not mixed). Muddy Creek was previously determined to be
representative of an effluent-dominated stream research site,
where effluent contributed 55-97% (median 91%) to streamflow
during baseflow conditions.* Details regarding land use, the
North Liberty WWTP, and effluent/streamflow conditions are
provided in the ESI (Fig. S.3-S.5 and Tables S.1, S.71) and our
prior study where we assessed stream conditions and spatio-
temporal dynamics of pharmaceuticals.” Four previously
established sampling sites were chosen to investigate the
impacts of wastewater effluent on Muddy Creek neonicotinoid
concentrations: (1) 0.1 km upstream of the North Liberty WWTP
(US1; USGS Station ID 05454050), (2) the North Liberty WWTP
effluent/outfall (effluent; USGS Station ID 05454051), (3) 0.1 km
downstream from the North Liberty WWTP outfall (DS1; USGS
Station ID 05454051), and (4) 5.1 km downstream from the NL-
WWTP outfall (DS2; USGS Station ID 05454090).

Sample collection and processing

Samples (1 L) were collected in acid-washed, amber glass bottles
with minimal headspace using the vertical centroid-of-flow
method (described in Section 4.1.3A of the USGS National
Field Manual for the Collection of Water-Quality Data)* roughly
twice-monthly for one year (8/24/2018-8/29/2019, 18 dates)
during baseflow conditions, in the same manner of our prior
work at this stream studying pharmaceuticals.*>** This
approach is commonly used in small, low-flow streams and in
sampling wastewater effluent discharge and was shown to be
avalid approach for this well-mixed stream (details in ESIf).***>
North Liberty WWTP effluent was collected at the point of
discharge from the outfall pipe.** Baseflow conditions (Fig. S.3
and S.41) were targeted to characterize the impacts of
wastewater-derived flow, rather than runoff conditions, and to
aid in examining spatiotemporal trends in neonicotinoid
concentrations by holding streamflow relatively constant.
Samples were filtered, extracted, concentrated by solid phase
extraction (SPE) with spiked isotopically-labeled imidacloprid-
d, as a surrogate and analyzed for imidacloprid, clothianidin,
thiamethoxam, and imidacloprid urea (see ESI for detailst)
using the methods we previously published.**** Imidacloprid
urea, rather than the mammalian-toxic transformation product
desnitro-imidacloprid, was chosen for analysis because it is
more environmentally stable than desnitro-imidacloprid>'* and
was present at higher concentrations than desnitro-
imidacloprid (based on preliminary analyses and measure-
ments at a nearby surface water).”> Stream bulk water quality
parameters (e.g., pH, water temperature, specific conductivity,
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dissolved oxygen) were measured with a HACH HQ40D portable
multimeter and details are provided in the ESI (Table S.87).

Analytical methods

All samples were analyzed by LC-MS/MS (Agilent 1260 Infinity
liquid chromatograph and Agilent 6460 triple quadrupole mass
spectrometer) and quantified in positive ionization multiple
reaction monitoring mode (MRM) using our previously estab-
lished methods."*>**** Neonicotinoids were separated on an
Agilent Zorbax eclipse plus C18 column (4.6 mm x 150 mm X 5
pm) with a Zorbax eclipse plus C18 guard column (4.6 mm x
12.5 mm x 5 pm). An injection volume of 20 uL was loaded onto
the column preheated to 50 °C. The mobile phases contained
0.1% formic acid in (A) water (77.5%) and (B) acetonitrile
(22.5%) with a flow rate of 0.8 mL min~'. MS/MS operating
settings are outlined in Table S.4.f Two MRM transitions were
monitored, a quantitative transition (for sample quantification)
and a qualitative transition (for compound verification) are
provided in Table S.51 along with compound specific retention
times and MRM settings. Peak analysis was conducted using
Agilent MassHunter Qualitative Analysis software (version
B.06.00). A five-point isotope-normalized (deuterated imidaclo-
prid) external calibration curve was used to account for surro-
gate recovery and differential ionization during quantification
and was linear throughout range. SPE lower limits of detection
(LLD) were previously reported as follows: imidacloprid
(0.428 ng L"), clothianidin (0.488 ng L"), thiamethoxam
(0.081 ng L™Y), and imidacloprid urea (0.057 ng L™ ").*>* Addi-
tional details regarding chemicals, SPE, LLD, and mass spec-
trometry are provided in the ESI (Tables S.3-S.61) and/or
previously published works.**'>5%5*

