Chemosphere 281 (2021) 130856

Contents lists available at ScienceDirect

Chemosphere

Chemosphere

journal homepage: www.elsevier.com/locate/chemosphere

ELSEVIER

Check for

Occurrence of neonicotinoids and sulfoxaflor in major aquifer groups e
in Iowa

Darrin A. Thompson®"", Claire E. Hruby ¢, John D. Vargo‘, R. William Field

2 University of Iowa, College of Public Health, Iowa City, IA, USA

Y University of Towa, Center for Health Effects of Environmental Contamination, Iowa City, IA, USA
¢ Iowa Department of Natural Resources, Des Moines, IA, USA

4 State Hygienic Laboratory at the University of Iowa, Towa City, IA, USA

ARTICLE INFO ABSTRACT

Handling Editor: Klaus Kiimmerer A statewide assessment of neonicotinoids in groundwater was conducted among a sample of public water supply

wells in Jowa from October 2017 to August 2018. Samples from all the state’s major aquifer groups were initially

Keywords: collected from 118 wells in 69 counties. Subsets of 55 untreated samples and 45 paired pre- and post-treatment
Neonicotinoids samples were then collected in summer 2018, post-planting season for primarily corn and soybeans, to assess
g:ﬁ]:iwzt;er seasonal differences and the efficacy of treatment. Samples prepared using solid phase extraction were analyzed
Clothiar?i din using LC/MS/MS for six neonicotinoids: acetamiprid, clothianidin, dinotefuran, imidacloprid, thiacloprid,
Imidacloprid thiamethoxam, and a sulfoximine (i.e., sulfoxaflor). Clothianidin was the most frequently detected (34%, max:
Thiamethoxam 13.4 ng/L), followed by thiamethoxam (14.4%, max: 20.6 ng/L), imidacloprid (13%, max: 2.3 ng/L), and

dinotefuran (0.1%, max: 1.4 ng/L). Alluvial aquifers (unadjusted odds ratio (UOR) = 14.1; 95% CI (5.4-36.9),
p=<0.0001), wells with confining layers <15 m (UOR = 13.5, 95% CI (4.8-38.4), p=<0.0001), and less than
19.4 m in depth (UOR = 20.0; 95% CI (6.5-58.0), p=<0.0001) had the greatest risk for contamination. In
vulnerable aquifers, neonicotinoids were detected in 62% of winter and 46% of summer samples, with winter
samples over 3 times (UOR = 3.2; 95% CI (1.2-8.8), p = 0.02) more likely to have at least two neonicotinoids
detected. In 55 public water supply systems, the median concentrations of clothianidin (p = 0.6), imidacloprid
(p = 0.7), and thiamethoxam (p = 0.7) were unchanged following treatment. These results suggest that neon-
icotinoid contamination may be present year-round in treated drinking water from vulnerable groundwater
sources and represent a source of human exposure.

1. Introduction

Groundwater in Iowa is the primary source of drinking water for over
75% of the population (lowa Department of Natural References, 2018a).
Over 2.3 million people obtain drinking water from groundwater sour-
ces, through either public water supplies (2,000,000 people) or unreg-
ulated private wells (300,000 people) (lowa Department of Natural
References, 2018a; Hruby et al., 2015). The state’s groundwater drink-
ing supply generally comes from six major types of aquifers — 1) alluvial
aquifers, 2) buried sand and gravel aquifers, 3) Cretaceous (Dakota)
sandstone, 4) Silurian-Devonian bedrock, 5) Mississippian bedrock, and
6) Cambrian-Ordovician bedrock (Fig. 1) (lowa Department of Natura,
2018a). Prior studies have found that the occurrence of contaminants,
like herbicides in groundwater, was commonplace, and varied

substantially among these major aquifer systems (Hruby et al., 2015;
Kolpin et al., 1998; Kolpin et al., 1997; Detroy et al, 1988; Peter et al.,
2006; Kross et al, 1990; Kross et al., 1993; Libra, 1993; State Hygienic
Laboratory, 2018).

