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Evaluating Agricultural Best Management Practices to Mitigate Neonicotinoid Transport in 

Water and Soil 

Jacob Ogden Maris 

 

Scientific Abstract 

 The use of agrochemicals, like neonicotinoid insecticides can threaten human and 

environmental health when they are transported from agricultural fields. To minimize 

environmental impact of neonicotinoid pesticides to non-target organisms, it is important to 

quantify the movement of neonicotinoids from agricultural fields and examine how conventional 

agricultural practices can be altered using best management practices to minimize neonicotinoid 

transport. We developed a proportional runoff sampler that is inexpensive, rugged, and adaptable 

to existing runoff quantification systems. The sampler accurately collected flow-weighted 

samples under a broad range of steady-state and variable flow conditions. We then incorporated 

the sampler, along with leachate and soil sampling techniques, in a two-year field study testing 

the effects of winter cover crops and different edge-of-field buffer strip plant types on movement 

of the neonicotinoid thiamethoxam (TMX) and its metabolite clothianidin (CLO) in treated 

agricultural fields. Due to dry weather and other complications, runoff and leachate data could 

not be statistically analyzed. Soil samples indicated that cover crops had no effect on insecticide 

retention, so cover crops may not be a viable strategy to prevent neonicotinoid transport. Soil 

TMX was higher in grass buffers than native forb buffers in 2020; however, this result was not 

repeated in 2021 when vegetative cover was more consistent across treatments. CLO 

concentration did not vary by buffer in either year. Therefore, buffer strip plant type may have 

less impact on TMX and CLO retention than other factors like plant density.  
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Public Abstract 

 Since the 1950’s high yield crops and the use of pesticides and fertilizers have helped 

farmers increase yields from agricultural land. Increased yields have helped food production 

keep pace with population growth, but the use of pesticides and fertilizers can pose a threat to 

human and environmental health. Neonicotinoid insecticides can kill not only agricultural pests 

but beneficial invertebrates like bees and butterflies when the pesticides leave agricultural fields. 

To lessen environmental impact of neonicotinoid pesticides to the environment, it is important to 

understand 1) how these insecticides move from agricultural fields, and 2) how conventional 

agricultural practices can be altered to minimize neonicotinoid transport. We first developed a 

runoff sampler that was inexpensive, low maintenance, and adaptable to existing systems used to 

measure runoff. The sampler collects water at a rate proportional to the runoff rate under 

constant and changing flow rates. We then used the sampler along with leachate and soil 

sampling techniques in a field study testing the effect of winter cover crops and the species 

planted in edge-of-field vegetated buffer strips on the amount of the neonicotinoid thiamethoxam 

(TMX) and its degradation product clothianidin (CLO) remaining in the soil of treated fields 

during two growing seasons. Due to dry weather and other complications, runoff and leachate 

data could not be statistically analyzed. Cover crops did not change soil pesticide concentration 

either year, so cover crops may not be a viable strategy for preventing neonicotinoid transport. 

Soil TMX was higher in grass buffers than native forb buffers in 2020; however, this result was 

not detected in 2021 when plant growth in buffers was more uniform across treatments. CLO 

concentration did not vary by buffer type in either year. Therefore, the species planted in buffer 

strips may not be as important to holding TMX and CLO in soils as other factors like plant 

density.
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1 Introduction 

 As the human population has grown, more and more land has been converted to 

agriculture. Since the Second Agricultural Revolution in the late 1700’s, the focus in developed 

countries has shifted from converting new lands to increasing food production on already 

converted land. This shift intensified in the 1950’s with the introduction of high-yield varieties 

and the increased use of agrochemicals like synthetic fertilizers and pesticides. While the use of 

agrochemicals has helped food production keep pace with human population growth, they also 

pose risks to humans and the environment (Bhushan & Pathma, 2021). To minimize their impact 

on the environment, it is important to study the transport dynamics of agrochemicals and 

implement strategies to minimize environmental contamination. 

 Transport of dissolved agrochemicals through runoff and leaching is a common vector of 

environmental contamination (Radolinski et al., 2019; Udawatta et al., 2002). One agrochemical 

group of growing concern is neonicotinoid pesticides. Use of neonicotinoid pesticides began in 

1991 and by 2008 accounted for 23.7% of the global agrochemical sales (Jeschke et al., 2010). 

Neonicotinoids function as an agonist to the insect acetylcholine receptor, making them an 

effective control of a large range of insects but non-toxic to mammals (Tomlin, 2009). However, 

neonicotinoids are toxic to non-target insects such as bees (Krupke et al., 2012) and butterflies 

(Pecenka & Lundgren, 2015), as well as birds (Eng et al., 2019) and aquatic organisms 

(Yamamuro et al., 2019). 

 Neonicotinoids are primarily applied as seed coatings and, due to high water solubility, 

are taken up by plants through water to create a systemic defense against insect pests (Bonmatin 

et al., 2015; Jeschke et al., 2010). While seed application is a more efficient method than foliar 

application, only 2-20% of applied pesticide is incorporated into plant tissue (Sánchez-Bayo, 
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2014). The remaining 80-98% persists in the soil environment and is susceptible to transport via 

leaching and runoff of the dissolved fraction and erosion of soil bound fraction (Frame et al., 

2021; Main et al., 2016; Radolinski et al., 2019). Movement of neonicotinoids from agricultural 

fields into the environment provides increased opportunity for contact with non-target organisms. 

