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Abstract

Neonicotinoid insecticides provide crop protectiaa water solubility and systemicity,
yet these chemical characteristics, combined wgh toxicity to non-target invertebrates (e.g.,
honeybees), elicit concern of environmental transpgeonicotinoids have been detected in soil
and surface water throughout North America; howeverinvestigation has defined a direct
connection to planted seed dressings. We quantiieghysical transport of thiamethoxam
(TMX), a neonicotinoid, under field conditions. Wkanted TMX-coated corn seeds and
maintained plots with and without viable crops=(3 plots per treatment) to determine plant
influence on pesticide transport. TMX concentragiorere measured in soil and drainage
throughout the growing season. Storm-generatedfrwas the dominant transport mechanism
(maximum TMX concentration 1.72 + 0.6Q§ L™ no viable plants), followed by shallow (<72
cm) lateral drainage (0.570 + 0.1 L™"; no viable plants), and deep (110 cm) drainage7(D.
+ 0.265ug L™*; viable plants). Soil samples confirmed vertiaad dateral movement within 23
and 36 days of planting, respectively. Plants itatdd downward migration of TMX in soil but
restricted TMX drainage. Altogether, these studults revealed that neonicotinoids can be
transported from seed coatings both above andghrthe soil profile, which may enable

migration into surrounding ecosystems.
Keywords

Insecticide, preferential flow, evapotranspiratiseed-coated neonicotinoid

Graphical Abstract
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Note: The sizes of flux arrows reflect relative diffeces in drainage losses of TMX as detailed

in the manuscript.
1. Introduction

Neonicotinoids have become the most extensivedyd atass of insecticide worldwide as
a result of a few novel chemical characteristid®ede compounds exhibit low toxicity to
mammals, have a high selectivity for the invertebrate riitistacetylcholine receptor
(NAChR)? and are water soluble (0.19-840 ¢)[* * making them a top choice for systemic crop
protection. Seed companies have resorted to cotengeeds of 140+ crops worldwide under
the assumption that these compounds will be meesikign up into the plant tissue and arm the
crop throughout the growing seasbas opposed to conventional broadcast or folialieatipns
that present a higher risk of direct environmeaiadosure. Nevertheless, highAChR

selectivity makes neonicotinoids lethal in sub-dprels to non-target organisms such as
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honeybee®® and aquatic invertebrat&leonicotinoids have also been linked to increased
mortality of insectivorous bird¥. Additionally, their water solubility and low affity for the soil
matrix® ** elicit concern of transport to aquatic environnseeed coatings now account for
more than 60% of global neonicotinoid applicattdhpwever, research has shown that a
maximum of 20% of the applied dose is recoveraulant tissu&® with the remainder left in the

soil environment.

Previous laboratory and greenhouse studies haygestayl that plant growth and
development may influence neonicotinoid mobilitythie soil. For example, as soil water content
decreases during the growing season, coea (nay4..) can apply suction forces of over 9.5
barst* which may limit solute mobilization. Thus, planethated evapotranspiration may retard
downward migration of neonicotinoids, resultingmore evapo-concentration of the compounds
near the root zon®.Researchers have also noted that neonicotinoiister highly soluble
pesticides develop a stronger affinity for the sedtrix with time, such that the sorption
coefficientKq increases. This process may reflect rate-limitegtation into more protected
sorption sites such as intra-aggregate micropthesgby limiting transport and increasing
retention time-®*° Still, non-equilibrium flow conditions resultingdm high rainfall events may
also drive downward advection or bulk flow of nemtinoids and other solutes through newly

formed root channefs: %°

As a possible result of these advective pathwagstiree most abundant neonicotinoids,
imidicloprid (IMD), thiamethoxam (TMX), and clothigdin (CLO), are now detected in s6tl,
surface water bodi€d;>* groundwatef* and drinking watef® Starner and Goff detected IMD
in 67 of 75 (89%) surface water samples colleatesbuthern California, 14 of which exceeded

