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Abstract 18 

Neonicotinoid insecticides provide crop protection via water solubility and systemicity, 19 

yet these chemical characteristics, combined with high toxicity to non-target invertebrates (e.g., 20 

honeybees), elicit concern of environmental transport. Neonicotinoids have been detected in soil 21 

and surface water throughout North America; however, no investigation has defined a direct 22 

connection to planted seed dressings. We quantified the physical transport of thiamethoxam 23 

(TMX), a neonicotinoid, under field conditions. We planted TMX-coated corn seeds and 24 

maintained plots with and without viable crops (n = 3 plots per treatment) to determine plant 25 

influence on pesticide transport. TMX concentrations were measured in soil and drainage 26 

throughout the growing season. Storm-generated runoff was the dominant transport mechanism 27 

(maximum TMX concentration 1.72 ± 0.605 µg L-1; no viable plants), followed by shallow (<72 28 

cm) lateral drainage (0.570 ± 0.170 µg L-1; no viable plants), and deep (110 cm) drainage (0.170 29 

± 0.265 µg L-1; viable plants). Soil samples confirmed vertical and lateral movement within 23 30 

and 36 days of planting, respectively. Plants facilitated downward migration of TMX in soil but 31 

restricted TMX drainage. Altogether, these study results revealed that neonicotinoids can be 32 

transported from seed coatings both above and through the soil profile, which may enable 33 

migration into surrounding ecosystems. 34 

Keywords 35 

Insecticide, preferential flow, evapotranspiration, seed-coated neonicotinoid 36 

 37 
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 39 

Note: The sizes of flux arrows reflect relative differences in drainage losses of TMX as detailed 40 

in the manuscript. 41 

1. Introduction 42 

 Neonicotinoids have become the most extensively used class of insecticide worldwide as 43 

a result of a few novel chemical characteristics. These compounds exhibit low toxicity to 44 

mammals,1 have a high selectivity for the invertebrate nicotinic acetylcholine receptor 45 

(nAChR),2 and are water soluble (0.19-840 g L-1),2, 3 making them a top choice for systemic crop 46 

protection. Seed companies have resorted to coating the seeds of 140+ crops worldwide under 47 

the assumption that these compounds will be mostly taken up into the plant tissue and arm the 48 

crop throughout the growing season,4 as opposed to conventional broadcast or foliar applications 49 

that present a higher risk of direct environmental exposure.5 Nevertheless, high nAChR 50 

selectivity makes neonicotinoids lethal in sub-ppm levels to non-target organisms such as 51 
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honeybees6-8 and aquatic invertebrates.9 Neonicotinoids have also been linked to increased 52 

mortality of insectivorous birds.10 Additionally, their water solubility and low affinity for the soil 53 

matrix3, 11 elicit concern of transport to aquatic environments. Seed coatings now account for 54 

more than 60% of global neonicotinoid application;12 however, research has shown that a 55 

maximum of 20% of the applied dose is recovered in plant tissue13 with the remainder left in the 56 

soil environment.  57 

Previous laboratory and greenhouse studies have suggested that plant growth and 58 

development may influence neonicotinoid mobility in the soil. For example, as soil water content 59 

decreases during the growing season, corn (Zea mays L.) can apply suction forces of over 9.5 60 

bars,14 which may limit solute mobilization. Thus, plant-mediated evapotranspiration may retard 61 

downward migration of neonicotinoids, resulting in more evapo-concentration of the compounds 62 

near the root zone.15 Researchers have also noted that neonicotinoids and other highly soluble 63 

pesticides develop a stronger affinity for the soil matrix with time, such that the sorption 64 

coefficient Kd increases. This process may reflect rate-limited migration into more protected 65 

sorption sites such as intra-aggregate micropores, thereby limiting transport and increasing 66 

retention time.16-19 Still, non-equilibrium flow conditions resulting from high rainfall events may 67 

also drive downward advection or bulk flow of neonicotinoids and other solutes through newly 68 

formed root channels.15, 20 69 

As a possible result of these advective pathways, the three most abundant neonicotinoids, 70 

imidicloprid (IMD), thiamethoxam (TMX), and clothianidin (CLO), are now detected in soil,21 71 

surface water bodies,22-24 groundwater,25 and drinking water.26 Starner and Goh 27 detected IMD 72 