Plants adjacent to treated fields may incorporate neonicotinoids into their biomass and harm 

visiting pollinators (Hall et al., 2022; Krupke et al., 2012; Main et al., 2020). Neonicotinoids can 

also enter surrounding waterways and disrupt aquatic ecosystems (Main et al., 2014; Yamamuro 

et al., 2019). 

 Altering conventional field management strategies may mitigate off-site transport of 

neonicotinoid pesticides. Planting winter cover crops could reduce neonicotinoid losses by 

decreasing runoff and leachate from treated fields. Cover crops can limit leaching of dissolved 

contaminants by facilitating the upward movement of soil water and accumulating dissolved 

contaminants in plant biomass (Smith et al., 1987). If cover crop biomass is not removed, the 

increase in soil organic matter over time may increase the water holding capacity of the soil and 

could further limit transport through leaching (Johnston, 1986; Odland, 1938). In addition, winter 

cover crops lower runoff volume compared to bare soil by slowing runoff velocity and allowing 

more rainfall infiltration (Dabney et al., 2001). However, the effect of cover crops on the 

transport of neonicotinoid pesticides through leaching and runoff has not been tested. 

Planting edge-of-field buffer strips is another unconventional management strategy that 

could mitigate off-site transport of neonicotinoids. Buffer strips have been shown to reduce 

losses of dissolved contaminants like nitrate and atrazine following application to agricultural 

fields by reducing runoff and retaining more water in the soil (Hernandez-Santana et al., 2013; 

Schmitt et al., 1999). Buffer strips can also reduce neonicotinoid transport from fields with a 
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history of neonicotinoid application (Hladik et al., 2017), but their ability to reduce neonicotinoid 

transport directly following the planting of coated seeds is unknown. 

 Due to risks posed to pollinators and other non-target organisms, the European Union 

banned the use of the neonicotinoids imidacloprid (IMD), thiamethoxam (TMX), and 

clothianidin (CLO) on flowering crops and cereals (Commission, 2013). In 2020, the United 

States Environmental Protection Agency proposed bans on foliar application during flowering 

plant stages and label warnings for five neonicotinoids (including IMD, TMX, and CLO), but 

there are no restrictions on seed applications (USEPA, 2020). If the use of neonicotinoid seed 

treatments continues, it is important to quantify the movement of neonicotinoids from 

agricultural fields. It is also important to examine conventional agricultural practices and 

investigate ways to minimize neonicotinoid transport. This thesis consists of two studies that are 

organized into two chapters. In the first study (Chapter 2), we developed a proportional runoff 

sampler that is inexpensive, rugged, and adaptable to a broad range of flow rates in a lab setting. 

We then incorporated the sampler along with leachate and soil sampling techniques in a field 

study that tested the impact of cover crops and edge-of-field buffer strips on off-site transport of 

TMX and its metabolite CLO from treated agricultural fields (Chapter 3). These results will be 

used to assess the ability of the two potential best management practices to limit off-site 

transport of neonicotinoid pesticides by retaining them in the soil.  
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2 A device to collect passive, flow-weighted water samples from surface runoff  

Published in Vadose Zone Journal, Maris, J.O. and R.D. Stewart, DOI: 10.1002/vzj2.20226 

Abstract 

Obtaining water quality samples from surface runoff is essential for understanding 

erosion and pollutant transport processes. Existing water sampling devices are expensive, require 

installation of extensive infrastructure or power supplies, or have limited ability to collect flow-

weighted samples. We created an inexpensive, non-powered, flow-weighted water sampling 

device that can be incorporated into runoff quantification systems like the Upwelling Bernoulli 

Tube (UBeTube). Our device, called the Holey Sampler, consists of a standpipe with holes 

drilled at specific heights. Water enters the standpipe in proportion to the water flow rate through 

the UBeTube, and is routed to an external collection bottle. We built and tested two versions of 

the Holey Sampler that sampled water at an approximate ratio of 1:250 of the runoff rate. The 

Standard Opening Holey Sampler (Standard-OHS) configuration was made with 1.6-mm 

diameter holes, while the Miniature Opening Holey Sampler (Mini-OHS) configuration was 

designed to prevent over-sampling at low outflows but required a smaller diameter (0.8-mm) 

drill bit. Laboratory and numerical experiments demonstrated that both configurations obtained 

accurate flow-weighted runoff samples when incorporated into the UBeTube. Flow rates in the 

Mini-OHS were better correlated with runoff rates under constant-flow (R2 = 0.99 versus 0.96 

for the Standard-OHS) and variable-flow conditions (R2 = 0.99 versus 0.95 for the Standard-

OHS). Further modification of the Holey Sampler could also allow flow-weighted sampling of 

other runoff quantification devices like flumes and weirs. 
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2.1 Introduction 

Surface runoff, also called overland flow, is a main cause of erosion and a contributor to 

nutrient, pesticide, and other contaminant losses from agricultural fields (Dosskey et al., 2007; 

Hladik et al., 2017; Radolinski et al., 2019; Udawatta et al., 2002). Understanding and modeling 

these processes requires the ability to accurately sample and quantify runoff. However, few 

solutions are available to collect water samples from runoff plots or similar through-flow 

installations. In addition, existing approaches tend to be complex and expensive, often suffering 

from extensive maintenance requirements, and have limited ability to sample different sized 

events. 