the US Environmental Protection Agency’s (EPA) ciicanvertebrate aquatic life benchmark of
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1.05 pg L*. Other studies in Ontario, Canadand lowa, USA? detected neonicotinoid
contamination in 100% of surface water bodies|yikelated to the soybean and corn production
of those regions. Both analyses showed that sgriogymelt® and large rainfall everftsearly in

the growing season increased pesticide concentratisurface waters, with neonicotinoid-
treated seeds identified as the most likely solMeanicotinoid transport has been proven via
dust drift associated with seed coatings and pigreuipment? 3 although this contamination
was exclusive to the time of plantifigind did not account for the majority of pesticide

introduced into soil with planted seeds.

Laboratory and greenhouse studies have identitibdigface leaching as a potential
mechanism for neonicotinoid movement from seedigst For instance, a recent laboratory
experiment concluded that 24 h of inundation mayedup to 95% of seed-applied neonicotinoid
mass into solutiolf, while a different greenhouse study determinetigbad-coated
neonicotinoids could mobilize in soil under envinmentally relevant condition's.Still, transport
in the field remains less certain. Three recentiylighed field-scale experiments examined
neonicotinoid transport from seed co&t&’ yet those studies did not quantify pesticide
concentrations relative to background residuewiin thus failing to isolate any direct effects
from seed coatings. The studies also lacked seffidiydrological data to identify and model
soil and environmental controls on neonicotinoahfiport. Thus, there exists a critical need to

identify the mechanisms by which seed-coating pekas mobilize through agricultural fields.

The purpose of this study was to quantify thedpamt of the common neonicotinoid
thiamethoxam from commercially available TMX-coatemn seeds in a field setting and to
identify the influence of viable plants throughdtl# growing season. We hypothesized that: i)

TMX would become transported via multiple pathwagsluding surface runoff, shallow lateral
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drainage, and leaching below the corn root zohegiitical and lateral transport of TMX would
be detected in soil; and iii) higher concentratioh§ MX would be detected in deep drainage for
plots containing viable plants (compared to plaistmlled for plant growth) due to preferential,
vertical transport along newly formed root channBlg assessing neonicotinoid transport from
planted seed coatings in the field, this study aonsrovide the first direct connection between

this widespread pesticide application method andmg@l environmental contamination.
2. Materialsand M ethods

2.1. Site Description and Soil Char acterization

The field experiment was conducted at the Virgifggh Urban Horticulture Center in
Montgomery County, Virginia, on a 5% southeastriga@lope. The soil was a Groseclose loam
series Typic Hapludulf. The site had been in pasture for 10 years poitine experiment, so the
ground was tilled to a depth of 30 cm in spring anchmer of 2015. The soil contained no
background TMX, as determined using an LC-MS/MSya®a (additional details on TMX

analysis in soil, plant and water samples are pteddan the Supporting Information).

Intact cores (5 x 5 cm) were taken from three ldepépresenting distinct soil horizons:
Ap (0-5 cm), B(25-30 cm), and C (105-110 cm). Cores were uselgtermine soil bulk density
[M L3, porosity [L® L], saturated hydraulic conductiviti<{) [L T™], and water retentiom(=
6 cores per horizonKswas measured using the falling head method withvi& IKKSAT
Benchtop Saturated Hydraulic Conductivity Instrutn@MS Inc., Munich, Germany).
Unconsolidated soil samples were collecteet 6 per horizon), air dried, sieved to 2 mm, and
analyzed for cation exchange capacity (CEC), ptd) mrganic carbon (TOC), and texture. CEC

was measured colorimetrically via ammonium acedaifeH 7 using a Lachat Quickchem 8500
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autoanalyzer (Lachat, Loveland, USA), soil pH wasasured in a 1:1 slurry (soil: Caf;ITOC
was quantified by dry combustion using a Vario MEXIS macro elemental analyzer
(Elementar, Hanau, Germany), and textural analyaisconducted via the pipet meth8&oil

physiochemical and hydraulic properties are showhable 1.
2.2. Field Plot Preparation and Experimental Design