in 67 of 75 (89%) surface water samples collected in southern California, 14 of which exceeded 73 

the US Environmental Protection Agency’s (EPA) chronic invertebrate aquatic life benchmark of 74 
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1.05 µg L-1. Other studies in Ontario, Canada28 and Iowa, USA,29 detected neonicotinoid 75 

contamination in 100% of surface water bodies, likely related to the soybean and corn production 76 

of those regions. Both analyses showed that spring snowmelt28 and large rainfall events29 early in 77 

the growing season increased pesticide concentration in surface waters, with neonicotinoid-78 

treated seeds identified as the most likely source. Neonicotinoid transport has been proven via 79 

dust drift associated with seed coatings and planting equipment,30-32 although this contamination 80 

was exclusive to the time of planting33 and did not account for the majority of pesticide 81 

introduced into soil with planted seeds.  82 

Laboratory and greenhouse studies have identified subsurface leaching as a potential 83 

mechanism for neonicotinoid movement from seed coatings. For instance, a recent laboratory 84 

experiment concluded that 24 h of inundation may drive up to 95% of seed-applied neonicotinoid 85 

mass into solution34, while a different greenhouse study determined that seed-coated 86 

neonicotinoids could mobilize in soil under environmentally relevant conditions.15 Still, transport 87 

in the field remains less certain. Three recently published field-scale experiments examined 88 

neonicotinoid transport from seed coats,35-37 yet those studies did not quantify pesticide 89 

concentrations relative to background residues in soil, thus failing to isolate any direct effects 90 

from seed coatings. The studies also lacked sufficient hydrological data to identify and model 91 

soil and environmental controls on neonicotinoid transport. Thus, there exists a critical need to 92 

identify the mechanisms by which seed-coating pesticides mobilize through agricultural fields.  93 

 The purpose of this study was to quantify the transport of the common neonicotinoid 94 

thiamethoxam from commercially available TMX-coated corn seeds in a field setting and to 95 

identify the influence of viable plants throughout the growing season. We hypothesized that: i) 96 

TMX would become transported via multiple pathways, including surface runoff, shallow lateral 97 
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drainage, and leaching below the corn root zone; ii) vertical and lateral transport of TMX would 98 

be detected in soil; and iii) higher concentrations of TMX would be detected in deep drainage for 99 

plots containing viable plants (compared to plots controlled for plant growth) due to preferential, 100 

vertical transport along newly formed root channels. By assessing neonicotinoid transport from 101 

planted seed coatings in the field, this study aims to provide the first direct connection between 102 

this widespread pesticide application method and potential environmental contamination.  103 

2. Materials and Methods 104 

2.1. Site Description and Soil Characterization 105 

 The field experiment was conducted at the Virginia Tech Urban Horticulture Center in 106 

Montgomery County, Virginia, on a 5% southeast facing slope. The soil was a Groseclose loam 107 

series (Typic Hapludult). The site had been in pasture for 10 years prior to the experiment, so the 108 

ground was tilled to a depth of 30 cm in spring and summer of 2015. The soil contained no 109 

background TMX, as determined using an LC-MS/MS analyzer (additional details on TMX 110 

analysis in soil, plant and water samples are presented in the Supporting Information). 111 

 Intact cores (5 x 5 cm) were taken from three depths representing distinct soil horizons: 112 

Ap (0-5 cm), Bt (25-30 cm), and C (105-110 cm). Cores were used to determine soil bulk density 113 

[M L -3], porosity [L3 L-3], saturated hydraulic conductivity (Ks) [L T-1], and water retention (n = 114 

6 cores per horizon). Ks was measured using the falling head method with a UMS KSAT 115 

Benchtop Saturated Hydraulic Conductivity Instrument (UMS Inc., Munich, Germany). 116 

Unconsolidated soil samples were collected (n = 6 per horizon), air dried, sieved to 2 mm, and 117 

analyzed for cation exchange capacity (CEC), pH, total organic carbon (TOC), and texture. CEC 118 

was measured colorimetrically via ammonium acetate at pH 7 using a Lachat Quickchem 8500 119 
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autoanalyzer (Lachat, Loveland, USA), soil pH was measured in a 1:1 slurry (soil: CaCl2), TOC 120 

was quantified by dry combustion using a Vario MAX CNS macro elemental analyzer 121 