Quality assurance/control and data analysis

QA/QC approaches (including method and field blanks) were
previously reported.” Detected neonicotinoid concentrations
spanned four orders of magnitude, and followed a log-normal
distribution (Shapiro-Wilks normality test, « = 0.05) thus
allowing parametric statistical analysis (e.g., t-tests). Spear-
man's rho correlation analyses were conducted at the 95%
confidence level. Samples where neonicotinoid concentrations
were <LLD were treated as 1LLD for statistical analyses (e.g.,
ratio matched-pairs ¢tests), a valid approach when <LLD
samples (i.e., left-censored results) comprise a small fraction of
the data set.>>*® All statistical analyses were conducted using
Graphpad Prism 8 software via matched-pairs as appropriate, at
the 95% confidence level.

Results and discussion

Wastewater effluent-derived neonicotinoids generate
persistent instream exposure conditions of ecological concern

Municipal wastewater effluent was a significant, year-round
point source of imidacloprid, which persisted through the 5.1
km study-reach. Although imidacloprid was present in all
samples (from all sites), effluent concentrations were up to 240-
fold higher than in the upstream (US1, p < 0.0001). US1
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imidacloprid concentrations (0.62-43.8 ng L™, Fig. 1 and Table
S.101 data separated by site, date) were consistent with those
previously reported in agricultural and stormwater impacted
surface waters of the United States (<2-42.7 ng L~ 1),1115:2829
while effluent concentrations (4.98-850 ng L™ ") were consistent
with those previously reported in WWTP effluent (~20-
387 ng L™ 1)!*3133 a5 well as surface waters in China.””** Imida-
cloprid attenuation occurred downstream (effluent to DS1 [p =
0.0041], DS1 to DS2 [p = 0.0132]; Fig. S.7 and Table S.14%)
where, due to effluent contributions, concentrations at DS1 and
DS2 remained significantly greater than US1 (US1 vs. DS1: p =
0.0005; US1 vs. DS2: p = 0.0096; Table S.14}). Based on our
previous study, we know that for Muddy Creek, stream specific
conductivity is directly correlated with the wastewater
effluent.*>** Here, imidacloprid concentrations were signifi-
cantly correlated with stream specific conductance (Spearman
rho = 0.518, p = 0.001; Fig. S.12%), further demonstrating the
significant contribution of wastewater effluent to downstream
imidacloprid concentrations.*** Nevertheless, imidacloprid
concentrations downstream of the WWTP outfall may also be
impacted by non-point sources (e.g., stormwater) within the 5
km stretch between the WWTP outfall and DS2.%-*' The US EPA
aquatic life benchmark (ALB, 30 days average exposure
concentration) for chronic invertebrate exposure to imidaclo-
prid¥ (10 ng L") was exceeded in 22% (4/18) of US1 samples,
82% (14/17) of effluent, 76% (13/17) of DS1, and 39% (7/18) of
DS2 samples. The acute invertebrate exposure ALB (385 ng L)
was exceeded twice in the effluent and DS1 (both on 7/8/2019, 8/
29/2019) and once at DS2 (on 7/8/2019); on 7/8/2019, the acute
ALB for imidacloprid was exceeded across the study-reach from
wastewater outfall and downstream to DS2. Year-round ALB
exceedances for imidacloprid in WWTP effluent and down-
stream of the WWTP outfall suggests exposure concerns for
aquatic invertebrates and local foodwebs.>**

The transformation product imidacloprid urea was detected
in 94% of samples in this study (Fig. 1) with concentrations
significantly correlated with those of imidacloprid (all sites/
dates, Spearman rho = 0.362, p = 0.0003; Fig. S.11%). In
contrast to imidacloprid, however, imidacloprid urea concen-
trations were significantly higher (p = 0.0117) in US1 (detected
in 17/18 samples; 0.34-7.97 ng L™ ') compared to the effluent
(detected in 14/17 samples; 0.18-1.78 ng L™, Table S.117 data
separated by site, date). Although the WWTP was not a signifi-
cant contributor to instream imidacloprid urea concentrations,
concentrations downstream of the WWTP outfall became
progressively higher than those in the effluent (1.6-fold at DS1, p
= 0.0690 and 1.8-fold at DS2, p = 0.0337, Fig. S.7 and Table
S.14%), suggesting possible instream formation of imidacloprid
urea and/or mixing with non-point sources.>* Imidacloprid
urea concentrations detected in Muddy Creek were similar to
those reported in the nearby Iowa River from our prior work
(0.1-0.66 ng L™ ) and, to our knowledge, this is the first
documentation of imidacloprid urea in wastewater effluent.