Water sampling typically takes one of two approaches: sequential (interval) sampling and 

proportional sampling. In sequential sampling, fixed volumes of water are collected at regular 

intervals or under specified conditions (e.g., a threshold pressure head), using devices such as 

automated water samplers (Inamdar et al., 2011; Yazdi et al., 2021). These samplers are effective 

but expensive, which means they can quickly become cost-prohibitive when attempting to 

sample multiple plots or locations (Pinson et al., 2004). They also require a power source, 

limiting their ability to be deployed remotely, though solar panels can be effectively used in 

some instances (Burcham et al., 1998; Cullum et al., 1992). Zhan et al. (2021) created a 

sequential sampler that uses an automated flushing mechanism to prevent sediment clogging. 

However, the mechanism can result in sample contamination and does not allow for continuous 

sampling. More important, all sequential sampling approaches tend to be of limited use for 

studies that examine flow controls on transport processes (Frame et al., 2021) or to calculate 

pollutant loads (Kirchner et al., 2004), since the sample volume in these systems does not change 

with runoff discharge.  
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Proportional (i.e., flow-weighted) samplers, by contrast, are designed so that the amount 

of water collected is related to runoff quantity. This sampling protocol is particularly useful for 

environmental monitoring studies, as, for example, it can be used to calculate pollutant loads 

(Bonta, 2002; Budai et al., 2020; Pinson et al., 2004). A variety of flow-weighted sampling 

approaches exist, depending in part on the type of runoff measurement system being used. For 

example, in storage-based measurements, all or part of the water produced via surface runoff is 

collected in storage containers. The most basic installations collect and store all water in large 

containers until time of sampling (Radolinski et al., 2019). However, these systems only function 

well for small plots, as the storage volumes can quickly become excessive (e.g., 0.02 m of 

surface runoff from a 25 m2 plot translates to 0.5 m3 of water). Related systems, including 

Coshocton wheels and flow dividers, are typically designed to only collect a portion of the runoff 

(Bonta, 2002; Geib, 1933; Pinson et al., 2004). Having multiple, nested sampling containers can 

ensure that all runoff is sampled (Bonilla et al., 2006), though such designs can make it 

challenging to also quantify runoff rates, and they can be quite expensive. At the same time, flow 

divider systems can fail to sample small runoff events (Carter & Parsons, 1967), and the systems 

can become clogged with sediment. Other flow-weighted samplers rely on pumping units and 

control units (Budai et al., 2020), which can provide accurate samples but also may require 

extensive maintenance and a continuous power supply.  

Through-flow measurements typically measure runoff without storing it. Example 

installations include tipping buckets (Nehls et al., 2011), flumes (Hernandez-Santana et al., 

2013), and flow meters installed on collection pipes (Stewart, Moreno, et al., 2015). Tipping 

buckets can be fitted with a sampler that collects a portion of each tip to one side (Zhao et al., 

2001). Nevertheless, tipping buckets can lose water due to evaporation and splashing, and may 
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be unable to sample small runoff events that do not generate enough water to tip the bucket 

(Habib et al., 2001; Nehls et al., 2011). Water samples can be collected from flumes and similar 

channel-based installations using multi-pipe samplers built from sampling tubes welded at 

different heights onto a metal rod (Pathak, 1991). Each pipe leads to a separate sample bottle, 

which allows for collection of flow-weighted samples in proportion to the water height in the 

channel. Such systems require large changes in the height of water in the channel to provide 

proper flow-weighting, as each pipe has a vertical separation of 50 to 80 mm from the others. 

Flumes can also be expensive to install and maintain and can be impractical for studies involving 

multiple runoff plots, as often needed for replicated experimental work.   

The Upwelling Bernoulli Tube (UBeTube) was developed as an inexpensive and accurate 

device to measure plot-scale runoff across a range of flow conditions (Stewart, Liu, et al., 2015). 

The instrument consists of a vertical pipe with a double trapezoidal weir cut into the side. Water 

enters laterally from a pipe below the tube and passes through the weir (Ries et al., 2020). Water 

height in the UBeTube is recorded using a pressure transducer and is used to calculate 

volumetric water flow (Q) through the slot using Torricelli’s equation. The original version was 

designed to accurately measure flows from 0.05 L min-1 up to 300 L min-1, and the weir 

geometry can be altered to accurately measure a wide range of discharge rates (Ries et al., 2020; 

Stewart, Liu, et al., 2015). However, as currently designed the system does not have the ability to 

collect water samples.  

Our goal in this study was to develop an inexpensive, rugged, and flow-weighted runoff 

sampling device that can be incorporated into runoff quantification systems such as the 

UBeTube. The sampler consists of a polyvinyl chloride (PVC) standpipe with drilled holes at 

preset heights. The sampler is placed inside of the UBeTube and relies on the same theory of 
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water flow as the UBeTube (i.e., Torricelli’s equation). The sampler is easy to construct and 

provides a flow-weighted composite sample using a single collection bottle. In this manuscript, 

we discuss the design and validation of the sampler, and demonstrate its ability to collect 

representative samples under low-to-moderate flow conditions (i.e., 0.01 – 116 L min-1). 

