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ARTICLE INFO ABSTRACT

Keywords: Conservation areas established in agricultural fields can provide habitat for native organisms, but they also have
Prairie strips the potential to accumulate and expose organisms to insecticides. Prairie strips are zones of cropland that have
Neonicotinoids been converted to native prairie vegetation. Prairie strips increase biodiversity and reduce nutrient runoff, but
ll;z;tilrcl:i;tsransport they may also accumulate insecticides that endanger visiting organisms or facilitate the movement of insecticides

across the landscape. In a study of paired catchments with ongoing neonicotinoid inputs, we measured the
impact of prairie strips (10 % of cropland) on the accumulation and movement of the neonicotinoid insecticide
clothianidin (CLO) into surface soil, deep soil, plant tissue, and groundwater across multiple slope positions
during three phases of a maize growing season. While CLO accumulates in maize leaf tissue midseason following
neonicotinoid application, we did not find evidence that prairie plant species in prairie strips accumulate CLO at
concentrations lethal to pollinator insects. We also found that downslope soils contained the highest CLO con-
centrations in both catchments, showing that prairie strips did not eliminate downslope insecticide runoff. Our
study adds to the existing literature examining prairie strip effects on downslope agrochemical transport,
showing that when prairie strips are planted in cropland with ongoing neonicotinoid inputs, they can provide
safe, low-insecticide habitat for visiting organisms amidst their other services, but may not reduce offsite
insecticide runoff.

1. Introduction

Conservation areas in agricultural fields may provide valuable
habitat for native wildlife, but they run the risk of exposing native
wildlife to harmful insecticides associated with adjacent cropland (Bass
et al., 2015, Gibbons et al., 2015, Morrissey et al., 2015, Mogren and
Lundgren, 2016, Forister et al., 2016, Wood and Goulson 2017, Wagner
et al., 2021). Neonicotinoid insecticides are broad-spectrum insecticides
applied as an aerial spray or as an ingredient on coated seeds. They
impair the growth, reproduction, foraging, and navigation of both pest
insects and non-target native insects (Lundin et al., 2015, Wood and
Goulson 2017, Crall et al., 2018, Goulson 2013). The majority of applied
neonicotinoid compounds are not taken up by crop plants (Sur and

Stork, 2003), but are mobilized into non-target “compartments” of the
landscape, including air (Nuyttens et al., 2013), water (Smalling et al.,
2018, Schaafsma et al., 2015), crop leaf tissue and nectar (Hall et al.,
2022, Mogren and Lundgren, 2016), deep soil horizons (Radolinski
et al., 2019), groundwater (Hladik et al., 2014, Thompson et al., 2021),
and adjacent habitat areas (Hladik et al., 2018, Gibbons et al., 2015,
Morrissey et al., 2015). The high mobility of neonicotinoids makes them
particularly likely to accumulate in or be transported through farmland
conservation features (Gibbons et al., 2015; Morrissey et al., 2015;
Mogren and Lundgren, 2016; Wood and Goulson, 2017).