Estimates of neonicotinoid use throughout the Midwest have shown
a dramatic increase over the past twenty years (U.S. Geological Survey,
2016). Nearly 1.8 million kilograms of neonicotinoids are applied to
farmland in the United States annually (Han et al., 2018). Neonicotinoid
use has become particularly prominent in the states of Iowa, Illinois,
Indiana, Michigan, Ohio, Nebraska, Kansas, Minnesota, and Missouri (U.
S. Geological Survey, 2016; Myers and Hill, 2014). Neonicotinoids are
used in both urban and rural environments to protect row-crops, or-
chards, ash trees, gardens, houseplants, and pets, from insect pests
(Thompson et al., 2020). The primary neonicotinoid compounds used in
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Fig. 1. Wells sampled during winter 2017-18 by major aquifer group (Iowa, USA).

the Midwest are clothianidin, imidacloprid, and thiamethoxam. Neon-
icotinoids have been found in groundwater sources primarily used for
irrigation in agricultural areas with concentrations as high as 10,000
ng/L (De PerreMurphy and Lydy, 2015; Huseth and Groves, 2014;
Bradford et al., 2018). A prior study in Iowa documented the prevalence
of neonicotinoids in alluvial aquifers, with 73% of the wells having at
least one detection (Thompson et al.,, 2021). The most frequently
detected neonicotinoid was clothianidin (68%), (68%, max: 391.7
ng/L), followed by imidacloprid (43%, max: 6.7 ng/L), and thiame-
thoxam (3%, max: 0.2 ng/L) (Thompson et al., 2021).

We are not aware of any peer-reviewed published studies that
document the occurrence of neonicotinoids in public water groundwater
supplies or neonicotinoid concentrations by aquifer type. This study
explores groundwater contamination of neonicotinoid insecticides in a
statewide assessment of wells representing major aquifer systems.
Samples were tested for seven insecticides: acetamiprid, clothianidin,
dinotefuran, imidacloprid, thiacloprid, thiamethoxam, and sulfoxaflor.
In addition, secondary sampling was conducted to understand differ-
ences by season and by treatment. The study is designed to broaden our
understanding of the potential human exposure risks from drinking
water.

2. Materials and methods
2.1. Sample collection

Samples were collected in partnership with Iowa Department of
Natural Resources’ (IDNR) Ambient Water Quality Monitoring and
Assessment Program (lowa Department of Natural References, 2018a).
These sampled wells represented all major aquifer groups, and a wide
range of depths, with vulnerabilities based on estimated confining layer
thicknesses, well ages, and types of land use. Samples were collected
from 118 public water supply wells in 69 Iowa counties from October
2017 to March 2018. Water samples (1-L) were collected from the well
without filtering by certified water operators. Samples were packaged
and shipped on ice, then refrigerated at 2-6 °C in the laboratory prior to
analysis.

A subset of 55 untreated samples were collected from the same
public water supply wells again in summer 2018, post-planting season.
These samples were collected from wells defined by IDNR as highly
vulnerable to contamination from surface activities. High vulnerability
wells were defined as wells with less than 15 m (50 feet) of confining bed
thickness based on past water quality assessments (Hruby et al., 2015).
Intermediate and low vulnerability wells had between 15 and 30 m
(50-100 feet) and >30 m (>100 feet) of confining material, respectively
(Hruby et al., 2015). These repeat samples were collected to evaluate
changes in neonicotinoid concentrations over time. In addition, 45
samples were collected post treatment from the water supply system
distribution point. Each pair of untreated and treated samples were then
compared to assess whether existing blending and treatment processes
impacted neonicotinoid concentrations.

2.2. Analytical method

All groundwater samples were concentrated using solid phase
extraction following the method described previously (Thompson et al.,
2021). Each sample was analyzed for six neonicotinoid compounds
(acetamiprid, clothianidin, dinotefuran, imidacloprid, thiacloprid, and
thiamethoxam) and sulfoxaflor, a sulfoxamine pesticide. Chemical
standards for the six test analytes were obtained with a chemical purity
>99% (Chem Service, West Chester, PA, USA). Isotope-labeled imida-
cloprid-d4 and thiamethoxam-d3 (C/D/N Isotopes, Pointe-Claire, Can-
ada) were used as the internal standard and recovery surrogate. Samples
were analyzed at the State Hygienic Laboratory at the University of lowa
(SHL) using a Linear Ion Trap Quadrupole LC/MS/MS Mass Spectrom-
eter in positive ion monitoring mode (ESI+) mode (AB Sciex In-
struments, Concord, Canada).

Calibration curves were evaluated for linear and quadratic fits. Both
calibration curves had mean R-squared values greater than 99%). This
fit is recommended by SHL’s neonicotinoid analysis method (Vargo,
2015). The calibration standards had a mean accuracy of 100% (+6) and
mean precision of 5%.

Analyte concentrations were confirmed using quality assurance and
quality control methods, including replicate samples (n = 9), and field
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Summary statistics for neonicotinoids in untreated water tested in winter 2017-18 using solid phase extraction (n = 118).