Six runoff plots (300 cm x 350 cm) were constrdaising sheet metal (30 cm tall,
installed to approximately 15 cm depth) as bord@iontain overland flow (sdégure S1). On
the downslope side of each plot, a trench was eted(10 cm wide x 300 cm long x 72 cm
deep), lined with 10 cm ID perforated PVC pipe, élted with coarse gravel to collect shallow
lateral flow. A second PVC trough (13 cm wide x 30 long x 10 cm deep) was installed on
the surface to collect surface runoff. Runoff ahdl®w lateral flow drainage were piped to
separate, unlined 200 L steel barrels that wetedfivith pressure transducers (HOBO U-20 L
level logger; Onset, Bourne, USA) to determine mige volume. Two suction lysimeters (1 bar,
ceramic cups) were installed at random locatiorikimieach plot to a depth of 110 cm to collect
TMX in gravity-driven deep drainage below the raohe. Tensiometers (Spectrum
Technologies, Aurora, USA) and soil water contanbps (Decagon Devices 5TM, Pullman,
WA) were installed at random locations within egbbt (30 cm and 110 cm depths; 1 of each
probe per depth per plot) to measure soil matrtemteal [M L™ T] and soil water content fL
L"¥]. A flow-through rain gauge (Spectrum Technologi&srora, USA) was used to record
rainfall [L]. All loggers recorded at 15 min intexig. Daily potential evapotranspiration ET

[L]) was determined using the FAO Edalculator®
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Prior to planting, agronomic rates of lime andifiegr were applied. Cruiser Extreme®
1250 corn seeds (Syngenta; Greensboro, USA) weredsto a depth of 4 cm within each plot
as six 50 cm wide rows at a spacing of 33 cm, apprating a planting rate of 59,000 plants ha
! as recommended for the state of Virgitfid! Though 80 cm row spacing is sometimes
recommended for increased corn yield, the 50 cnthwétosen in this study has been shown to
reduce vyield by as little as 3%while better accommodating our 300 x 350 cm plB&ch seed
carried 1.21 £ 0.04 mg of TMX in its seed coatifrgifi n = 4 tested seeds) based on LC-
MS/MS analysis. To understand the role of viab&ntd on the transport process, half of the
plots were controlled for growth by snipping thamlupon emergence (“no viable plant”
treatmentn = 3), while the remaining plots sustained vialdenglants (“viable plant”
treatmentn = 3) throughout the 124-day growing season (JUhe ®ctober %, 2016). The
experiment followed a complete randomized desigh wme factor (plant presence) and two
treatment levels (viable and no viable plants), mhg treatments were assigned randomly to

each of the 6 plots.
2.3. Water Sampling

Drainage water samples from the three measurelogic compartments (runoff,
shallow lateral flow, and deep drainage) were ctdlé following nine rain events throughout the
growing season (séeable S1). Runoff and shallow lateral drainage samples wetreved from
storage barrels and deep drainage was extractedlysimeters by applying 60 kPa of suction
for 10 minutes. It should be noted that the firahfall event produced drainage volumes that
exceeded the capacity of our storage barrels () lfherefore, the final drainage volumes were
estimated as the steady state water level atrtteedf sampling. Following retrieval from the

field, all drainage samples were analyzed for TMsihg method described in the Supplemental
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Information with limit of quantitationl{(OQ), limit of detection(LOD), and recoveries of 0.01 pg
kg®, 0.005 pg kg, and 104.2 + 5.3%, respectively. Additionally,aesimple means of
representing the effect of viable plants on TMXhgort via drainage, we calculated a simple

response ratio (frRas:

_ [TMXplant] (1)

r =
[TMXno plant]

where TMXpiantand TMXno plant represent concentrations of TMX in shallow lateha@inage
for plots containing viable and no viable planespectively. We present these data as the natural
logarithm of R (InR;) such that more negative values of ltBrrespond to more plant restriction

of TMX transport.
2.4. Soil and Plant Sampling

TMX distribution in soil was measured at four cgnowth stages (V3, V5, VT,
and R6, corresponding to 23, 36, 66, and 124 dagpgectively). Soil sampling periods were
chosen to assess subsurface mobility of TMX dusiady (V3), middle (V5), and peak (VT)
vegetative growth stages and one final point forspdlogical maturity (i.e., R6, which
represents the end of the corn growing seaSoki) each of these four times, replicated 2 cm
diameter by 5 cm tall soil samples were collectedhfthe A (0-5 cm) and B(25-30 cm)
horizons, with samples collected within the coredsplanting row (£ 2 cm from row center) and
in between corn rows (25 cm from planting rows; Begir e S2 for a spatial description of soil
sampling). Three samples were composited togetiberli sample per location (in-row versus
between row) within each plot, which was then anadyfor TMX using th.5. Statistical

Analysis



185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

10

One-way ANOVAs were used to compare per-event Tcentrations [M ] and
final cumulative TMX mass [M], and drainage volunied between “with viable plants” vs “no
viable plants” treatments for each hydrologic cortipant (surface runoff, , shallow lateral
drainage< 72 cm, deep drainage at 110 cm). For soil conatans [M M?], data were
subjected to two-way ANOVAs per combination of lboa (next to plant vs between rows) and
horizon (A,,0-5 cm vs B 25-30 cm) using plant influence and corn stage, %5, VT and R6)
as factors. All data were rank transformed andyaeal for normality and homogeneity of
variances using Fligner’s test. Factorial ANOVAuks were subjected to multiple comparisons

via Tukey HSD. R version 3.2.2 was used to condlictatistical analyses with= 0.05.
3. Resultsand Discussion

Because our previous greenhouse investigdfiolisnd the current study have shown that TMX
uptake into corn plants represented a minor fraaticthe applied seed dose (< 0.1%), the
distribution of TMX in the drainage and soil is toeus of the current report. Thiamethoxam
was detected in all three drainage compartmenttairunoff, shallow lateral drainager2
cm, and deep drainage at 110 cm) as early as Hat@y planting and throughout the corn
growing seasorHjgure 1). Though concentrations of TMX detected in dragggnerally
reflected each compartment’s proximity to the semace (runoff > shallow lateral drainage >
deep drainagetigure 1), TMX was transported in similar concentrationa shallow lateral
drainage (no viable plants, 0.020 + 0.0264 [{gRigure 1b) and deep drainage (no viable
plants, 0.022 + 0.017 pg't.Figure 1c) following the first rain event. The total percaritseed-
coated TMX quantified in drainage for viable pla@27 + 0.02 %7 able S1) are comparable
to estimates of total neonicotinoid losses todii&ns in sugar beet fields (same order of

magnitude as IMD}® TMX concentrations in surface runoff and shallatetal drainage from
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viable plant plots reached seasonal peaks by theoWbstage (~4 weeks), whereas plots with no
viable plants showed more delayed and higher peagentrations. Plants also affected late-
summer concentrations in deep drainage, when TMXawdy detected in the no-viable plant

plots.

The cumulative mass transported via runoff andiewdhteral flow generally increased
in response to storm-generated drain&gguf e 2), though drainage losses were more reduced
following peak concentrations and less apparenpliais containing viable plants. Altogether,
early detection of TMX in runoff, shallow lateralaghage, and analogous vertical migration to a
depth of 110 cm indicate that the compound hagla potential for advective transport. Further,
TMX detection through 113 days of plant growth segjghat transport is possible throughout

the growing season, even as the mass of TMX aVaifabtransport decreases.