2.2 Methods 

2.2.1 Design 

 The Holey Sampler is designed to be used in conjunction with a through-flow runoff 

measurement device such as the UBeTube. The basic sampler configuration consists of a 

vertically aligned standpipe with a series of drilled holes that are sized and positioned to ensure a 

flow-weighted sample is collected. Once inside of the sampler, water then flows into a collection 

bottle or other receptacle that is placed outside of the UBeTube, where it can be easily accessed 

(Figure 2.1).  
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Figure 2.1. (a) Holey Sampler prototype; (b) schematic of the Holey Sampler installed in an 

UBeTube with water entering the sampler (QSampler) at a rate proportional to the UBeTube 

outflow (QOutflow); (c) prototype Holey Sampler installed in an UBeTube during a constant-flow 

test; and (d) constant-flow sampler test with covered UBeTube slot to simulate higher outflow 

rates. In (c) and (d), the sampler can be seen in the top left corner of the UBeTube slot along 

with the sealed PVC plug, barb, and tubing protruding from the left side of the UBeTube. 

For a given water height in the UBeTube, h, the flow rate entering the Holey Sampler 

(QSampler) can be modeled using a modified version of Torricelli’s equation: 
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𝑄𝑆𝑎𝑚𝑝𝑙𝑒𝑟 =  ∑ 𝜋𝑐𝑖𝑛𝑖𝑟𝑖
2√2𝑔(ℎ − 𝑧𝑖)

𝑁
𝑖=1    h > z1    (1) 

where i indexes the vertical locations where holes are located (with the lowest elevation hole set 

as 1), c is a calibration coefficient that accounts for the roughness of the drilled holes, n is the 

number of holes at that position, r is the radius of each individual hole at that position, g is the 

force of gravity, h is the height of water in the UBeTube, and z is the height of the holes.  

 Equation (1) can be used for any combination of hole numbers, sizes, and vertical 

positions. However, only certain combinations will allow the Holey Sampler to collect a flow-

weighted sample that remains approximately proportional to outflow. We used a custom R script 

to model flow rates in the Holey Sample, QSampler, for different sample hole configurations. The 

script also modeled outflow from the UBeTube, QOutflow, based on the design presented in 

Stewart et al. (2014) and assuming a calibration coefficient of c = 0.95.   

We used linear regression to compare QSampler versus QOutflow. The slope of the regression 

line was used to assess proportionality between the two quantities, and R2 was calculated to 

assess the linearity of the relationship. Based on this analysis, we selected two different hole 

configurations, each with approximate sampling ratios of 1:250 (sampler flow rate to runoff 

rate). The Standard Opening Holey Sampler (Standard-OHS) configuration used hole diameters 

available in standard drill bit sets, from 1.6 to 6.4 mm (Table 2.1). The Miniature Opening Holey 

Sampler (Mini-OHS) configuration included holes that were made with a special-ordered 0.8-

mm drill bit (Table 2.2). 
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Table 2.1. Height, number, and diameter of holes used in Standard Opening Holey Sampler 

(Standard-OHS). Hole heights are in relation to the bottom of the UBeTube slot. 

Height 

(mm) 

Number 

of Holes 

Diameter 

(mm) 

0 1 1.6 

110 1 1.6 

130 2 1.6 

140 2 1.6 

160 1 1.6 

 

Table 2.2. Height, number, and diameter of holes used in Miniature Opening Holey Sampler 

(Mini-OHS). Hole heights are in relation to the bottom of the UBeTube slot. 

Height 

(mm) 

Number 

of Holes 

Diameter 

(mm) 

5 1 0.8 

40 1 0.8 

70 1 1.6 

115 1 1.6 

130 1 2.4 

155 1 2.4 

 

2.2.2 Prototype and Laboratory Testing 

To test Equation (1), we constructed prototypes of both the Standard-OHS and Mini-OHS 

using 200-mm tall standpipe made from 12.7-mm (1/2-inch) outer diameter Schedule 40 

polyvinyl chloride (PVC) pipe. The standpipe was glued into a 12.7-mm inner diameter PVC 

elbow (Figure 2.1a), which was mounted to a 22.5-mm diameter machined hole in the side of a 

UBeTube with a 12.7 mm PVC plug (Figure 2.1b). The PVC plug was tapped, and a 4.8-mm 

brass hose barb was screwed into place. The PVC plug and elbow were sealed and secured to the 



 12  

 

UBeTube with JB Waterweld Epoxy Putty (JB Weld, Sulphur Springs, Texas). An example of 

the full installation is shown in Figure 2.1c. 

We next calculated the c coefficient using a single 1.6-mm hole in the Standard-OHS. 

Only one hole was used to isolate this parameter and eliminate possible variation resulting from 

other holes. A constant flow of water was applied to the UBeTube (Figure 2.1c). Once the water 

level in the UBeTube stabilized, the water height was determined using a measuring tape, and a 

sample was collected for one minute. The sample volume was used to calculate QSampler at the 

given water height. This process was repeated three times for each water height. Four water 

heights were tested, corresponding to QOutflow values of 0, 2.59, 9.70, and 17.3 L min-1. The 

measured QOutflow rates were compared to the modeled QSampler values (i.e., Equation 1) using 

least-squares regression, and the c value was adjusted until the residuals between the modeled 

and measured values were minimized. 

After the c coefficient had been estimated, we used this value for all holes and both 

sampler configurations. We then performed two additional laboratory tests to ensure that 1) the 

model accurately predicted QSampler at various flow rates, and 2) QSampler had a linear relationship 

with QOutflow. The first test used constant flow and was similar to the test used to calculate the c 

coefficient. Water was first applied to the UBeTube, starting at a low flow rate, until the water 

level stabilized. The sampler tube was placed in a sample bottle and water was collected for one 

minute. The collected volume was used to calculate the measured QSampler. This process was 

conducted in the Standard-OHS configuration for 18 water levels, ranging from 25 to 155 mm 

(expected Qoufflow rates of 1.86 to 107 L min-1 and expected Qsampler rates of 0.05 to 0.44 L min-1), 

and in the Mini-OHS configuration for 13 water heights ranging from 15 to 158 mm (expected 

Qoufflow rates of 0.77 to 116 L min-1 and expected Qsampler rates of 0.01 to 0.44 L min-1). Three 
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samples were collected at each water level. To test the samplers at flow rates beyond the capacity 

of our faucet (~40 L min-1), the slot of the UBeTube was partially sealed with tape, so the water 

could reach the same height in the UBeTube that it would under higher outflow rates (Figure 

2.1d). 