Neonicotinoid Number of Detections Detection Frequency Mean of Detections (ng/L) Median of Detections (ng/L) Min (ng/L) Max (ng/L) MDL
Acetamiprid ND 0% ND ND ND ND 0.08
Clothianidin 40 34% 1.0 < < 13.4 0.05
Dinotefuran 1 1% 1.3 < < 1.3 0.18
Imidacloprid 15 13% 0.1 < < 2.4 0.09
Sulfoxaflor ND 0% ND ND ND ND 0.04
Thiacloprid ND 0% ND ND ND ND 0.07
Thiamethoxam 17 15% 0.4 < < 20.6 0.03

ND = not detected. < = Less than MDL.

(n = 4) and laboratory (n = 4) blanks. Neonicotinoids were not detected
in any of the field or laboratory blanks. Reported concentrations for 9
pairs of replicate samples (samples taken from the same well less than 5
min apart) varied by an average of 10%. A replicate for each sample was
also tested using direct aqueous injection (DAI). In this study, eight
samples collected during the winter of 2017-18 are reported based upon
the result of DAI because surrogate recovery for the SPE sample excee-
ded the acceptable recovery range of 70-130% (Vargo, 2015). No
neonicotinoids or sulfoxaflor were detected in any of these samples.
Recovery of neonicotinoids in the laboratory matrix spikes had a mean
of 99 + 15%, with a precision of +15%. Recovery of the surrogate used
with the SPE samples, thiamethoxam-d3, had a mean recovery 105%
(+15 SD, + 15% RSD). No recovery correction was been made to the
data reported. The enriched method detection limit (MDL) ranged from
0.03-0.2 ng/L respectively.

2.3. Data analysis

Analyst and MultiQuant software (AB Sciex, Concord, Canada) was
used to process LCMS/MS data. Statistical analysis was conducted with
SAS 9.4 (SAS Institute, Cary, NC). Non-detects of clothianidin, dinote-
furan, imidacloprid, and thiamethoxam were set at half the limit of
detection (LOD) (U.S. Environmental Protection Agency, 2017). Acet-
amiprid, sulfoxaflor, and thiacloprid were not detected and LCMS data
did not indicate their presence below the limit of detection. Non-detects
for these three insecticides were set at zero (U.S. Environmental Pro-
tection Agency, 2017). Continuous variables were evaluated for
normality using the Shapiro-Wilk test. The continuous variables that
were not normally distributed were then transformed using the natural
log. This transformation did not improve normality. Nonparametric
statistical tests were used for data interpretation to account for
non-detects (Dennis and Hirsch, 1992). Data that were not normally
distributed are reported with the median and a range to account for their
distribution. Wilcoxon Rank-Sum Test (N = 2) or Kruskal-Wallis Test (N
> 3), were used to compare differences in median neonicotinoid con-
centrations by variables, including aquifer type, depth, well age, sam-
pling season and treatment. Spearman’s correlation analyses were used
to measure the strength and direction of association between analyte
concentrations and continuous variables. Well variables (i.e., well depth
and well age) were categorized to evaluate concentrations differences
within different categories. Categorical data were analyzed using
Chi-square or Fishers Exact Test to assess relationships between cate-
gorized variables. Odds ratios were determined using logistic regression
(Szumilas, 2010). Multivariate models were not considered for this
study. Odds ratios are most commonly used in epidemiological studies.
In this study unadjusted odds ratios (UOR) were calculated solely to
estimate the measure of association between neonicotinoid concentra-
tions detected and covariables. The results have been used to guide
additional research looking at human exposure. Two-tailed p-values
were considered statistically significant if they were <0.05.

3. Results and discussion

Neonicotinoids were detected in thirty-six percent of the wells

Table 2
Attributes of wells tested in winter 2017-18.