Episodic spikes in clothianidin concentration in the effluent
suggests the WWTP as a point-source intermittently drove clo-
thianidin concentrations in Muddy creek (Fig. 1). Clothianidin
was detected in 100% samples with US1 concentrations

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Neonicotinoid concentrations (note different y-axis scales) throughout the sampling period (8/24/2018-8/29/2019) at each sampling
location: upstream 1 (US1, light blue), wastewater treatment plant effluent (dark blue), downstream 1 (DS1, 0.1 km downstream of the effluent
outfall; gray), and downstream 2 (DS2, 5.1 km downstream of the effluent outfall; green). Dotted black lines (---) indicate US EPA Aquatic Life
Benchmarks for chronic invertebrate exposure (imidacloprid: 10 ng L2, clothianidin: 50 ng L™, thiamethoxam: 740 ng L™%) and dotted red lines
(---) indicate benchmarks for acute invertebrate exposure (imidacloprid: 385 ng L™%). Note, such ALB values are not available for imidacloprid
urea. Samples where a given neonicotinoid was not detected are indicated with a (°). The DS1 sample from 8/24/2018 and effluent sample from
8/5/2019 were not available for analysis and are indicated with a (*). Error bars represent the standard error associated with sample processing
and analysis (i.e., composite enrichment, sample extraction, and analysis) using the same approach as our prior work.***2%3 Information regarding
the east-central lowa 2018 harvest and 2019 planting seasons of the corn and soybean are provided in the ESI} for reference.
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between 3.46-59.1 ng L™ " (Table S.12;t data separated by site,
date), consistent with those in agricultural and stormwater
impacted local Midwestern and United States surface waters
(7.82-257 ng L™ 1).811:152859 Efflyent clothianidin concentrations
spanned 7.72-134 ng L™, similar to those previously reported
in treated wastewater (<LLD-131 ng L™ ').** US1 clothianidin
concentrations were also similar to surface water levels reported
in China."”™ Although effluent clothianidin concentrations at
times exceeded those at US1 (effluent > US1 9/17 sampling
dates, up to 5.9-fold greater; Table S.16), concentrations were
not significantly different between any site (p > 0.05, Table
S.14%). Elevated concentrations of clothianidin in the effluent
yielded ALB exceedances for chronic invertebrate exposure (ALB
=50 ngL " clothianidin®’) in 18% (3/17) of the effluent and DS1
samples (12/21/2019, 2/22/2019, 3/8/2019) and 11% (2/18) of
DS2 samples (12/21/2019, 2/22/2019), compared to only one
exceedance in US1 (3/8/2019).

Thiamethoxam was the least-frequently detected neon-
icotinoid (87%), with concentrations seemingly driven by non-
point sources (Fig. 1). Concentrations of thiamethoxam were
correlated with clothianidin across all sampling sites/dates
(Spearman rho = 0.724, p < 0.0001, Fig. S.11}), consistent
with previous studies where co-occurrence was due to similar
applications in agriculture and/or because clothianidin is
a transformation product of thiamethoxam.>'>** Thiame-
thoxam was detected more frequently US1 (15/18 samples, 0.12—
16.4 ng L") than in the effluent (13/17 samples, 0.56-
14.1 ng L") (Table S.13,} data separated by site, date). Thia-
methoxam concentrations herein were within the range of those
previously reported in Iowa surface waters (<2-190 ng L~ ")111%28
and in treated wastewater effluent (<24 ng L™").*%2 Thiame-
thoxam concentrations at Muddy Creek were lower in concen-
tration and detection frequency than reported in surface waters
in China.””* Thiamethoxam concentrations were not signifi-
cantly different (p > 0.05, Table S.14t) between sites, suggesting
the WWTP effluent did not drive instream thiamethoxam
concentrations. No samples exceeded the US EPA chronic ALB
for invertebrate thiamethoxam exposure (ALB = 740 ng L™ ').%’