Prairie strips are perennial conservation areas that are established on
farms to reduce soil movement and nutrient runoff from farmland, and
to provide habitat for a suite of native insects and pollinators without
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disproportionately reducing crop yields (Schulte et al., 2017,
Hernandez-Santana et al., 2013, Pérez-Suarez et al., 2014,
Gutierrez-Lopez et al., 2014, Kemmerling et al., 2022, Kemmerling et al.,
2023, Dolezal et al., 2019). The conservation benefits of prairie strips
may be undermined if they accumulate insecticides in plant tissue and
soils or facilitate the transport of neonicotinoids within the landscape.
Prairie strips, which comprise 10 % of a row crop catchment in strips
>30 feet wide, have been shown to reduce downslope runoff of sedi-
ment, nitrogen, and phosphorus (Zhou et al., 2014), and may inhibit
neonicotinoid transport through similar mechanisms. For example,
prairie strips may increase neonicotinoids in deep soil and groundwater
layers via infiltration and leaching, as their dense perennial root systems
change soil structure and can create channels for preferential flow
(Smalling et al., 2018, Radolinski et al., 2019, Henning et al., 2024).
Prairie strips may also increase plant neonicotinoid uptake due to the
density of perennial roots (Hall et al., 2022, Mogren and Lundgren,
2016). At a site formerly planted with neonicotinoid-treated seeds,
Hladik et al. (2017) report that converting 10 % of a row crop catchment
to prairie strips reduced neonicotinoid runoff to downslope soils, but
prairie strip effects have not yet been measured in cropping systems with
ongoing neonicotinoid inputs where insecticide runoff is likely to be
greatest. Soil biochemical changes that accompany conversion to
perennial vegetation may promote or inhibit accumulation of neon-
icotinoids (Pietrzak et al., 2020). Compared to cropland soils, prairie
strip soils have higher soil organic carbon (SOC) that can protect
neonicotinoids from degradation (Smith et al., 2014, Zhang et al., 2018,
Satowski et al., 2018, Morrison et al., 2022), but at the same time, higher
dissolved organic carbon, higher soil moisture, and lower oxygen
availability may also enhance neonicotinoid degradation (via denitrifi-
cation and dehalogenation pathways; Igbal et al., 2015, Smith et al.,
2014, Mitchell et al., 2015, Parte and Kharat, 2019).

Here we seek to determine how prairie strips affect the transport of
the most widely used neonicotinoid insecticide in U.S. maize cropping
systems, clothianidin (CLO, Simon-Delso et al., 2015). We measured
CLO residues in surface soil, deep soil, plant tissue, and groundwater at
multiple times of year and at multiple slope positions during a single
maize growing season in two agricultural catchments: one with prairie
strips and one without. We hypothesized that prairie strips planted in
cropping systems with ongoing neonicotinoid inputs promote neon-
icotinoid transport into deep soil, plant tissue, and groundwater com-
partments via leaching and plant uptake (Hall et al., 2022, Radolinski
et al., 2019). Thus, we predict overall greater CLO levels in plant leaf
tissue, deep soil, and groundwater in prairie strips, and that greater
plant accumulation and leaching in prairie strips will result in reduced
soil CLO runoff downslope in the prairie strip catchment (Hladik et al.,
2017).

2. Methods
2.1. Site description

We collected surface soil, deep soil, plant tissue, and groundwater
samples from a farm in Story County, lowa that is part of the lowa State
University Science-based Trials of Rowcrops Integrated with Prairie
Strips  project (STRIPS; https://www.nrem.iastate.edu/research
/STRIPS/). The 12-hectare field area is managed with a maize-
soybean (MSMMSM) rotation, grass waterways, and 15-30 % crop res-
idue retention, a management regime typical of the region (USDA 2023;
Table S1). The site is divided into two catchments: one catchment with
10 % prairie strip cover (78 % Zea maize + 10 % prairie strips + 12 %
grass waterway) and one catchment with no prairie strips (88 % maize +
12 % grass waterway, Figure S1, Table S1). Five prairie strips were
planted perpendicular to the prairie strip catchment slope in 2015, sown
with a mix of 33 forbs and 8 grasses (Hall et al., 2022; English, 2020;
Table S2). Prior to 2015, prairie strip areas were managed identically to
the surrounding cropland, including the consistent wuse of
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neonicotinoid-treated maize and soybean seed for at least 5 years. We
sampled in 2021, a maize year in which catchments were planted with
Hoegemeyer 8009AM hybrid maize seed treated with a LumiGEN
portfolio, including approximately 0.25 mg clothianidin (CLO) neon-
icotinoid per kernel (DeVries and Wright, 2021).

2.1.1. Surface soil and deep soil collection

Surface soil (0-10 cm) and deep soil (90-100 cm) samples were
collected on three days during the 2021 growing season to quantify soil
CLO residues one week pre-planting (April 21), five weeks post-planting
(June 1), and eleven weeks post-planting (July 16). Soils were collected
from six sampling locations within each catchment, arranged from
summit to footslope, and were collected from both crop and prairie areas
within the prairie strip catchment (Figure S1). We selected sampling
locations that represented the path of maximum soil movement within
the catchments following rain events (Stephenson et al., 2024). Deep
soils were collected to 100 cm depth using a hydraulic sampling probe
(Giddings #25-TS Model HDGSRTS). To avoid damaging crop and
prairie vegetation, deep soil samples were collected at the edge of the
grass waterway, slightly offset from surface soil sampling locations
(Figure S1). Soils were stored in Whirlpak bags at 4°C immediately
following collection, and within 48 hours, sieved to 2 mm to homoge-
nize soil and remove gravel and litter fragments, and then stored at
—20°C.