We also tested the Holey Sampler under variable flow conditions. In this test a constant 

flow of water was applied to the UBeTube and the initial water height was measured. A sample 

bottle was placed under the sampler tubing. After 30 seconds of sampling, the faucet flow rate 

was increased without removing the sample bottle, and the new water height in the UBeTube 

was measured. After 30 more seconds of sampling, the flow rate was increased again. The 

sample collection continued for 30 more seconds and the final water height in the UBeTube was 

measured. Changes in water height varied, with height increments between 7.5 and 50 mm used 

in different tests. The expected QSampler for each 90 second period was calculated as a mean of 

modeled flow rates for the three different heights, and measured QSampler was calculated using the 

volume of water collected during the 90-second period. For the Standard-OHS, the variable-flow 

test was conducted at 11 different mean water levels ranging from 48 to 127 mm (translating to 

expected Qoutflow rates of 6.26 to 52.3 L min-1 and expected Qsampler rates of 0.07 to 0.19 L min-1), 

and the variable-flow test was conducted for the Mini-OHS at 11 different mean water levels 

ranging from 43 to 146 mm (corresponding to expected Qoutflow rates of 5.07 to 85.7 L min-1 and 

expected Qsampler rates of 0.03 to 0.34 L min-1).  

Measured QSampler values were compared to corresponding modeled QSampler values by 

calculating root mean squared error (RMSE). Linear regression was used to compare measured 

QSampler and the corresponding modeled QOutflow values to discern the consistency of flow-

weighting (i.e., proportionality) across the range of tested water levels.   
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2.3 Results and Discussion 

2.3.1 Calibration Coefficient, c 

 During the calibration test, which consisted of four repeated tests done for four different 

water heights, measured QSampler was 72% ± 3% (mean ± standard deviation) of modeled QSampler. 

Therefore, we used c = 0.72 as the constant in Equation 1 for all holes. We note that this 

coefficient value was much smaller than that of the UBeTube (c = 0.95). This discrepancy is 

likely due to the small size of the sampler holes relative to the slot in the UBeTube, and also that 

drilled holes in the PVC Holey Sampler had rougher edges than the machined slot in the 

aluminum UBeTube. We also note that we only tested a single 1.6 mm diameter hole, and so 

users should consider performing a similar calibration if using other sampler materials or hole 

sizes. 

2.3.2 Sampler Accuracy 

A major goal of the laboratory tests was to verify that the model could accurately predict 

QSampler over a broad range of water heights. The constant-flow test showed that the model was 

able to accurately estimate QSampler of the Standard-OHS (R2 = 0.997, slope = 1.05; Figure 2.2a). 

Based on 18 tested water heights, the RMSE was 0.011 L min-1 between measured QSampler and 

modeled QSampler. The model also accurately estimated QSampler of the Mini-OHS during the 

constant-flow test (R2 = 0.988, slope = 1.01; Figure 2.2b). The RMSE was 0.015 L min-1 

between measured QSampler and modeled QSampler. Therefore, the model accurately predicted 

QSampler over a range of water heights for both sampler configurations, which means the model 

can be used to determine ideal hole placement for samplers in other runoff quantification systems 
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with various flow ranges. This result also indicates that our decision to use a constant c value for 

all holes did not induce much error.  

Runoff rates typically vary during storms, so it was also important to determine if the 

Holey Sampler could obtain accurate flow-weighted samples under different flow conditions. 

During the variable-flow test, the model was able to accurately estimate measured QSampler of the 

Standard-OHS (R2 = 0.964, slope = 0.91; Figure 2.2c), with an RMSE of 0.006 L min-1. The 

model was also able to accurately predict QSampler of the Mini-OHS during the variable-flow test 

(R2 = 0.997, slope = 1.06; Figure 2.2d). The RMSE between measured QSampler and modeled 

QSampler was 0.007 L min-1 for this test. The RMSE values were lower for both hole 

configurations in the variable flow compared to constant flow tests; for example, the variable 

flow test for the Standard-OHS had a maximum flow rate of 0.18 L min-1 (Figure 2.2c), less than 

half of the maximum flow rate in the constant-flow test (Figure 2.2a). This discrepancy may 

have reflected the smaller range of water flows tested in the variable flow test. Specifically, 

because we collected measurements at three water heights in the variable-rate test, it was not 

possible to seal the UBeTube slot to achieve the higher water heights that were attained in the 

constant-flow tests.  

We also note that our analysis assumed that water height in the UBeTube changed 

instantaneously during a change in flow. In reality, it took 1-2 seconds for the water to rise and 

equilibrate after a change in flow. These lags had minimal effects on the overall sampling 

performance under these controlled laboratory conditions. Nonetheless, it is possible that more 

rapid or inconsistent fluctuations under field conditions may induce additional errors that would 

need to be quantified and understood. 
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Figure 2.2. Measured versus modeled QSampler values during the constant-flow test for the a) 

Standard-OHS and b) Mini-OHS, and during the variable-flow tests for the c) Standard-OHS, 

and d) Mini-OHS. Dashed black lines show 1:1 relationships.  