(Elementar, Hanau, Germany), and textural analysis was conducted via the pipet method.38 Soil 122 

physiochemical and hydraulic properties are shown in Table 1.  123 

2.2. Field Plot Preparation and Experimental Design 124 

 Six runoff plots (300 cm x 350 cm) were constructed using sheet metal (30 cm tall, 125 

installed to approximately 15 cm depth) as borders to contain overland flow (see Figure S1). On 126 

the downslope side of each plot, a trench was excavated (10 cm wide x 300 cm long x 72 cm 127 

deep), lined with 10 cm ID perforated PVC pipe, and filled with coarse gravel to collect shallow 128 

lateral flow. A second PVC trough (13 cm wide x 300 cm long x 10 cm deep) was installed on 129 

the surface to collect surface runoff. Runoff and shallow lateral flow drainage were piped to 130 

separate, unlined 200 L steel barrels that were fitted with pressure transducers (HOBO U-20 L 131 

level logger; Onset, Bourne, USA) to determine drainage volume. Two suction lysimeters (1 bar, 132 

ceramic cups) were installed at random locations within each plot to a depth of 110 cm to collect 133 

TMX in gravity-driven deep drainage below the root zone. Tensiometers (Spectrum 134 

Technologies, Aurora, USA) and soil water content probes (Decagon Devices 5TM, Pullman, 135 

WA) were installed at random locations within each plot (30 cm and 110 cm depths; 1 of each 136 

probe per depth per plot) to measure soil matric potential [M L-1 T-2] and soil water content [L3 137 

L-3]. A flow-through rain gauge (Spectrum Technologies, Aurora, USA) was used to record 138 

rainfall [L]. All loggers recorded at 15 min intervals. Daily potential evapotranspiration (ETo; 139 

[L]) was determined using the FAO ETo calculator.39 140 
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 Prior to planting, agronomic rates of lime and fertilizer were applied. Cruiser Extreme® 141 

1250 corn seeds (Syngenta; Greensboro, USA) were sowed to a depth of 4 cm within each plot 142 

as six 50 cm wide rows at a spacing of 33 cm, approximating a planting rate of 59,000 plants ha-143 

1, as recommended for the state of Virginia.40, 41 Though 80 cm row spacing is sometimes 144 

recommended for increased corn yield, the 50 cm width chosen in this study has been shown to 145 

reduce yield by as little as 3%,42 while better accommodating our 300 x 350 cm plots. Each seed 146 

carried 1.21 ± 0.04 mg of TMX in its seed coating (from n = 4 tested seeds) based on LC-147 

MS/MS analysis. To understand the role of viable plants on the transport process, half of the 148 

plots were controlled for growth by snipping the plant upon emergence (“no viable plant” 149 

treatment; n = 3), while the remaining plots sustained viable corn plants (“viable plant” 150 

treatment; n = 3) throughout the 124-day growing season (June 6th – October 4th, 2016). The 151 

experiment followed a complete randomized design with one factor (plant presence) and two 152 

treatment levels (viable and no viable plants), whereby treatments were assigned randomly to 153 

each of the 6 plots.  154 

2.3. Water Sampling 155 

 Drainage water samples from the three measured hydrologic compartments (runoff, 156 

shallow lateral flow, and deep drainage) were collected following nine rain events throughout the 157 

growing season (see Table S1). Runoff and shallow lateral drainage samples were retrieved from 158 

storage barrels and deep drainage was extracted from lysimeters by applying 60 kPa of suction 159 

for 10 minutes. It should be noted that the final rainfall event produced drainage volumes that 160 

exceeded the capacity of our storage barrels (>117 L); therefore, the final drainage volumes were 161 

estimated as the steady state water level at the time of sampling. Following retrieval from the 162 

field, all drainage samples were analyzed for TMX using method described in the Supplemental 163 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
                                                                                                                                                      9 

 

Information with limit of quantitation (LOQ), limit of detection (LOD), and recoveries of 0.01 µg 164 

kg-1, 0.005 µg kg-1, and 104.2 ± 5.3%, respectively. Additionally, as a simple means of 165 

representing the effect of viable plants on TMX transport via drainage, we calculated a simple 166 

response ratio (Rr) as: 167 

�� 	= 	
[���	
��
]