2.1.2. Plant tissue collection

Leaf tissue was collected from maize in rowcrop areas of both
catchments and from black-eyed susan (Rudbeckia hirta) and common
milkweed (Ascleipas syriaca) in prairie strips on June 1 and July 16.
Black-eyed susan and milkweed were selected to represent short-term
and long-term bloom durations, respectively, as neonicotinoid uptake
rate varies with plant phenology (Mogren and Lundgren, 2016). Milk-
weed was also selected because monarch butterflies (Danaus plexippus),
a pollinator species of conservation concern, feed directly on milkweed
leaf tissue during their larval stage. We sampled one individual of each
plant species nearest to its corresponding surface soil sample
(Figure S1). At each rowcrop sampling location, one maize leaf was
collected from the plant at the midpoint of the plant’s stem. At each
prairie strip sampling location, we collected one leaf from one
black-eyed susan basal rosette and one leaf from the midpoint of one
milkweed stem. All leaf tissue samples were stored in Whirlpak bags at
4°C immediately following collection, then at —20°C within 48 hours of
sample collection.

2.1.3. Groundwater collection

Groundwater samples were collected on two sampling dates, April 21
and June 2, 2021. Wells were installed at the foot slope of each catch-
ment, constructed using 50 mm i.d. polyvinyl chloride tubes with 0.6-m
well screens and a depth of 4.5 m. Groundwater wells were purged prior
to sample collection. On each sampling date, one groundwater sample
was collected from each catchment by connecting 6.35 mm diameter
new nylon tubing to a new 2 L amber HDPE filter flask and inserting the
tube into the well. Using a hand pump, suction was applied to the flask,
and the sample was transferred to the HDPE bottle and stored at 4°C
immediately following collection. There was not sufficient surface water
runoff for sample collection during the 2021 growing season. Rainfall
during the study period averaged 2.48 mm per day, significantly lower
than the 30-year average rainfall of 3.99 mm per day during the same
period (Iowa Environmental Mesonet, ISU 2024).

2.1.4. Soil physiochemical analysis

Surface soil samples collected in April 2021 were submitted to the
Michigan State University Soil and Plant Nutrient Lab (East Lansing, MI,
USA, http://www.spnl.msu.edu/) for analysis of physical and chemical
properties known to influence neonicotinoid transport and degradation:
pH, cation exchange capacity (CEC), and % clay (Ousely, 2017; Zhang
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et al., 2018).
2.2. Neonicotinoid analysis
CLO concentrations were quantified in all field-collected surface soil,

deep soil, plant tissue, and groundwater samples using previously pub-
lished extraction and LC-MS/MS analysis methods (Hall et al., 2020,
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20 ng/g for soil, 0.5 ng/g to 20 ng/g for plant tissue, and 0.5 ng/g to
50 ng/g for groundwater. Calibration curves and quality control repli-
cates were prepared using neonicotinoid-free soil, milkweed leaf tissue,
and water. No compounds were detected in matrix blanks. For calibra-
tion standards, the measured limit of quantification (LOQ) was < 20 %
RSD of the nominal concentration, and the measured concentration of
the remainder of the calibrants was < 15 % of the nominal

Hall et al., 2022) performed by the Iowa State University Veterinary concentration.
Diagnostic Lab (Ames, IA, USA, https://vetmed.iastate.edu/vdl). CLO
was quantified using a method detection limit ranging from 1 ng/g to
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Fig. 1. Clothianidin (CLO) concentrations in surface soils (0-10 cm), deep soils (90-100 cm) and plant leaf tissue (prairie forbs and maize) at each slope position.