2.3.3 Flow Linearity and Proportionality 

The second goal of the laboratory tests was to test the linearity of the relationship 

between measured QSampler and modeled QOutflow across different water heights. The constant-flow 

test confirmed that measured QSampler values were linearly related to modeled QOutflow rates. The 

Standard-OHS had an R2 value of 0.96 (Figure 2.3a), indicating that this sampler collected flow 

with a near constant proportionality to the UBeTube outflow under steady-state conditions. 

However, these test results also revealed that that sampler oversampled at low flow rates (i.e., 

QOutflow between 0 and 20 L min-1), and under-sampled at moderate flows (i.e., QOutflow between 
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20 and 75 L min-1). The Mini-OHS had an R2 value of 0.992 (Figure 2.3b), indicating more 

consistent proportionality to the UBeTube outflow. The smaller hole size of the Mini-OHS 

prevented oversampling at low flows (QOutflow of 0 to 10 L min-1), and also allowed for decreased 

hole spacing, which helped to prevent under-sampling at moderate flows (i.e., 20 ≤ QOutflow ≤ 75 

L min-1).  

The relationship between measured QSampler and modeled QOutflow values remained linear 

for both samplers under variable-flow conditions (R2 = 0.954 for the Standard-OHS and 0.996 

for the Mini-OHS; Figure 2.3c and 2.3d). The tendency of the Standard-OHS to oversample at 

low flows was also evident in the low flow test. For example, the lowest measured Qsampler rate 

was 0.07 L min-1, which was only 60 times less than the modeled Qoutflow rate of 4.3 L min-1 

(Figure 2.3c). The Mini-OHS design had a more consistent ratio of approximately 1:240 

(sampler to outflow rate) throughout the variable flow test, even at the lowest measured flows 

(Figure 2.3d). This proportionality was very close to the designed ratio of 1:250, indicating that 

the Mini-OHS performed as expected.   



 18  

 

 

Figure 2.3. Measured QSampler versus modeled QOutflow values during the constant-flow test for 

the a) Standard-OHS and b) Mini-OHS, and during the variable-flow tests for the c) Standard-

OHS, and d) Mini-OHS. Dotted lines show linear regression relationships. 

2.3.4 Other Design Considerations 

Our analysis did not consider any effects of sampler design and construction on the 

ability of the sampler to collect different analytes. For example, we constructed our prototype 

systems using PVC parts. This material was selected because it is affordable, easy to work with, 

and maintains its structural integrity well. However, there are different types of this material, 

including the unplasticized (i.e., rigid) PVC that we used in this test, along with plasticized PVC 

that tends to be more flexible. Rigid PVC tends to have relatively low reactivity and smooth 
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surfaces that limit chemical binding (Teuten et al., 2007; Wang & Wang, 2018), though the 

negative charge associated with chlorine groups can attract positively charged molecules (Guo et 

al., 2018). Users may therefore consider alternate materials when analyzing cationic compounds. 

The sampler design may also need to be modified when sediment is expected, for example by 

including larger holes that would allow collection of suspended sediment samples without 

clogging, or by placing mesh screens or other filters on the sampler pipe to reduce the chance of 

blockage (Osorno et al., 2018). Filter materials may be particularly important in the case of the 

Mini-OHS, due to the small diameter holes used in that configuration. 

2.4 Conclusion 

In this study we designed and evaluated a low-cost, passive, flow-weighted sampler for 

collecting water from runoff collectors such as the UBeTube. We verified the sampler 

performance with two configurations, including one using larger holes (Standard-OHS), and one 

using several smaller-sized holes (Mini-OHS). The performance of both samplers was well-

described using theory (Equation 1) when they were tested under constant- and variable-flow 

conditions. Additionally, both configurations collected flow-weighted samples from the 

UBeTube, with a proportionality of approximately 1:250 between the two flow rates. The Mini-

OHS had a stronger linear relationship between measured QSampler and modeled QOutflow because 

the smaller hole size prevented oversampling at low QOutflow. However, the smaller (0.8-mm) 

diameter holes may be more likely to clog, particularly in sediment-rich waters, meaning that 

users may wish to consider using filter materials when using this design.  

Different hole sizes and placements could also be used to modify the proportion of 

outflow captured by the sampler. As an example, we created, but did not test, a sampler that was 

capable of a nearly linear relationship between QSampler and QOutflow with a proportionality of 1:57 
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(Appendix A). This device could be constructed using holes that are all ≥ 1.6 mm. This design 

would reduce the likelihood of clogging, but would also require larger sample collection vessels 

than the Holey Sampler versions tested in this study. Finally, the Holey Sampler device should 

be adaptable to other systems that measure runoff based on water height (e.g., weirs, flumes), 

with appropriate adjustments to hole size and placement to match expected flow conditions. 
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3 Management strategies for limiting thiamethoxam and clothianidin transport from 

agricultural fields 

Abstract 

 Neonicotinoid pesticides are the most widely used pesticide class in the world and pose a 

threat to non-target organisms through off-site transport. After planting, seed-applied 

neonicotinoids can enter the surrounding environment through runoff and leaching. Cover crops 

and edge-of-field buffer strips can decrease the movement of dissolved contaminants. However, 