Well Attribute Category Count Percentage

Aquifer Systems Alluvium 35 30%
Buried Sand & Gravel 11 9%
Cretaceous Dakota 9 8%
Mississippian 10 8%
Silurian-Devonian 31 26%
Cambrian-Ordovician 22 19%

Well Depths <30.5m 38 32%
30.5-152 m 56 47%
153-850 m 24 20%

Confinement Confined 69 58%
Unconfined 49 42%

Status Active 103 87%
Not Used 3 3%
Standby 12 10%

Vulnerability based on Confining Low (>30 m) 36 31%

Layer Thickness Intermediate (15-30 21 18%

m)
High (<15 m) 61 52%

Year Drilled Pre-1960 34 29%
1960-1975 23 20%
1976-1989 31 26%
1990-2012 30 25%

Dominant Land Use 50/50 Developed/ 1 1%
Row Crop
Developed 77 65%
Forest 6 5%
Grassland 4 3%
Row Crop 30 25%

sampled from October 2017 to March 2018. The most commonly
detected neonicotinoid was clothianidin (34%, max: 13.4 ng/L), fol-
lowed by thiamethoxam (14.4%, max: 20.6 ng/L), imidacloprid (13%,
max: 2.3 ng/L), and dinotefuran (0.1%, max: 1.4 ng/L) (Table 1). Over
18% of the samples collected contained a single neonicotinoid, 11%
contained two neonicotinoids, and 6% contained three or more com-
pounds. The highest reported neonicotinoid concentration was 20.6
(ng/L) for thiamethoxam. Acetamiprid, sulfoxaflor, and thiacloprid
were not detected in any samples.

The study included wells from all major aquifer systems and included
a wide range of depths, vulnerabilities, well ages, and dominant land
uses defined by the 2016 United States National Land Cover Database
(Table 2) (Multi-Resolution Land Cha, 2019). Well depths ranged from 6
to 850 m with median well depth of 56 m. Alluvium (30%) and
Silurian-Devonian (26%) aquifers were most frequently sampled. The
sampled wells had an average age of 43 years with a range of 6-101
years. Twenty-nine percent of wells were drilled before 1960. Most of
the wells sampled were classified as high vulnerability (52%) based
upon IDNR’s vulnerability criteria (Hruby et al., 2015). A majority
(87%) of wells were active; however, 10% of the wells were used only as
stand-by wells, and three of the wells were maintained, but not used.

Wells from alluvial aquifers were 14 times (UOR = 14.1; 95% CI
(5.4-36.9), p=<0.0001) more likely to have a positive detect for
neonicotinoids compared to other aquifers (Table 3). Seventy-seven
percent of samples from alluvial aquifers had at least one detection
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Table 3
Unadjusted odds ratio for neonicotinoid detections in public water supply wells.
Odds 95% CI z Chi-Square
Ratio Statistic (p-value)

Alluvial vs Other Aquifer 14.1 5.4-36.9 5.4 <0.0001
Types

High Vulnerability vs Low/ 17.2 6.0-49.3 5.3 <0.0001
intermediate Vulnerability

Unconfined vs confined wells 15.1 6.0-38.2 5.7 <0.0001

Confining thickness <15mvs  13.5 4.8-38.4 4.9 <0.0001
>15 m 1 Detect or More

Confining thickness < 15 m vs 75.8 4.4-1301.5 3.0 0.003
>15 m 2 Detect or More

Well depth <19.4 m vs Other 19.4 6.5-57.9 5.3 <0.0001
Depth Quartiles with 1 or
more detects

Well depth <19.4 m vs other 35.0 9.4-129.9 5.3 <0.0001
depth quartiles with 2 or
more detects

Northeast region vs other 1.5 0.65-3.7 0.98 0.327
regions

Northwest region vs other 2.5 0.92-7.0 1.8 0.073
regions

North Central region vs other 0.22 0.06-0.8 2.3 0.021
regions

Southeast vs other regions 0.21 0.05-0.99 2.0 0.048

South Central vs other regions 1.5 0.58-4.1 0.87 0.385

Southwest vs other regions 1.6 0.55-4.9 0.88 0.382

Row crop dominant land use 3.8 1.6-9.0 3.0 0.003
vs other types with at least
one detect

Row crop & grassland/forest 3.6 1.6-8.1 3.2 0.002
vs developed land use types
with at least 1 detect

Row crop land use vs 1.5 0.36-6.3 0.55 0.581
grassland/forest with at
least one detect

Row crop land use vs 4.3 1.75-10.4 3.2 0.001
developed with at least one
detect

Row crop vs other land use for 4.5 1.88-10.8 3.4 0.001
clothianidin detection

Grassland/Forest vs otherland 9.6 2.37-38.9 3.2 0.002
use for imidacloprid
detection

Grassland/Forest vs otherland 8.0 2.0-31.7 3.0 0.003
use for thiamethoxam
detection

Grassland/Forest vs row crop 9.0 1.6-50.3 2.5 0.012
land use for imidacloprid
detection

Grassland/Forest vs row crop 4.0 0.87-18.4 1.8 0.076
land use for thiamethoxam
detection