[�����		
��
]
          (1) 168 

where TMX plant and TMX no plant  represent concentrations of TMX in shallow lateral drainage 169 

for plots containing viable and no viable plants, respectively. We present these data as the natural 170 

logarithm of Rr (lnRr) such that more negative values of lnRr correspond to more plant restriction 171 

of TMX transport.  172 

2.4. Soil and Plant Sampling 173 

 TMX distribution in soil was measured at four corn growth stages (V3, V5, VT, 174 

and R6, corresponding to 23, 36, 66, and 124 days, respectively). Soil sampling periods were 175 

chosen to assess subsurface mobility of TMX during early (V3), middle (V5), and peak (VT) 176 

vegetative growth stages and one final point for physiological maturity (i.e., R6, which 177 

represents the end of the corn growing season).43 At each of these four times, replicated 2 cm 178 

diameter by 5 cm tall soil samples were collected from the Ap (0-5 cm) and Bt (25-30 cm) 179 

horizons, with samples collected within the corn seed planting row (± 2 cm from row center) and 180 

in between corn rows (25 cm from planting rows; see Figure S2 for a spatial description of soil 181 

sampling). Three samples were composited together into 1 sample per location (in-row versus 182 

between row) within each plot, which was then analyzed for TMX using the 2.5. Statistical 183 

Analysis 184 
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 One-way ANOVAs were used to compare per-event TMX concentrations [M L-3] and 185 

final cumulative TMX mass [M], and drainage volumes [L3] between “with viable plants” vs “no 186 

viable plants” treatments for each hydrologic compartment (surface runoff, , shallow lateral 187 

drainage ≤ 72 cm, deep drainage at 110 cm). For soil concentrations [M M-1], data were 188 

subjected to two-way ANOVAs per combination of location (next to plant vs between rows) and 189 

horizon (Ap,, 0-5 cm vs Bt, 25-30 cm) using plant influence and corn stage (V3, V5, VT and R6) 190 

as factors. All data were rank transformed and analyzed for normality and homogeneity of 191 

variances using Fligner’s test. Factorial ANOVA results were subjected to multiple comparisons 192 

via Tukey HSD. R version 3.2.2 was used to conduct all statistical analyses with α = 0.05.  193 

3. Results and Discussion 194 

Because our previous greenhouse investigations15, 44 and the current study have shown that TMX 195 

uptake into corn plants represented a minor fraction of the applied seed dose (< 0.1%), the 196 

distribution of TMX in the drainage and soil is the focus of the current report. Thiamethoxam 197 

was detected in all three drainage compartments (surface runoff, shallow lateral drainage ≤ 72 198 

cm, and deep drainage at 110 cm) as early as 10 days after planting and throughout the corn 199 

growing season (Figure 1). Though concentrations of TMX detected in drainage generally 200 

reflected each compartment’s proximity to the seed source (runoff > shallow lateral drainage > 201 

deep drainage; Figure 1), TMX was transported in similar concentrations via shallow lateral 202 

drainage (no viable plants, 0.020 ± 0.0264 µg L-1; Figure 1b) and deep drainage (no viable 203 

plants, 0.022 ± 0.017 µg L-1; Figure 1c) following the first rain event. The total percent of seed-204 

coated TMX quantified in drainage for viable plants (0.27 ± 0.02 %; Table S1) are comparable 205 

to estimates of total neonicotinoid losses to tile drains in sugar beet fields (same order of 206 

magnitude as IMD).36 TMX concentrations in surface runoff and shallow lateral drainage from 207 
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viable plant plots reached seasonal peaks by the V5 corn stage (~4 weeks), whereas plots with no 208 

viable plants showed more delayed and higher peak concentrations. Plants also affected late-209 

summer concentrations in deep drainage, when TMX was only detected in the no-viable plant 210 

plots.  211 

The cumulative mass transported via runoff and shallow lateral flow generally increased 212 

in response to storm-generated drainage (Figure 2), though drainage losses were more reduced 213 

following peak concentrations and less apparent for plots containing viable plants. Altogether, 214 

early detection of TMX in runoff, shallow lateral drainage, and analogous vertical migration to a 215 

depth of 110 cm indicate that the compound has a high potential for advective transport. Further, 216 

TMX detection through 113 days of plant growth suggest that transport is possible throughout 217 

the growing season, even as the mass of TMX available for transport decreases.    218 