Neonicotinoid mass loads persist instream

Although neonicotinoid concentrations are most important for
assessing localized ecotoxicological exposure (ie., elevated
concentrations impart toxic responses to aquatic biota), mass
load analysis provides insight into neonicotinoid attenuation or
flux downstream of the WWTP and the impacts of effluent on
awatershed scale.” Neonicotinoid mass loads (calculated based
on instantaneous grab samples extrapolated to a daily rate, see
ESI for detailst) from the WWTP effluent persisted downstream
to DS2 (Fig. 2). Imidacloprid mass loads were not significantly
different between the outfall and DS2 (p = 0.6410, Tables S.15
and S.167), indicating minimal mass load attenuation occurred
within this 5.1 km stretch of the study reach. Interestingly, there
was a significant increase in mass load at DS2 (compared to the
WWTP outfall) for imidacloprid urea (2.8-fold, p < 0.0001),
clothianidin (2.2-fold, p < 0.0001), and thiamethoxam (1.6-fold,
p = 0.0182; Tables S.15 and S.167). These increases and
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Fig. 2 Calculated mass loads (mg per day) of each neonicotinoid in
the effluent (gray circles) and at downstream 2 (DS2, green diamonds)
for all sampling dates (8/24/2018-8/29/2019). Mass loads are deter-
mined from individual grab samples concentrations (representing an
instantaneous measurement), the daily processed flow from the North
Liberty WWTP and the flow rate at the DS2 gaging station (USGS)
during time of sampling. The daily mass loads were calculated using
flow rates and concentrations at each location for the day (assumed
due to sampling under base flow conditions). A total of n = 17 effluent
and n = 18 DS2 samples were used in statistical analysis. Of the mass
loads used for statistics, thiamethoxam was not detected in n = 4
effluent and n = 1 DS2 samples, while imidacloprid urea was not
detected in n = 3 effluent samples. Where a neonicotinoid was not
detected, the value of %LLD was used in when calculating the mass
load (omitted from figure). Data distribution (median and interquartile
ranges) and p-values reflect all data. Note that imidacloprid urea is
a transformation product of imidacloprid while clothianidin is some-
times a transformation product of thiamethoxam.

relatively stable mass load of imidacloprid may reflect mixing of
the effluent with the upstream flow and/or unmeasured non-
point sources (e.g., stormwater). Additionally, instream trans-
formation (e.g., biological, photolysis)® may contribute to the
increased mass loads of imidacloprid urea and clothianidin
(the latter of which is a known transformation product of
thiamethoxam)>*® at DS2. Muddy Creek contributions to
neonicotinoid mass loads in the much-larger Iowa River are
likely minor (estimated 4.40-3380 mg per day at DS2 vs. 13 100-
24 100 mg per day in the Iowa River™).

Seasonality in neonicotinoid concentrations

Neonicotinoid concentrations along the study-reach reveal
seasonal trends in both non-point (upstream) and municipal
(effluent) sources that impact downstream concentrations and
mass loads (Fig. 3).*® Clothianidin concentrations were
significantly higher during the cool-season (November-April,
US1 water temperature =10 °C) in the effluent (p = 0.011), DS1
(p = 0.0152), and DS2 (p = 0.0085) compared to the warm-
season®® (May-October, US1 water temperature >10 °C; Fig. S.8
and S.101). Elevated concentrations in effluent indicate there
may be seasonal use of clothianidin within homes and/or
businesses that result in down-the-drain transport (e.g., green-
houses); however, we cannot ascertain the direct cause of this
phenomenon. Higher clothianidin concentration/mass loads
downstream of the WWTP in the cool season (Fig. S.8, S.91 and

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Calculated daily mass loads at the USGS Muddy Creek gaging
downstream 2 (DS2), 5.1 km downstream of the WWTP effluent of: (A)
imidacloprid (blue circles) and imidacloprid urea (gray inverted trian-
gles) and (B) clothianidin (yellow squares) and thiamethoxam (purple
triangles). The gray shaded region highlights the cool season
(November—April) where upstream water temperatures were <10 °C.
Thiamethoxam was not detected on 3/8/2019 and was plotted with
the censored data calculated using the concentration of %LLD, deno-
ted as a purple asterisk and the letters ND (non-detect). Mass loads
were calculated based on the assumption that instantaneous flow at
downstream 2 (USGS gaging station 05454090) at the time of
sampling was representative of the daily flow (as samples were taken
during base flow conditions). The elevated mass loads on 8/24/2018
are in part due to a higher flow rate.

3B) may be a combination of effluent derived, as well as
groundwater leaching via subsurface transport and/or residue
runoff from agricultural fields following fall harvest
(Fig. S.61).°+%* Imidacloprid urea concentrations in US1 and
effluent were higher in the warm season (Fig. S.81), but mass
loads in the effluent or DS2 exhibited no clear seasonality (Fig. 3
and S.9t).° There was no clear seasonality in imidacloprid or
thiamethoxam concentrations (Fig. S.8%) or mass loads
(Fig. 8.9t and 3).