Line color represents catchment, and vertical pink lines represent prairie strip I
(p< 0.05, *) and not significant (p> 0.05, NS) differences between treatment

ocations within the prairie strip catchment only. ANOVA results represent significant
groups. CLO was last applied to cropland on April 25, 2021.
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2.3. Data analysis

All data were then analyzed with linear models using CLO (ppb) as a
response variable. Linear models were checked for normal residuals and
homogeneous variance using the Shapiro-Wilks normality test (Zuur
et al., 2009). We tested the effects of catchment (maize cropping system
with and without 10 % prairie strips), slope position (six positions from
summit to footslope), sampling date (April 21, June 1, and July 16), and
their interactions on CLO in each landscape compartment using a
two-factor analysis of variance (ANOVA) in R (version 4.2.3; R Core
Team, 2022). We performed a separate ANOVA within each sampling
date (April, June, July) to determine the effects of prairie strips and
slope position on CLO within each phase of the growing season. We also
performed a separate two-way ANOVA on samples from the prairie strip
catchment to determine the effect of vegetation (maize vs. prairie), slope
position, sampling date, and their interactions on CLO in each landscape
compartment. Finally, to determine the effects of soil physiochemical
properties (pH, CEC, % clay) on surface soil CLO, we performed a
two-way ANOVA performed an additional two-factor ANOVA to eval-
uate the effects of prairie strips and slope position on significant soil
physiochemical predictors of CLO.

3. Results and discussion

We hypothesized that in cropping systems with ongoing neon-
icotinoid inputs, prairie strips accumulate CLO from adjacent cropland
via increased preferential flow into deep soils (Jgrgensen et al., 2002,
Alaoui, 2015, Radolinski et al., 2018) and increased CLO uptake into
plant tissue (Ferchaud and Mary, 2016); however, we found no evidence
for either of these accumulation mechanisms (Fig. 1). CLO was detected
in all maize leaf tissue samples across both catchments, but only in two
prairie forb leaf tissue samples (two black-eyed susan plants), and
average CLO concentrations were 10-fold greater in maize tissue
(average 24.33 ppb) than in prairie forbs (average 0.22 ppb, Fig. 1,
Table S5). As is typical for neonicotinoid-treated seedlings, plant tissue
CLO decreased from June to July as translocated CLO was diluted into
growing plant biomass (Balfour et al., 2016, Fig. 1). CLO concentrations
in prairie strip forbs were well below acute lethal doses for pollinator
species studied to date (Wood and Goulson 2017, Krishnan et al., 2021),
consistent with findings from a recent plant tissue neonicotinoids survey
across prairie strip sites by Hall et al. (2022). While these findings
suggest that prairie strips do not accumulate and expose pollinators to
acutely toxic levels of neonicotinoids, neonicotinoid exposure has only
been studied for a limited number of species (EFSA 2012). Repeated
exposure of insects to low-level neonicotinoids in prairie strips may
produce more subtle, long-term effects on individual and population
health (Feltham et al., 2014, Sandrock et al., 2014, Spurgeon et al.,
2016).

Within the prairie strip catchment, prairie strip areas contained
lower soil and plant CLO compared to adjacent maize areas (surface soil
p = 0.011, deep soil p = 0.072, plant tissue p < 0.001, Table S3). Low

Table 1
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CLO in prairie strip surface soils may be due simply to lower CLO inputs,
as neonicotinoid insecticides are not applied in prairie strip areas.
However, because prairie strip soils do receive CLO inputs from upslope
cropland areas (Table 1; Fig. 1), lower CLO in prairie strips could be
explained by physiochemical soil properties like higher soil pH (average
5.73 prairie strip soil pH, average 5.48 cropland soil pH, p = 0.051,
Table S4), which controls neonicotinoid sorption and degradation
(Ousley et al., 2017, Zhang et al., 2018, Parte and Kharat, 2019), but
future work that experimentally manipulates chemistry of
field-collected soils would better elucidate controls on neonicotinoid
residence time under different land management regimes. Low CLO
concentrations in prairie strip soils, plants, and groundwater may also be
a function of low precipitation at the site (Figure S2) and/or the pres-
ence of grass waterways in the center of each catchment (Figure S1).
April 2021 was the 3rd most severe April drought recorded in Story
County, Iowa since 1895 (NOAA 2024), and drought conditions
remained in the county through August. In a wetter year with more
frequent rain events, we might expect that prairie strips would receive
more neonicotinoid transport from upslope crop soils and show higher
CLO concentrations in all compartments (Radolinski et al., 2019). Grass
waterways at our study site may have also directed what little rainfall
did occur into surface flow downslope rather than vertical flow into deep
soil horizons, and because our deep soil sampling locations were posi-
tioned nearer to each grass waterway to mitigate crop damage, we may
have captured deep soils with relatively more surface flow and less
infiltration.