Row crop vs grassland/forest 1.5 0.36-6.3 0.55 0.581
vs land use for clothianidin
detection

Grassland/Forest vs other land 5.8 1.5-22.1 2.5 0.011
use for two or more
detections

Winter vs Summer CLO 1.9 0.91-4.1 1.7 0.088

Winter vs Summer IMI 2.3 0.79-6.6 1.5 0.129

Winter vs Summer THX 2.0 0.76-5.3 1.4 0.157

Winter vs Summer TD at least 1.9 0.91-4.2 1.7 0.087
1 detect

Winter vs Summer TD at least 3.2 1.2-8.8 2.3 0.022

2 or more detect

compared to 19% from every other type of aquifer analyzed (Fig. 2). On
average alluvial wells had a total concentration of neonicotinoids 6
times greater than other aquifers (i.e., 3.6 ng/L compared to 0.6 ng/L).
In alluvial aquifers, the average concentration of clothianidin, imida-
cloprid, and thiamethoxam from alluvial aquifers were 2.2, 0.2 and 1.1
ng/L, respectively. By comparison, other aquifers had a mean concen-
tration of clothianidin was 0.4 ng/L and for the other neonicotinoids the
concentrations were below the LOD. Using the Kruskal-Wallis Test, the
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median total concentration, number of detections and individual con-
centrations for clothianidin, imidacloprid, and thiamethoxam were
found to significantly differ (p= <0.0001) between aquifers. The
Cretaceous-Dakota, with depths between 35 and 188 m, was the only
aquifer where no neonicotinoids were detected. This aquifer is in
northwest and west-central Iowa. These sandstone deposits range from
61 to 91 m (200-300 feet) in thickness and are confined by 61-122 m
(200-400 feet) of glacial till over most of their extent (lowa Geological
Survey, 2020). In addition, this study did not collect data on neon-
icotinoid application rates in areas near sampling sites. The study was
unable to determine whether differences observed by aquifer types were
correlated with differences in application of neonicotinoids around the
sample sites. Overall, however, these results align with the results re-
ported in a prior study (Thompson et al., 2021), where alluvial aquifers
were found to be susceptible to neonicotinoid contamination. Prior
studies also reported that herbicides and herbicide-transformation
products were prevalent in Iowa’s alluvial aquifers, however, this is
one of the first studies to document the prevalence of neonicotinoids in
this type of aquifer (Hruby et al., 2015; Kolpin et al., 1998; Kolpin et al.,
1997; Detroy et al., 1988; Peter et al., 2006; KrossHallberg, 1990; Kross
et al., 1993; Libra, 1993; State Hygienic Laboratory, 2018; Thompson
et al., 2020; Kolpin et al., 1999).

Detected concentrations of neonicotinoids were significantly higher
(p=<0.0001) in high vulnerability wells, or wells identified as at
greatest risk of contamination based upon the estimated confining layer
thickness (<15 m). Prior studies in Iowa have confirmed the vulnera-
bility of wells with less than 15 m (50 feet) of confining materials above
the source aquifer to contamination from nitrate and various pesticides
(Hruby et al., 2015). High vulnerability wells were 17 times (UOR =
17.2; 95% CI (6.0-49.3), p=<0.0001) more likely to have at least one
detection compared to intermediate and low vulnerability wells
(Table 3). Neonicotinoids were present in 58% of wells with confining
layers less than 15 m of low permeability materials. Only 9% of wells
with thicker confining layers had positive detections. The mean total
concentration of neonicotinoids was 2.9 ng/L in high vulnerability wells
compared to 0.21 in intermediate and low vulnerability wells. Clothia-
nidin (r = —0.5, p=<0.0001), imidacloprid (r = —0.4, p=<0.0001), and
thiamethoxam (r = —0.4, p = 0.0003) concentrations were also found to
be inversely correlated with estimated confining layer thicknesses.
Neonicotinoids were 15 times (UOR = 15.1; 95% CI (6.0-38.2),
p=<0.0001) more likely to be found in unconfined wells compared to
those determined to be confined using static water level measurements
(Iowa Department of Natural References, 2018b) (Table 3). Average
total concentrations of neonicotinoids in unconfined wells were nearly 5
times greater, at 2.9 ng/L, compared to 0.6 ng/L in confined wells. Wells
with an estimated confining layer thickness less than 15 m were nearly
14 times (UOR = 13.5; 95% CI (4.8-38.4), p=<0.0001) more likely to
have at least one detection and 76 times (UOR = 75.8; 95% CI
(4.4-1301.5), p = 0.003) more likely to have 2 or more neonicotinoids
compared to wells with thicker confining layers. Fifty-eight percent of
wells with confining layers less than 15 m had at least one detection and
32% had two or more detections. Only 9% of wells with confining layers
>15 m had one detection and two or more neonicotinoids were not
detected.