TMX mobility was also confirmed within the soil profile throughout the study period. For 219 

example, we detected vertical movement to the Bt soil horizon by the V3 corn stage (i.e., Day 23; 220 

Figures 3b and 3d) and lateral migration between corn rows by the V5 stage (i.e., Day 36; 221 

Figures 3c and 3d). The presence of TMX in soil was therefore dependent on elapsed time (two-222 

way factorial ANOVA comparing concentrations at V3 and V5; p < 0.05), with a general trend 223 

of decreasing concentration through time for samples taken next to the plant (± 2 cm). In 224 

contrast, samples taken 25 cm from plants between rows showed TMX pulses at the V5 and VT 225 

corn stages. 226 

The soil water content (θ) and matric potential (Ψ) data revealed that living plant roots 227 

reduced soil water content via uptake (Figure S3), particularly at the 110 cm depth (Figure 4b 228 

and c). Here, the 110 cm water content sensors in the viable plant plots showed diurnal 229 
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fluctuations (i.e. higher θ values at night; lower values during the day with peak ETo) beginning 230 

at the end of July, an indication that plant roots at that depth were actively transpiring water 231 

during that period. Plant response ratios (lnRr) in shallow lateral drainage were lowest during the 232 

same time period (Figure 4a) suggesting plant alteration of the flow field could have limited the 233 

dose of TMX leaving the plots.  234 

TMX transport was dominated by surface and subsurface runoff processes throughout the 235 

growing season (Figure 1 and Figure 2; Table S1), which likely resulted from rapid mixing of 236 

seed coatings via newly formed macropores (from root growth and corn emergence) and the 237 

erosion of TMX-bound colloids. Maximum TMX concentrations in surface runoff were detected 238 

early in the growing season when cumulative mass losses and ETo were low. The period of 239 

highest rainfall intensity (16 cm h-1 in early July 2016; Figure 1a and Table S2) resulted in 240 

lower TMX concentrations in surface runoff compared to less intense rainfall events before and 241 

after (both with rainfall intensities ≤ 1 cm h-1). Low rainfall intensity may have produced higher 242 

doses of TMX in surface runoff due to longer water residence time and greater mixing near the 243 

seed coating, whereas high intensity rain likely diluted the signal. Thus, we detected the highest 244 

concentrations of TMX in 0-5 cm soil (up to 241 µg kg-1 at V3; Figure 3a) after low intensity 245 

rainfall preceding the V3 corn stage (Figure 1a and b). Similar early season losses to surface 246 

runoff may partially explain high concentrations of neonicotinoids detected in streams without 247 

comparable increases in discharge.29, 45, 46 The potential risk to non-target organisms may be 248 

amplified under early season, low intensity rainfall, as runoff samples contained enough TMX in 249 

1 mL to physically impair honey bees (> 1.4 ng)6 exposed to ponded water.47 Thus, fluxes into 250 

and out of this thin mixing layer48, 49 near the soil surface may have broad implications for rapid 251 

environmental contamination of neonicotinoids. 252 
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The low intensity rainfall preceding the V3 corn stage transported TMX through Bt 253 

(Figure 3b and 1b) soil into the deeper C horizon (Figure 1c), whereas larger, high intensity 254 

storms in early and late July 2016 produced lateral pulses of TMX throughout the profile (large 255 

spatial variation within Figure 3c and d). These latter data were characteristic of preferential 256 

flow events wherein high-intensity rainfall elevates pore water pressures and induces flow 257 

through larger macropores.50 This bypass flow process often results in higher concentrations 258 

being detected in soil and water than predicted by conventional transport equations (e.g., 259 

advection-dispersion) through a homogenous medium.51 Non-equilibrium flow conditions may 260 

have accented the differing subsurface architecture of viable plant vs no viable plant plots. For 261 

example, high and often variable saturated hydraulic conductivity measurements (Table 1) 262 

depict a heterogeneous soil pore structure with the potential for rapid mobilization of the highly 263 

soluble neonicotinoids. Further, higher concentrations of TMX detected in Bt soil of viable plant 264 

treatments (vs no viable plant) at V5 (Tukey, p = 0.02; Figure 3b) suggest that corn plants 265 

facilitated vertical transport of the pesticide. High intensity rain events in early July 2016 could 266 

have caused preferential transport of TMX, as newly formed and existing root channels may 267 

have provided conduits for infiltrating water and greater connectivity to an existing macropore 268 