their ability to mitigate transport of neonicotinoid pesticides like thiamethoxam (TMX) and 

clothianidin (CLO) has not been tested. We implemented a field experiment to analyze the 

ability of cover crops (cereal rye, Secale cereale) as well as three edge-of-field buffer strip 

compositions (non-native grass, native forb, native forb/native grass) to prevent TMX and CLO 

movement (i.e., increasing retention in the soil) from agricultural fields. To assess the 

effectiveness of each mitigation practice, we monitored TMX and CLO concentrations in runoff, 

leachate, and soil during the 2020 and 2021 growing seasons. Due to dry weather and instrument 

complications, runoff and leachate data could not be statistically analyzed. There was no 

difference in soil TMX or CLO concentrations between with-cover-crop and no-cover-crop corn 

plots in either year. Contrary to other studies, we observed low residual concentrations of TMX 

(< 0.0251 µg kg-1) and CLO (mean 0.171 µg kg-1) before planting in 2021. Cover crops did not 

increase retention of TMX and CLO in the soil and may not effectively mitigate TMX or CLO 

transport. Grass buffers had higher mean soil concentrations of TMX than forb buffers in 2020. 

However, there were no differences in soil TMX concentration between treatments in 2021, 

when buffers were more uniformly established. Soil CLO concentration did not differ by buffer 

type in either year. Due to lower soil concentrations of both neonicotinoids in buffers in 2021, it 
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is likely that less transport occurred from corn plots, likely due to lower cumulative rainfall 

during the 2021 growing season. Other factors, like plant density in buffers and weather, may 

have more impact on retention of TMX and CLO in the soil of buffer strips than plant 

community composition.   
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3.1 Introduction 

Neonicotinoids are the most widely used insecticide class in the world and make up 80% 

of the seed-coating pesticide market (Craddock et al., 2019; Miranda et al., 2011; Sánchez-Bayo, 

2014). They work as an agonist of the nicotinic acetylcholine receptors in the nervous systems of 

insects, and were thought to be relatively harmless to humans and other vertebrates that might 

encounter the pesticides in the environment (Tomlin, 2009). However, recent studies have shown 

that neonicotinoid pesticides may be more harmful to birds (Eng et al., 2019) and aquatic 

invertebrates (Starner & Goh, 2012; Yamamuro et al., 2019) than originally thought, and can 

also contribute to population decline of non-target insects like honey bees and monarch 

butterflies (Krupke et al., 2012; Pecenka & Lundgren, 2015). It is important to reduce 

neonicotinoid exposure of non-target organisms. 

Neonicotinoid pesticides are usually applied as seed coatings. Because they are highly 

water soluble (340 – 4100 mg L-1 at 20°C and pH 7), the crops are able to take up 2-20% of the 

applied pesticide from soil water as the plants grows, creating an integrated defense against 

sucking and chewing insect pests (Bonmatin et al., 2015; Sánchez-Bayo, 2014; Tomlin, 2009). 

The remaining portion of applied pesticide is susceptible to leaching due to the soluble nature 

and low soil adsorption (1.4 – 2.3 log Koc) of neonicotinoids (Gupta et al., 2008; Hladik et al., 

2017; Hladik et al., 2018; Radolinski et al., 2018; Sánchez-Bayo, 2014). Neonicotinoid 

pesticides are also susceptible to transport into the surrounding environment through surface 

runoff (Hladik et al., 2017; Radolinski et al., 2019; Yamamuro et al., 2019). As a result of these 

transport pathways, neonicotinoid compounds have been detected in waterways surrounding 

fields planted with neonicotinoid-coated seeds (Miranda et al., 2011; Starner & Goh, 2012; Van 

der Sluijs et al., 2015). Mobilization presents increased opportunities for contact with nontarget 
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organisms such as bees, butterflies, and aquatic organisms (Huseth & Groves, 2014; Krupke et 

al., 2012), making it important to develop strategies that prevent off-site transport of 

neonicotinoids. 

Since neonicotinoids persist beyond the growing season, any dissolved pesticide still in 

the field will be more likely to leach through the soil profile through the winter and early spring, 

because the roots are no longer taking up soil water containing the pesticides (Huseth & Groves, 

2014; Jones et al., 2014; Main et al., 2016; Tomlin, 2009). Planting winter cover crops is a 

potential strategy to reduce pesticide losses from fields between cash crops. Cover crops can 

limit leaching of dissolved contaminants, like nitrogen, by taking up water and incorporating 

dissolved contaminants into plant biomass (Smith et al., 1987). Winter cover crops also lower 

runoff volume by slowing velocity and allowing more rainfall infiltration compared to bare soil 

(Dabney et al., 2001). Therefore, planting winter cover crops following a neonicotinoid-treated 

crop represents a possible solution to off-site transport of neonicotinoid pesticides through 

groundwater leaching and runoff. Bredeson and Lundgren (2019) found that cereal rye (Secale 

cereale), a common winter cover crop, was able to incorporate the neonicotinoids thiamethoxam 

and clothianidin into its leaves when interseeded with corn. Cover crops can also increase the 

water holding capacity of soil over time through added organic matter (Dabney et al., 2001; 