TMX mobility was also confirmed within the soil gile throughout the study period. For
example, we detected vertical movement to theoB horizon by the V3 corn stage (i.e., Day 23;
Figures 3b and3d) and lateral migration between corn rows by thestége (i.e., Day 36;
Figures 3c and3d). The presence of TMX in soil was therefore degenndn elapsed time (two-
way factorial ANOVA comparing concentrations at &3d V5;p < 0.05), with a general trend
of decreasing concentration through time for samfa&en next to the plant (£ 2 cm). In
contrast, samples taken 25 cm from plants betwaews showed TMX pulses at the V5 and VT

corn stages.

The soil water content) and matric potential¥) data revealed that living plant roots
reduced soil water content via uptake (Figure B8&jticularly at the 110 cm depthiQure 4b

andc). Here, the 110 cm water content sensors in thigleiplant plots showed diurnal
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fluctuations (i.e. highef values at night; lower values during the day vadak ET) beginning

at the end of July, an indication that plant ratthat depth were actively transpiring water
during that period. Plant response ratios {JnRRshallow lateral drainage were lowest during th
same time periodH{gur e 4a) suggesting plant alteration of the flow field whave limited the

dose of TMX leaving the plots.

TMX transport was dominated by surface and subseanfanoff processes throughout the
growing seasorHgure 1 andFigure 2; Table S1), which likely resulted from rapid mixing of
seed coatings via newly formed macropores (fronh gomwth and corn emergence) and the
erosion of TMX-bound colloids. Maximum TMX concegions in surface runoff were detected
early in the growing season when cumulative massel® and EjJwere low. The period of
highest rainfall intensity (16 cni'tin early July 2016Figure 1a andTable S2) resulted in
lower TMX concentrations in surface runoff comparedess intense rainfall events before and
after (both with rainfall intensities 1 cm h'). Low rainfall intensity may have produced higher
doses of TMX in surface runoff due to longer waesidence time and greater mixing near the
seed coating, whereas high intensity rain likelytéd the signal. Thus, we detected the highest
concentrations of TMX in 0-5 cm soil (up to 241 koff* at VV3; Figure 3a) after low intensity
rainfall preceding the V3 corn stagédure 1a andb). Similar early season losses to surface
runoff may partially explain high concentrationsnaonicotinoids detected in streams without
comparable increases in dischafgé> “°The potential risk to non-target organisms may be
amplified under early season, low intensity raiinf@s runoff samples contained enough TMX in
1 mL to physically impair honey bees (> 1.4%epposed to ponded wafErThus, fluxes into
and out of this thin mixing lay&t “°near the soil surface may have broad implicatfonsapid

environmental contamination of neonicotinoids.
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253 The low intensity rainfall preceding the V3 corage transported TMX through B

254  (Figure 3b and1b) soil into the deeper C horizoRifure 1c), whereas larger, high intensity
255 storms in early and late July 2016 produced lajguides of TMX throughout the profile (large
256 spatial variation withirFigure 3c andd). These latter data were characteristic of pretek

257 flow events wherein high-intensity rainfall elevaigore water pressures and induces flow
258 through larger macroporé®This bypass flow process often results in higlercentrations
259 being detected in soil and water than predicteddmywentional transport equations (e.g.,

260 advection-dispersion) through a homogenous mediudan-equilibrium flow conditions may
261 have accented the differing subsurface architedtigable plant vs no viable plant plots. For
262 example, high and often variable saturated hydraudnductivity measurementEdble 1)

263 depict a heterogeneous soil pore structure wittpttential for rapid mobilization of the highly
264  soluble neonicotinoids. Further, higher concentragiof TMX detected in Bsoil of viable plant
265 treatments (vs no viable plant) at V5 (Tukpy 0.02;Figure 3b) suggest that corn plants