Analysis of possible neonicotinoid sources

We conducted an analysis of potential sources of neon-
icotinoids to the WWTP based on registered uses within the
sewershed. Registered uses of the neonicotinoids imidacloprid,
clothianidin, and thiamethoxam in products in Iowa can be
aggregated into five main use categories (agriculture, lawn/
garden/forestry, indoor/outdoor pest control, pets, and ‘other’)
based on their specified applications as provided by the Iowa
Department of Agriculture and Land Stewardship Pesticide
Bureau (Fig. 4, see ESI for further detailst).®® Because a sepa-
rated stormwater collection system is used in North Liberty,
down-the-drain uses from households and businesses are likely
the primary sources of neonicotinoids to the WWTP. Potential

This journal is © The Royal Society of Chemistry 2021

View Article Online

Environmental Science: Processes & Impacts

sources contributing neonicotinoids in treated wastewater
could include source tap water, residues from food (ie.,
excreted urine/feces, and in-sink washing and disposals), as
well as pet insecticidal treatments.>'*** We describe these
potential contributing sources below.

Water and food. We did not detect parent neonicotinoids
above the LLD in the deep-groundwater used as drinking water
for North Liberty (Table S.177), indicating the source water is
unlikely a significant contributor to neonicotinoids in treated
wastewater. Neonicotinoid contributions from washing
produce and/or from excreted food residues® were estimated
based on the median concentrations of each neonicotinoid
detected in food residues reported by the UDSA Pesticide Data
Program (PDP) from 2018 (Fig. S.141). Assuming (1) everyone
within the sewershed consumed the recommended 125 grams
per serving of fruits and vegetables, (2) everyone consumed the
North American average of 5 servings of fruits and vegetables
per day, and (3) and that all produce consumed contained the
median residue concentrations for each neonicotinoid
(Fig. S.14, see ESI for detailst), it is possible that neonicotinoid
residues in food could account for much of the observed low-
level effluent thiamethoxam mass loads. Nevertheless, food
residues are unlikely to fully explain the mass loads of imida-
cloprid or clothianidin we observed in the North Liberty WWTP
effluent (see ESI for detailst), particularly during episodic
spikes in effluent mass loads (i.e., when effluent mass loads
were >2x the median effluent mass load).

Pet flea and tick treatments/preventatives. Flea and tick
preventatives for pets have been implicated as a substantial
source of imidacloprid and fipronil to WWTP effluent.'3*3%¢
Imidacloprid is the only neonicotinoid included in this study
registered for use as an insecticide for pets in Iowa.*® Although
flea and tick preventatives can be used on both dogs and cats,
the contribution from cats is likely substantially less than dogs
due to less grooming and we assume that indoor cats are less
likely to be treated for ticks/fleas. To estimate the possible
importance of pet flea and tick preventative products on the
mass load of imidacloprid in the North Liberty WWTP, we used
national statistics regarding pet ownership, preventative use
among dog owners, and the products used in flea and tick
prevention. We assumed (1) the average dog within the sew-
ershed is medium size (20-55 pounds/9-25 kg),*® (2) 75% of the
dogs are treated with a flea and tick preventative product,**” (3)
that 20% of the dogs treated with a flea and tick preventative use
a product containing imidacloprid (~250-450 mg per dog per
month),*® and (4) that the imidacloprid applied to each dog is
evenly leached from the dog throughout the time of use (e.g.,
imidacloprid transfer and rinsing via petting, laundering, or
bathing).'***** Based on these assumptions, if just 1% of
applied pet flea and tick preventative products containing imi-
dacloprid were leached off dogs in the sewershed, this would
yield an estimated mass load of 55-100 mg per day imidacloprid
(full calculations in ESIT), and pet applications could account
for a substantial portion of imidacloprid we measured in the
WWTP effluent (which ranged between 35-5290 mg per day,
median 161 mg per day; Fig. 2, Table S.157)."® We used the 1%
washoff value as lower-boundary estimate that is highly
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Fig. 4 Distribution in uses of products registered in the State of lowa that contain imidacloprid, clothianidin, or thiamethoxam (data obtained
from the lowa Department of Agriculture and Land Stewardship Pesticide Bureau).®®* Use was divided into five categories: agriculture (seed and
foliage treatment), lawn and garden (sod, turf, and ornamental trees, shrubs, flowers, forest trees), indoors and outdoors of buildings (homes,
restaurants, institutions, businesses, barns), pets (topical preventatives, treated collars, shampoo for cats and dogs), and other (manufacturing or

unspecified uses).