network.20, 52 This plant-mediated downward advection of neonicotinoids is consistent with 269 

observations collected during a previous greenhouse study,15 which also detected maximum 270 

leachate concentrations and more vertical movement of TMX in soil containing viable plants 271 

around the V5 corn stage following heavy rainfall. However, after the V5 corn stage the 272 

subsurface network likely remained different between viable and no viable plant plots, yet we 273 

observed no significant differences between these treatments in soil TMX (Figure 3). Thus, drier 274 

soil conditions, less TMX mass available for transport (due to advective and degradation losses), 275 
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and low intensity rainfall may have limited plant-driven mobility of the pesticide in the late 276 

growing season. 277 

Though early July (V5 corn stage following intense rain) coincided with noticeable plant-278 

mediated transport in the vertical soil profile (Figure 3b) and seasonal peak concentrations of 279 

TMX in shallow lateral flow (Figure 1b), this trend of higher plant-assisted pesticide mobility 280 

was not evident in drainage. Rather, plants appear to have restricted the mobility of TMX, seen 281 

as earlier peak concentrations for viable plant vs no viable plant plot drainage (Figure 1b) and 282 

significantly lower levels of the pesticide transported from plots containing viable corn plants in 283 

the late July event (one way ANOVA, p < 0.05; Figure 1a and b). As a result, the total mass of 284 

TMX in shallow lateral drainage became less sensitive to hydrological fluxes in plots containing 285 

viable plants, as indicated by asymptotic trend in Figure 2. The no-viable plant plots, in contrast, 286 

continued to leach TMX mass throughout the growing season. The cumulative mass of TMX 287 

transported from the shallow lateral compartment therefore differed by a factor of ~4 (no viable 288 

plants > with viable plants; one way ANOVA, p < 0.05; Figure 2), which may be partially 289 

attributed to reduced drainage volume in viable plant plots compared to those with no viable 290 

plants (one-way ANOVA, p < 0.05; Figure 2). Plants constrained the quantity of pesticide 291 

leaving the plots to a greater extent when cumulative P – ETo was at or below zero (Figure 4a). 292 

Similarly, plants began to limit TMX loss through surface runoff (with viable plants vs no viable 293 

plants, one way ANOVA, p < 0.05; Figure 1b) as evaporative demands increased in late July 294 

and early August, 2016 (Figure 1b, c and Figure 4a). 295 

The effect of growing plants on pesticide transport is further illustrated through the 296 

observed depletion of deeper water pools. For example, reduced shallow lateral transport in 297 

viable plant plots (Figure 1b; Figure 2; Figure 4a) corresponded to lower drainage volumes 298 
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(Figure 2) and plant-mediated diurnal fluctuations in soil water content as deep as 110 cm 299 

(Figure 4b). These diurnal signals were also mirrored by a decrease in matric potential at depth, 300 

as plants exerted greater suction force on deeper water (110 cm soil, Figure 4c). Because the soil 301 

evaporation front in temperate North America rarely exceeds 30 cm in depth,53 it can be deduced 302 

that diurnal signals in θ and steep decreases in Ψ at the 110 cm depth are the result of plant-303 

induced drying of the soil profile. While lnRr values were lowest in late July, the lack of 304 

detectable TMX in subsurface lateral drainage for viable plant plots in early September (denoted 305 

as “NA” in Figure 4a) suggest that plants exerted the strongest influence on transport when 306 

diurnal θ signals were at their highest amplitude (Figure 4a and b). Similarly, the two events in 307 

early August produced higher lnRr values as P – ETo became larger (Figure 4a), as low intensity 308 

rain contributed to recharge (Figure 1a and Figure S4), and as diurnal θ signals became more 309 

damped (Figure 4b). Plants prompted a physical equilibrium between Bt and C horizons (Ψ in Bt 310 

≈ Ψ in C; early-mid August, 2016; Figure 4c), while at the same time the matric potential 311 

decreased below -60 kPa, such that lysimeter water samples could no longer be obtained (Figure 312 