266 facilitated vertical transport of the pesticidegHliintensity rain events in early July 2016 could
267 have caused preferential transport of TMX, as ndaigned and existing root channels may
268 have provided conduits for infiltrating water armé@ter connectivity to an existing macropore
269 network?® °?This plant-mediated downward advection of neommwids is consistent with

270 observations collected during a previous greenhstisty’® which also detected maximum
271 leachate concentrations and more vertical movewiehX in soil containing viable plants
272 around the V5 corn stage following heavy rainfdibwever, after the V5 corn stage the

273 subsurface network likely remained different betwemble and no viable plant plots, yet we
274  observed no significant differences between thesgrhents in soil TMXKigure 3). Thus, drier

275 soil conditions, less TMX mass available for trasrsgdue to advective and degradation losses),
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and low intensity rainfall may have limited plarrivédn mobility of the pesticide in the late

growing season.

Though early July (V5 corn stage following intemain) coincided with noticeable plant-
mediated transport in the vertical soil profiledure 3b) and seasonal peak concentrations of
TMX in shallow lateral flow Figure 1b), this trend of higher plant-assisted pesticiddifity
was not evident in drainage. Rather, plants apjoclaave restricted the mobility of TMX, seen
as earlier peak concentrations for viable plamwyiable plant plot drainag€&igure 1b) and
significantly lower levels of the pesticide tranged from plots containing viable corn plants in
the late July event (one way ANOVA< 0.05;Figure 1a andb). As a result, the total mass of
TMX in shallow lateral drainage became less saresith hydrological fluxes in plots containing
viable plants, as indicated by asymptotic trenBigure 2. The no-viable plant plots, in contrast,
continued to leach TMX mass throughout the groveegson. The cumulative mass of TMX
transported from the shallow lateral compartmeetdfore differed by a factor of ~4 (no viable
plants > with viable plants; one way ANOVA< 0.05;Figure 2), which may be partially
attributed to reduced drainage volume in viablepfdots compared to those with no viable
plants (one-way ANOVAp < 0.05;Figure 2). Plants constrained the quantity of pesticide
leaving the plots to a greater extent when cumudd® — ET, was at or below zerd-{gur e 4a).
Similarly, plants began to limit TMX loss througlrace runoff (with viable plants vs no viable
plants, one way ANOVAp < 0.05;Figure 1b) as evaporative demands increased in late July

and early August, 201&-{gure 1b, c andFigure 4a).

The effect of growing plants on pesticide transpoftirther illustrated through the
observed depletion of deeper water pools. For elgmgduced shallow lateral transport in

viable plant plotsKigure 1b; Figure 2; Figure 4a) corresponded to lower drainage volumes
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(Figure 2) and plant-mediated diurnal fluctuations in sodter content as deep as 110 cm
(Figure4b). These diurnal signals were also mirrored by@etese in matric potential at depth,
as plants exerted greater suction force on deegtr{110 cm soilrigur e 4c). Because the soll
evaporation front in temperate North America ramtgeeds 30 cm in depthit can be deduced
that diurnal signals il and steep decreasesfrat the 110 cm depth are the result of plant-
induced drying of the soil profile. While InRRalues were lowest in late July, the lack of
detectable TMX in subsurface lateral drainage fable plant plots in early September (denoted
as “NA” in Figure 4a) suggest that plants exerted the strongest infli@m transport when
diurnal @ signals were at their highest amplituégr e 4a andb). Similarly, the two events in
early August produced higher InfRalues as P — ETbecame largefHjgure 4a), as low intensity
rain contributed to rechargEigure 1la andFigure $4), and as diurna signals became more
damped Figure 4b). Plants prompted a physical equilibrium betweeari®l C horizons¥ in B;

~ ¥in C; early-mid August, 201&igure 4c), while at the same time the matric potential
decreased below -60 kPa, such that lysimeter vgat@ples could no longer be obtainEdy(re
1c). Therefore, later in the growing season when ensp@ demands were high, TMX likely
diffused into the soil matrix (where pores held evait lowY). This process, which may have
then physically isolated the compound from rapidrbiogical fluxes, appears to have been
amplified by the presence of viable plants (elgghdy higher fraction of TMX in soil with

viable plants at R6T able S1).