conservative (measurements of fipronil washoff from dogs are
higher®); greater wash-off assumptions would increase esti-
mated loads, but our goal was to see if a conservative estimate
from pet products could explain imidacloprid loads to the
WWTP. Even though imidacloprid concentrations due to pet
flea and tick preventative products are likely to change between
seasons (some are recommended for year-round use), grooming
events, dog demographics, etc., these products likely still
account for a large percentage of the imidacloprid we observed
in the treated wastewater.

Underappreciated sources. Clothianidin is not registered for
use in Iowa as pet treatments and preventatives,” and inputs from
washed produce and/or excreted food residues are unlikely to fully
explain effluent clothianidin mass loads based on our above esti-
mates (mass estimate calculations in ESI, Fig. S.13 and S.14})—
particularly the episodic spikes we measured. Thus, other regis-
tered products containing neonicotinoids (e.g;, indoor pest control
for bed bugs, treatment of wall voids/baseboards/windows via
monthly pest control programs; indoor/outdoor plants/flowers/
lawns, and wood structures/playgrounds; Fig. 4)* likely
contribute to the presence of not only clothianidin (see ESI for
detailst), but also imidacloprid and thiamethoxam in wastewater
via direct transport to drains (i.e., indoor spraying) and indirect
transfer to skin or clothing that is subsequently washed down-the-
drain. The presence of thiamethoxam in some lawn, garden, and
indoor application products could also contribute a portion of the
clothianidin mass loads due to thiamethoxam-to-clothianidin
transformation. North Liberty is a rapidly growing commuter
suburb where many multi-resident buildings have routine insecti-
cide spraying maintenance programs; therefore, use of indoor
neonicotinoid spraying might account for portions of the neon-
icotinoid mass loads at the North Liberty WWTP effluent and be
a potentially underappreciated route of human exposure to neon-
icotinoids.>*>* Non-occupational exposure to pesticides is impor-
tant for exposure assessment (e.g:, as established by the US EPA).*®

Conclusions

Although pesticides have been shown to drive ecological stream
health more than other trace organic contaminants,” they are
often neglected for study in effluent-dominated streams where

684 | Environ. Sci.: Processes Impacts, 2021, 23, 678-688

studies are often focused on pharmaceuticals. We demonstrate, for
the first time, that municipal wastewater effluent is a year-round
point source of neonicotinoids to a wastewater effluent-
dominated stream where neonicotinoid mass loads persist >5 km
downstream of the WWTP outfall. The neonicotinoid concentra-
tions discharged into and persisting within Muddy Creek likely
generate a localized ecotoxicological exposure concern for organ-
isms within the reach (eg, aquatic invertebrates and their
consumers). Because Muddy Creek is a representative study-
reach,” we anticipate elevated neonicotinoid concentrations in
small, effluent dominated streams is likely commonplace and
could lead to chronic or acute toxic responses in aquatic biota,
thereby impacting the local aquatic and terrestrial ecosystem.**®
The results presented in our study contrast prior work in
agriculturally-impacted wetlands where clothianidin dominated
and all measurements were below EPA chronic toxicity bench-
marks; here, imidacloprid levels were the highest and chronic—
and some acute—concentrations were recorded.” Effluent domi-
nated streams are becoming increasingly common in temperate
regions due to population growth, climate change, and pressures
on water resources;***”* thus, understanding loading and
dynamics of emerging pesticides is critical.

Establishing that municipal wastewater effluent from
a separated collection system (i.e., no stormwater) is a point-
source of imidacloprid and clothianidin to the effluent-
dominated stream allows us to evaluate underappreciated
sources and potential exposure routes of neonicotinoids. The
mass loads of imidacloprid and clothianidin we observed are
not likely fully explained by food residues. Thus, it is possible
other previously overlooked indoor/home and/or outdoor uses
and exposure routes for humans to neonicotinoids occur (e.g.,
registered uses in Iowa include agriculture, pets, gardening/
horticulture, indoor and outdoor pest control). Additional
research should consider focus on indoor sources of/potential
exposure to neonicotinoid insecticides, as well as subsequent
impacts to effluent-dominated streams/ecosystems.
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