Concentrations of neonicotinoids and total number of detections
were also found to be significantly different by well depth (p=<0.01). A
significant inverse correlation observed for clothianidin (r = -0.5,
p=<0.0001), imidacloprid (r = —0.3, p=<0.0001), and thiamethoxam
(r=-0.4, p=<0.0001), total concentration (r = —0.6, p=<0.0001), and
total number of detections (r = —0.6, p=<0.0001). Wells with depths
less than 19.4 m had at least one detection in 83% of samples and two or
more detections in 50% of samples. Wells with depths from 19.5 to 850
m had at least one detection in only 20% of samples. Overall, the shal-
lower wells were nearly 20 times (UOR = 19.4; 95% CI (6.5-58.0),
p=<0.0001) more likely to have at least one detection and 35 times
(UOR = 35.0; 95% CI (9.4-129.9), p=<0.0001) more likely to have two



D.A. Thompson et al.

Chemosphere 281 (2021) 130856

NN DETECTION FREQUENCY BY AQUIFER

“ I 18%
0%

+ I 3
B %

Fig. 2. Frequency of neonicotinoid detection in major aquifer systems.
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Fig. 3. Detection frequency and mean concentration of neonicotinoids by IDNR field office region (Iowa, USA).

or more detections (Table 3). The average total concentration was 3.9
ng/L in shallower wells, more than five times greater than that in deeper
wells. No significant difference was observed between neonicotinoid
concentrations and number of detections with elevation, status or well
age.

The study also assessed differences in concentrations by county and
field office and landform regions. Sample sites were grouped by IDNR’s
six regional field offices (Iowa Department of Natural References). IDNR
has six field offices, designated as northeast (FO1), north central (FO2),

northwest (FO3), southwest (FO4), south central (FO5) and southeast
Iowa (FO6) (Fig. 3). Median concentrations of clothianidin (p = 0.01)
and thiamethoxam (p = 0.01), total concentration (p = 0.01), and
number of detects per well (p = 0.01) were each significantly different
by region. The northwest and northeast regions had the highest detec-
tion frequency and mean total concentration at 56% (mean: 4.4 ng/L)
and 44% (mean: 2.0 ng/L), although these regions were not statistically
different from the entire state. North Central (UOR = 0.2; 95% CI
(0.1-0.8), p = 0.02) and Southeast (UOR = 0.2; 95% CI (0.1-1.0), p =

Table 4
Correlation between neonicotinoid concentrations and percent of land use types within the 2-year capture zone of each well.
CLO DIN IMI THX
r p-value r p-value r p-value r p-value
Percent Water 0.19 0.04 0.18 0.047 0.20 0.032 0.20 0.03
Percent Developed and Barren —0.43 <.0001 —0.14 0.146 —0.19 0.036 —-0.31 0.001
Percent Forest 0.37 <.0001 0.17 0.068 0.23 0.011 0.23 0.01
Percent Grassland and Pasture 0.33 0.000 0.13 0.159 0.24 0.010 0.21 0.03
Percent Row Crop 0.31 0.001 —0.02 0.825 0.03 0.790 0.15 0.11
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Table 5

Summary statistics for paired winter and summer untreated well water samples (n = 55).
Neonicotinoid Number of Detections Detection Frequency Mean of Detections (ng/L) Median of Detections (ng/L) Min (ng/L) Max (ng/L)
Winter
Clothianidin 32 58% 1.9 0.2 < 13.4
Imidacloprid 12 22% 0.2 < < 2.4
Thiamethoxam 14 25% 0.6 < < 20.6
Summer
Clothianidin 23 42% 0.9 < < 12.8
Imidacloprid 6 11% 0.3 < < 11.8
Thiamethoxam 8 15% 1.4 < < 48.4

ND = not detected. < = Less than MDL.

0.05) regions were significantly different, and were nearly 5 times less
likely to have a single detection per well than other regions in the state
(Table 3). Differences in median neonicotinoid concentrations and
detection frequencies were not found based upon the different landform
areas in Iowa.