Rate-limited diffusion into more “protected” soibges has been proposed as a
mechanism to explain apparent increases in solatexaffinity with time for neonicotinoidg
and other highly soluble agrochemic#l$n an extreme example, incubating the herbicide

imazethapyr in undisturbed soil for 16 days restitea tenfold increase in observég*®
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Results of other sorption isotherms have also sstgde¢hat thiamethoxam displays a trend
towards irreversible sorption in séfiThe results shown here suggest that rain everkeitate
growing season will mobilize less TMX than simitorms in the early growing season, likely
due to diminished TMX concentrations in the sbilglre 3). For example, the high rainfall
storms that occurred in late Septembseg(re 1) mobilized only trace amounts of TMX via
surface runoff and shallow lateral drainageg(re 2). Although irreversible sorption of TMX to
soil is not excluded? degradation likely also played a role in the ollefissipation of TMX as
this fertile soil (e.g. sufficient TOC, high porgiand high CECT able 1) may have provided

ideal conditions for microbial metabolism of themquound®>
4. Implications and Conclusions

Though levels of TMX transported from our experitaiplots did not exceed any
known lethal thresholds for non-target organisiing,apparent mobility of these compounds may
still be concerning, as sub-part per billion expeso neonicotinoids poses ecological risks to
non-target terrestriabind aquatic invertebratés>’ Moreover, this study can be taken as a
conservative simulation of neonicotinoid transgmotential due to: 1) the diminished dose of
active ingredient (i.e. a reduced density of 59,p@Gits hd), 2) disturbed soil properties
(reduced structural flow due to tillage prior t@fptonstruction), and 3) rate-limited flow
conditions (lowKs in B; and C horizonsJ able 1) in a highly reactive subsoil underlying the
plow layer (e.g. high % clay and CEC indhd C horizons may retard movement due to partial
positive charge on TMXT able 1). Despite these potential limitations, TMX wassported via
three drainage compartments and detected in thpredile throughout the growing season.
TMX concentrations were as high as 594 pg (&gure 3a) for individual soil samples taken at

day 23 (V3), representing one of the highest comagans of a neonicotinoid yet detected in
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soil under environmentally relevant conditions.tRar, TMX concentrations detected in surface
soil between corn rows exceeded those of the sangten 25 cm below the corn seed by over
an order of magnitudd-{gure 3b,c), suggesting that TMX can be preferentially traomgd even
under small hydraulic gradientSigure S2). This pattern of rapid advective transport cdugd
exacerbated as farmers continue to adopt no-#itares which can promote development of soil
structure and preferential flow pathwa§sAs of 2011, no-till accounted for 40% of the US
acreage dedicated to corn, soybean, cotton, andtfel of which currently employ

neonicotinoid-coated seed treatmefits.

Our results suggested that TMX transport potedigalreases with time, with alteration of
the water flow field caused by plant-induced drytg of the matrix representing a potentially
important factor for environmental contaminatiomebnicotinoids. Thus, even though growing
plants appear to facilitate bypass flow, they asbto mitigate plot-scale transport of TMX by
amplifying flow retardation. As a consequence,\eadason rain events (e.g. pre-VT stage),
whether intense (peak shallow lateral concentratiorearly JulyfFigure 1) or mild and
frequent (peak runoff concentrations in late Jifigure 1), may dictate total mass transport of
these compounds. These early season pulses of T&2oasistent with rapid neonicotinoid

transport to streams in the Midwést;® ¢

and our work provides a mechanistic link from pitot
catchment scale contamination of these compouradenraltogether, these data serve as
definitive proof that seed coated neonicotinoids lsa transported throughout the growing

season both above and through the soil profiletemntially harmful doses.
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546 Soil physiochemical properties. CEC = Cation Exg®@apacityp, = Bulk Density; K = Saturated Hydraulic Conductivity; TOC =