1c). Therefore, later in the growing season when evaporative demands were high, TMX likely 313 

diffused into the soil matrix (where pores held water at low Ψ). This process, which may have 314 

then physically isolated the compound from rapid hydrological fluxes, appears to have been 315 

amplified by the presence of viable plants (e.g., slightly higher fraction of TMX in soil with 316 

viable plants at R6; Table S1). 317 

Rate-limited diffusion into more “protected” soil pores has been proposed as a 318 

mechanism to explain apparent increases in solute-matrix affinity with time for neonicotinoids19 319 

and other highly soluble agrochemicals.52 In an extreme example, incubating the herbicide 320 

imazethapyr in undisturbed soil for 16 days resulted in a tenfold increase in observed Kd.
18 321 
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Results of other sorption isotherms have also suggested that thiamethoxam displays a trend 322 

towards irreversible sorption in soil.54 The results shown here suggest that rain events in the late 323 

growing season will mobilize less TMX than similar storms in the early growing season, likely 324 

due to diminished TMX concentrations in the soil (Figure 3). For example, the high rainfall 325 

storms that occurred in late September (Figure 1) mobilized only trace amounts of TMX via 326 

surface runoff and shallow lateral drainage (Figure 2). Although irreversible sorption of TMX to 327 

soil is not excluded,54 degradation likely also played a role in the overall dissipation of TMX as 328 

this fertile soil (e.g. sufficient TOC, high porosity, and high CEC; Table 1) may have provided 329 

ideal conditions for microbial metabolism of the compound.55  330 

4. Implications and Conclusions 331 

Though levels of TMX transported from our experimental plots did not exceed any 332 

known lethal thresholds for non-target organisms, the apparent mobility of these compounds may 333 

still be concerning, as sub-part per billion exposure to neonicotinoids poses ecological risks to 334 

non-target terrestrial6 and aquatic invertebrates.56, 57 Moreover, this study can be taken as a 335 

conservative simulation of neonicotinoid transport potential due to: 1) the diminished dose of 336 

active ingredient (i.e. a reduced density of 59,000 plants ha-1), 2) disturbed soil properties 337 

(reduced structural flow due to tillage prior to plot construction), and 3) rate-limited flow 338 

conditions (low Ks in Bt and C horizons; Table 1) in a highly reactive subsoil underlying the 339 

plow layer (e.g. high % clay and CEC in Bt and C horizons may retard movement due to partial 340 

positive charge on TMX; Table 1). Despite these potential limitations, TMX was transported via 341 

three drainage compartments and detected in the soil profile throughout the growing season. 342 

TMX concentrations were as high as 594 µg kg-1 (Figure 3a) for individual soil samples taken at 343 

day 23 (V3), representing one of the highest concentrations of a neonicotinoid yet detected in 344 
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soil under environmentally relevant conditions. Further, TMX concentrations detected in surface 345 

soil between corn rows exceeded those of the samples taken 25 cm below the corn seed by over 346 

an order of magnitude (Figure 3b,c), suggesting that TMX can be preferentially transported even 347 

under small hydraulic gradients (Figure S2). This pattern of rapid advective transport could be 348 

exacerbated as farmers continue to adopt no-till practices which can promote development of soil 349 

structure and preferential flow pathways.58 As of 2011, no-till accounted for 40% of the US 350 

acreage dedicated to corn, soybean, cotton, and wheat,59 all of which currently employ 351 

neonicotinoid-coated seed treatments.60  352 

Our results suggested that TMX transport potential decreases with time, with alteration of 353 

the water flow field caused by plant-induced drying out of the matrix representing a potentially 354 

important factor for environmental contamination of neonicotinoids. Thus, even though growing 355 

plants appear to facilitate bypass flow, they also act to mitigate plot-scale transport of TMX by 356 

amplifying flow retardation. As a consequence, early season rain events (e.g. pre-VT stage), 357 

whether intense (peak shallow lateral concentrations in early July; Figure 1) or mild and 358 

frequent (peak runoff concentrations in late June; Figure 1), may dictate total mass transport of 359 

these compounds. These early season pulses of TMX are consistent with rapid neonicotinoid 360 

transport to streams in the Midwest,45, 46, 61 and our work provides a mechanistic link from plot to 361 

catchment scale contamination of these compounds. Taken altogether, these data serve as 362 

definitive proof that seed coated neonicotinoids can be transported throughout the growing 363 

season both above and through the soil profile in potentially harmful doses. 364 
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Table 1.  545 

Soil physiochemical properties. CEC = Cation Exchange Capacity; ρb = Bulk Density; Ks = Saturated Hydraulic Conductivity; TOC = 546 
Total Organic Carbon.  547 