Sampling locations were selected from IDNR’s ambient groundwater
monitoring network based upon a history of sampling, spatial repre-
sentation, vulnerability, and target aquifers and a willingness of water
operators to test for neonicotinoids. The sample size for this study was
not large enough to be statistically representative of all wells within a
specific geographic area. For this reason, interactions between region
and other variables, such as aquifer type and depths were not assessed.
The regional analysis was primarily conducted to identify potential
areas of vulnerability for future research.

The United States National Land Cover Database (2016) was used to
assess linkages between neonicotinoid usage and land uses (Multi--
Resolution Land Cha, 2019). Non-parametric Spearman’s rho analyses
were conducted for the percentage of each of the 15 individual land use
classes within the 2-year capture zone of each well. In addition, Spear-
man’s rho analyses were conducted for percentages of five land use
groupings, which include water, developed and barren, forest, grass/-
pasture, and row crops (Table 4). Statistically significant positive cor-
relations were observed between -clothianidin, imidacloprid, and
thiamethoxam with water, forest, grassland and pasture, and row crop
and between clothianidin and percent row crop. An inverse correlation
was also found between these three neonicotinoids and developed and
barren land use.

Each well was further assigned a dominant land use, which describes
the primary type of land cover around each well, reduced to three cat-
egories: forest/grassland, row crop and developed. Median concentra-
tions of neonicotinoids were significantly different by dominant land use
type for clothianidin, imidacloprid, thiamethoxam, total neonicotinoid
concentration and total detection (p= 0.004). Neonicotinoids were 3.8
times (UOR = 3.8; 95% CI (1.6-9.0), p = 0.003) more likely to be
detected near row crops than any other dominant land cover. The in-
secticides were 1.5-4 times more likely to be detected near row crops
than grassland/forest (UOR = 1.5; 95% CI (0.4-6.3), p = 0.6) or
developed land (UOR = 4.3; 95% CI (1.7-10.4), p = 0.001) land,
respectively. This was largely driven by clothianidin, which was detec-
ted in 60% of wells near row crops. Imidacloprid and thiamethoxam
were 10 (UOR 95% CIL: 2.4-38.9, p = 0.002) and 8 (UOR 95% CI:
2.0-31.7, p = 0.003) times more likely to be detected near forest/
grassland compared to other land use. The odds of detecting two or more
neonicotinoids were 6 times (UOR = 5.8; 95% CI (1.5-22.1), p = 0.01)
higher for forest/grassland than any other land use type (Table 3).
Clothianidin, imidacloprid, and thiamethoxam were detected in 50% of
the samples with mean concentrations ranging from 0.4 to 2.2 ng/L.

Neonicotinoid insecticides are commonly applied in the spring and
summer with corn and soybeans in lowa, and elevated concentrations
have been observed in surface waters during the summer months (Hla-
dik et al., 2018). To capture potential variability in wells more likely to
undergo seasonal variations, 55 high vulnerability wells were resampled
between June and August 2018, following planting season (Table 5).

These repeat samples were paired and compared to their corresponding
winter samples to evaluate changes in neonicotinoid concentrations
over time (Table 3). Wilcoxon Rank-Sum Test showed that there was no
statistical difference between median concentrations of clothianidin (p
= 0.1), imidacloprid (p = 0.2), and thiamethoxam (p = 0.3) between
summer and winter samples, but the mean concentrations for imida-
cloprid and thiamethoxam were twice as high during the summer
months. Alternatively, clothianidin appeared to decrease by two-fold
from winter to summer. Degradation of thiamethoxam to clothianidin
between summer and winter months may partially explain the higher
concentrations of clothianidin during the winter months (Hilton et al.,
2016; Tomizawa and Casida, 2005).

Changes in planting treated seeds and precipitation are not believed
to account for any differences in concentrations between winter and
summer samples. USDA estimated that total corn acreage was 5.3
million hectares in 2018 compared 5.4 million in hectares in 2017
(United States Department Of Agriculture, 2018, 2019). There was no
change in total planted soybean acreage, which was 4 million hectares
(United States Department Of Agriculture, 2018, 2019). From 2017 to
2018, Iowa experienced higher average precipitation (30 cm), of which
17 cm more fell during May-August 2018 (Iowa State University - I,
2017-18). Thiamethoxam concentrations from summer 2018 were
positively correlated with winter thiamethoxam concentrations (p =
0.04). No correlation was observed between either the winter or summer
samples with precipitation. Other factors may also account for this dif-
ference, especially considering study-sampling period took place
following two separate planting seasons. More research is needed to
understand the temporal relationship between neonicotinoid contami-
nants in groundwater.