547 Total Organic Carbon.

Depth Sand Silt CEC (meq Porosity Po Ks pH TOC
Horizon (cm) Texture 100 g (%) (g cm™) (cm d™) ) (%)
Ap 0-20  silt loam 85+09 58+0.03 1.26+0.09 4460+1670 5.7+0.3 2.00 £ 0.45
Bt 20-100 siltyclayloam 14.7 46.4 389 84+26 53+0.04 1.491+0.12 50.4+99.3 44+0.2 0.25 +0.06
C 100+ clay 209 75.0 12+27 60+£0.03 1.34+0.05 81.2+814 6.4+0.1 0.40 + 0.03
548 CEC, porosity, bulk densityss, pH and TOC are expressed as mean + standardidavia
549
550
551
552
553
554
555
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Figure 1. TMX concentrations detected throughout the 2016 goowing season ia) surface
runoff, b) shallow lateral drainage at 72 cm in théhBrizon, anct) deep drainage collected via
suction lysimeters at 110 cm in C horizon. Thefedirntensity (p), rainfall accumulation (P)
and daily potential evapotranspiration g@re plotted in the top panel &, b), andc),
respectively. Time of planting (DO) and corn growthges (V3, V5, VT, and R6) are shown
abovea) as a reference for time of soil sampling. Erraslrapresent standard error (& 3).
Different lettersdenote significant differences between plant amgiable plants treatments at
each sampling evenp € 0.05). The b” for the 9/01/16 event in panig) denotes differences in
concentration between detectable (no viable pkmd)non-detectable (viable plant) samples.
Viable plant plots yielded no water for lysimetamgpling for the final 2 rain events o).
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Figure 2. Cumulative mass of TMX transported in runoff andlkiw lateral drainage vs
cumulative volume drained. Note, deep drainagelteeate not considered here due to lack of
flow records below the shallow lateral drainagdeiut ower casdettersdenote significant
differences between viable plant and no viabletgi@atments in cumulative TMX whilgapital
lettersdesignates differences in cumulative volume .05) and errors bars represent BE (
3). All statistical tests compared the final cuniviaobservation point$ntended for color

reproduction.
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Figure 3. TMX concentrations in soil collected at 0-5 cm}, @il horizon) and 25-30 cm (Boil
horizon) at 2 cmd andb) and 25 cm (between two rows) from corn plantsawn seedsc(and
d). The inset ofl) illustrates corn growth stage and rainfall durihg growing seasoifferent
lettersdenote significant differences between corn stagkwith viable plant versus no viable
plants treatment$(< 0.05) within each figure panel (i.e. sample tmraand depth) and errors
bars represent Sk € 3). Note that the scale in) is 1/10 of that ira) and the scale id) is 10
times that ob). |ntended for color reproduction.
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a) Plant Response in Shallow Lateral Drainage
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Figure 4. a) Temporal change of shallow Ipngnd P — EJ (cumulative precipitation minus
evapotranspiration)) Volumetric soil water contenéyn = 3 plots per treatment) ayimatric
potential '; n = 2 plots per treatment) in Bnd C horizon soil. The inset bf Shows a 5-day
period with plant-driven diurnal fluctuations in Sharp increases ¥ represent tensiometer
refill events and missing time periods for plaeiatments denote logger and probe
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596 malfunctioning periods following high suction (Io#f). Sampling events labeled as “NA” were
597 removed from analysis i&) due to comparison issues with TMX at or below digb@ limit.
598 Intended for color reproduction.




Highlights

» Thiamethoxam was transported from corn seed coatings throughout the
growing season

* Low intensity storms produced the highest levels of TMX in early season
runoff

» Plants enhanced vertical mobility of TM X but constrained losses to drainage
outflow