Horizon 
Depth 
(cm) Texture 

Sand 
(%) 

Silt 
(%) 

Clay 
(%) 

CEC (meq 
100 g-1) 

Porosity          
(%) 

ρb 
(g cm-3) 

Ks  
(cm d-1) 

pH 
(-) 

TOC  
(%) 

Ap 0-20 silt loam 24.0 62 13.9 8.5 ± 0.9 58 ± 0.03 1.26 ±0.09 4460 ± 1670 5.7 ± 0.3 2.00 ± 0.45 
Bt 20-100 silty clay loam 14.7 46.4 38.9 8.4 ± 2.6 53 ± 0.04 1.49 ±0.12 50.4 ± 99.3 4.4 ± 0.2 0.25 ± 0.06 
C 100+ clay 4.1 20.9 75.0 12 ± 2.7 60 ± 0.03 1.34 ±0.05 81.2 ± 81.4 6.4 ± 0.1 0.40 ± 0.03 

CEC, porosity, bulk density, Ks, pH and TOC are expressed as mean ± standard deviation. 548 

 549 

 550 

 551 

 552 

 553 

 554 

 555 

  556 

 557 
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 558 

Figure 1. TMX concentrations detected throughout the 2016 corn growing season in a) surface 559 
runoff, b) shallow lateral drainage at 72 cm in the Bt horizon, and c) deep drainage collected via 560 
suction lysimeters at 110 cm in C horizon. The rainfall intensity (p), rainfall accumulation (P) 561 
and daily potential evapotranspiration (ETo) are plotted in the top panel of a), b), and c), 562 
respectively. Time of planting (D0) and corn growth stages (V3, V5, VT, and R6) are shown 563 
above a) as a reference for time of soil sampling. Error bars represent standard error (SE; n = 3). 564 
Different letters denote significant differences between plant and no viable plants treatments at 565 
each sampling event (p ≤ 0.05). The “b”  for the 9/01/16 event in panel b) denotes differences in 566 
concentration between detectable (no viable plant) and non-detectable (viable plant) samples. 567 
Viable plant plots yielded no water for lysimeter sampling for the final 2 rain events in c).  568 
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 569 

 570 

Figure 2. Cumulative mass of TMX transported in runoff and shallow lateral drainage vs 571 
cumulative volume drained. Note, deep drainage results are not considered here due to lack of 572 
flow records below the shallow lateral drainage outlet. Lower case letters denote significant 573 
differences between viable plant and no viable plant treatments in cumulative TMX while capital 574 
letters designates differences in cumulative volume (p < 0.05) and errors bars represent SE (n = 575 
3). All statistical tests compared the final cumulative observation points. Intended for color 576 
reproduction. 577 

 578 
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 579 

Figure 3. TMX concentrations in soil collected at 0-5 cm (Ap soil horizon) and 25-30 cm (Bt soil 580 
horizon) at 2 cm (a and b) and 25 cm (between two rows) from corn plants or sown seeds (c and 581 
d). The inset of d) illustrates corn growth stage and rainfall during the growing season. Different 582 
letters denote significant differences between corn stage and with viable plant versus no viable 583 
plants treatments (p < 0.05) within each figure panel (i.e. sample location and depth) and errors 584 
bars represent SE (n = 3). Note that the scale in c) is 1/10 of that in a) and the scale in d) is 10 585 
times that of b).   Intended for color reproduction. 586 

 587 

 588 
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 589 

 590 
Figure 4. a) Temporal change of shallow lnRr and P – ETo (cumulative precipitation minus 591 
evapotranspiration). b) Volumetric soil water content (θ; n = 3 plots per treatment) and c) matric 592 
potential (Ψ; n = 2 plots per treatment) in Bt and C horizon soil. The inset of b) Shows a 5-day 593 
period with plant-driven diurnal fluctuations in θ. Sharp increases in Ψ represent tensiometer 594 
refill events and missing time periods for plant treatments denote logger and probe 595 
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malfunctioning periods following high suction (low Ψ). Sampling events labeled as “NA” were 596 
removed from analysis in a) due to comparison issues with TMX at or below detection limit. 597 
Intended for color reproduction. 598 
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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 TMX but constrained losses to drainage 
outflow 
 
 
 
 
 

 

 

 

 