A significant difference was observed in the number of detects based
upon season (p = 0.04). Clothianidin, imidacloprid, and thiamethoxam
were detected more often during the winter where they were found in
58%, 22%, and 25% of well samples, compared to 42%, 11%, and 15%
in the summer. The odds of at least one detection per well was 1.9 times
(UOR = 1.9; 95% CI (0.91-4.2), p = 0.1) higher and for two or more
detects 3.2 times (UOR = 3.2; 95% CI (1.2-8.8), p = 0.02) higher during
the winter compared to summer.

During the summer sampling period 45 pairs of raw, untreated well
water and treated, finished water samples were collected. Concentra-
tions for each pair were compared using the non-parametric Wilcoxon
Rank-Sum Test to assess the impact of treatment processes. It should be
noted that the term “treatment” here includes blending water from
multiple wells, which is often done to dilute contaminants. The median
concentrations of clothianidin (p = 0.6), imidacloprid (p = 0.7), and
thiamethoxam (p = 0.7) were not different between untreated and
treated samples. The number of detections per sample also did not vary
significantly (p = 0.6). Total finished water concentrations were an
average of 1.3 ng/L lower than the corresponding untreated sample, but
generally the insecticides were still present in finished water samples.
This is consistent with an earlier study that showed that common
treatment techniques might not be effective at removing these com-
pounds (Klarich et al., 2017; Wong et al., 2019). Clothianidin, imida-
cloprid, and thiamethoxam were detected in 38%, 11%, and 9% of
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Table 6
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Summary statistics for summer 2018 neonicotinoids in untreated and treated water samples (n = 45).

Neonicotinoid Number of Detections Detection Frequency Mean of Detections (ng/L) Median of Detections (ng/L) Min (ng/L) Max (ng/L) MDL
Treated samples

Clothianidin 16 36% 0.3 < < 4.2 0.05
Imidacloprid 4 9% 0.1 < < 0.6 0.09
Thiamethoxam 4 9% 0.3 < < 12.5 0.03
Untreated samples

Clothianidin 17 38% 0.4 < < 4.4

Imidacloprid 5 11% 0.4 < < 11.8

Thiamethoxam 4 9% 1.2 < < 48.4

ND = not detected. < = Less than MDL.

untreated samples; compared to 36%, 9%, and 9% of treated samples,
respectively (Table 6). These differences in paired samples ranged from
0.03 to 0.6 ng/L. These differences could be due instrument variability
or may also be the result of mixing of water from several wells prior to
treatment. Changes in concentrations, between pre- and post-treatment,
could be associated with additional contamination or dilution by these
other sources. Information on the specific treatment process used by
each water supply system were not collected. A comparison of specific
treatment processes was not evaluated during this study. Further
research is needed to better understand the efficacy of different types of
treatment processes in removing neonicotinoids.

4. Conclusions

In this assessment of public water supply wells, neonicotinoid
contamination was detected in 77% of alluvial aquifers. Clothianidin
was the most frequently detected neonicotinoid (34%, max: 13.4 ng/L),
followed by thiamethoxam (14.4%, max: 20.6 ng/L), imidacloprid
(13%, max: 2.3 ng/L), and dinotefuran (0.1%, max: 1.4 ng/L). Occur-
rence of the insecticides was significantly different among major aquifer
types with at least one neonicotinoid detected in 77% of Alluvium, 32%
of the Silurian-Devonian, 20% of the Mississippian, 18% of the Buried
Sand and Gravel, 9% of the Cambrian-Ordovician and 0% of Cretaceous
Dakota aquifer systems. Neonicotinoids were associated with row
cropland use (UOR = 3.8; 95% CI (1.6-9.0), p = 0.003), confining layer
thickness less than 15 m (UOR = 14.0; 95% CI (4.8-38.4), p=<0.0001),
and well depths less than 19.4 m (UOR = 20.0; 95% CI (6.5-58.0),
p=<0.0001). In addition, median neonicotinoid concentrations did not
vary by season or treatment, suggesting the potential for long-term
contamination in vulnerable aquifers and chronic exposure risk. The
odds of detecting two or more neonicotinoids in a high vulnerability
well sample were 3.2 times (UOR = 3.2; 95% CI (1.2-8.8), p = 0.02)
higher during the winter compared to summer. These results suggest
that neonicotinoid contamination may be present year-round in treated
drinking water from vulnerable groundwater sources and may represent
a source of human exposure. Further research should be conducted to
measure actual exposure from vulnerable aquifers to better quantity the
risk from neonicotinoid exposure via drinking water.
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