We also expected that increased neonicotinoid leaching and plant
uptake in prairie strips would result in reduced neonicotinoid runoff in
the prairie strip catchment; however, at this site, prairie strips did not
reduce neonicotinoid runoff through these mechanisms. Footslope sur-
face soils contained the highest CLO levels in both catchments (41.10
ppb in no prairie strip catchment in June, 20.3 ppb in prairie strip
catchment in July, Fig. 1, Table 1). These findings contrast those of
Hladik et al., (2017), who reported nondetectable neonicotinoids in
footslope soils of 10 % prairie strip catchments where neonicotinoid
application had ceased 2-3 years prior. This suggests that when 10 %
prairie strips are integrated into catchments with active neonicotinoid
use, they do not remove all CLO via intermittent filtration along the
catchment slope. Again, however, the downslope runoff we observed
may be due to the downslope mobilization of neonicotinoids in grass
waterways.

Our study finds that when neonicotinoid inputs are ongoing, and
when prairie strips are planted in tandem with grass waterways, prairie
strips may not be a sufficient management strategy to reduce insecticide
runoff. Yet, even under continual neonicotinoid inputs in surrounding
cropland, prairie strips accumulate little to no neonicotinoids in their
plant tissue, indicating that prairie strips can provide habitat without
exposing visiting native organisms to acute harm. To conclusively
determine which conditions may make prairie strip plantings either safe
havens, neutral vegetation, ecological sinks, or even ecological traps, we
recommend continued measurements of neonicotinoids in cropland-

Results from ANOVA evaluating predictors of clothianidin (CLO) in surface soil (0-10 cm), deep soil (90-100 cm), all plant leaf tissue (both maize and prairie forbs),
and maize leaf tissue only (excluding prairie strip forbs). Groundwater data are omitted as CLO was below detection limit in all groundwater samples. Bold values
indicate significance at p < 0.05. Underlined values indicate significance at p < 0.1. R? values represent percent variation in CLO explained by each model.

Surface soil (0-10 cm) Deep soil (90-100 cm)

Plant leaf tissue (maize & prairie) Maize leaf tissue

R* = 0.503 R* = 0.086 R® = 0.534 R* = 0.698
Factor Sums of Sq. FValue PValue SumsofSq. FValue PValue SumsofSq. FValue PValue SumsofSq. FValue P Value
Catchment 575.60 14.0987 0.0012 0.0685 0.2331 0.6344 2239.9 10.0168 0.006 28.0 0.1005 0.7605
Slope position 1165.54 5.7098  0.0019 2.7152 1.8491 0.1489 1263.4 1.1300  0.3843 864.2 0.6201  0.6904
Month 180.06 2.2052  0.1363 1.2490 2.1264 0.1454 4788.5 21.4137  0.0003 7943.9 28.5004  0.001
Catchment* 332.44 1.6285 0.1983 2.9649 2.0192 0.1195 2272.4 2.0324 0.1284 5.3 0.0191 0.8939
Slope position
Catchment* 217.83 2.6678  0.0939 0.1311 0.2232 0.8019 1534.2 6.8609  0.0186 648.6 1.1635  0.3662
Month
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adjacent prairie plantings, and exposure studies with field-
representative neonicotinoid levels. Future studies might also measure
neonicotinoids in soil, plant, and water immediately following a rain
event to determine if prairie strips and grass waterways facilitate
downslope neonicotinoid transport at a finer temporal scale than we
captured in our study.
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