Steenwerth & Belina, 2008), so they may be able to reduce neonicotinoid transport through 

leaching in future years. However, there is some concern that preferential flow pathways created 

by decaying cover crop roots may increase the mass of pesticide leached from the root zone the 

following year (Frame et al., 2021; Radolinski et al., 2018), making it important to quantify 

neonicotinoid pesticides leached from cover-cropped versus non-cover-cropped systems at the 

field scale. 
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Edge-of-field buffer strips represent another possible approach to mitigating off-site 

neonicotinoid transport based on their ability to reduce movement of other dissolved 

contaminants like nitrate (up to 48% reduction) and atrazine (up to 43% reduction) (Schmitt et 

al., 1999). Plants in the buffer strips slow the velocity of runoff and allow more water to 

infiltrate. Plant roots then take up the water, and contaminants can be degraded by the plant or 

incorporated into plant biomass (Udawatta et al., 2002). Buffer strips can lower off-site transport 

of neonicotinoid pesticides from fields that had, in years prior to the study, been planted with 

neonicotinoid-coated seeds (Hladik et al., 2017). However, there have not been any studies that 

examine the ability of buffer strips to lower transport of neonicotinoid pesticides from fields 

either 1) immediately after planting of treated seeds, or 2) during the subsequent growing season. 

There have also not been studies testing the effect of buffer strip plant community composition 

on the degree of neonicotinoid pesticide transport reduction.  

In addition to contaminant transport control, buffer strips can also increase the 

biodiversity of agricultural fields if a mixture of native species are planted rather than 

monoculture grasses (Cole et al., 2020). Including a variety of native forbs into buffer strips, like 

milkweeds (Asclepias spp.) also attracts pollinators which are beneficial to yields of nearby 

insect pollinated crops, but buffer species could also become weeds in agricultural fields 

(Marshall & Moonen, 2002). There is also a possibility that diverse vegetated buffer strips could 

create another avenue of exposure to non-target insects (Botías et al., 2016), since mixed native 

grasses and forbs incorporate similar amounts of neonicotinoids into plant biomass as fescue 

(Festuca arundinacea) (Morrison, 2020). Nonetheless, one recent study found that neonicotinoid 

concentrations in milkweeds within vegetated buffer strips directly adjacent to treated fields 

accumulated neonicotinoids to a concentration well below the dietary lethal concentration 10 
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(LC10) of monarch butterfly (Danaus plexippus) larvae (36 ng g-1 imidacloprid, 46 ng g-1 

clothianidin, 420 ng g-1 thiamethoxam) (Hall et al., 2022).  

Our goal in this study was to evaluate these two management practices (cover crops and 

edge-of-field buffer strips) for their ability to alter leachate, runoff, and soil concentrations of the 

neonicotinoid pesticide thiamethoxam (TMX) and its metabolite clothianidin (CLO) from 

agricultural fields. To interpret our experimental results, we assumed that, because field 

environmental factors were similar between fields, higher soil TMX and CLO concentrations 

represented greater pesticide retention in fields and less movement into the surrounding 

environment. Based on this assumption we hypothesized that: 1) soil concentration of TMX and 

CLO would be higher in corn plots with cover crops and 2) soil TMX and CLO concentration 

would be highest in buffers planted with fescue.  

3.2 Methods 

3.2.1 Site Description 

 This study took place at the Virginia Tech Northern Piedmont Research Station in 

Orange County, VA. The area is characterized by the Fauquier clay and clay loam (Ultic 

Hapludalf) and Meadowville silt loam (Typic Hapludult) soil series. Mean annual precipitation is 

111 cm. Slope ranges from 4 to 8% and the fields used for this study face west to southwest. The 

site had no history of treatment with neonicotinoid pesticides. Morrison (2020) found that 

background soil thiamethoxam (TMX) concentration at the site was 0.05 ng g-1, which is 3-4 

orders of magnitude lower than has been found in other soils planted with TMX-coated seeds 

(Radolinski et al., 2018). 
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3.2.2 Experimental design 

We established 12 experimental plots in four blocks (Figure 3.1). Each plot contained a 

corn plot (15.2 m wide by 17.1 m tall) and a vegetated buffer strip on the downhill edge. Each 

corn plot was divided into two subplots measuring 6.1 by 17 m with a 3.0 m gap between 

subplots. One subplot was planted with cereal rye (Secale cereale) as a winter cover crop, while 

the other was left fallow between corn crops (Figure 3.1). The vegetated buffers were laid out in 

a randomized complete block design (Figure 3.1), with each block containing three buffer types: 

perennial grass, native forbs, and native forb/grass mixture. Species used in each buffer type are 

described in Table B1. Cover crop and buffer treatments in each plot were the same in 2020 and 

2021. 
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Figure 3.1. Layout of corn plots and buffer strips at the Northern Piedmont Research station in 

Orange County, VA. 

Prior to this study, Block 1 had been tilled and had no vegetative cover, Block 2 was 

unmanaged and covered in sparse grass, and Blocks 3 and 4 had previously been used in a 

switchgrass trial (Figure 3.1). All vegetation was sprayed with glyphosate in the spring of 2018 

and again in the summer of 2018. Spot spraying of giant foxtail (Setaria faberi) and other weeds 

continued until corn was planted in the spring of 2020. Buffers were first planted in the spring of 

2018 and reseeded to encourage establishment three more times (fall 2018, spring 2019, and fall 

2019). Corn plots were planted in untreated cow pea in the summer of 2018 and non-coated 

soybeans in the summer of 2019. 

3.2.3 Crop Planting and Harvesting 

Cereal rye (Secale cereale) was planted in the with-cover-crop subplots in the fall of 

2019, 2020, and 2021 at a rate of 78.6 kg ha-1. The twelve no-cover-crop subplots were left 

fallow after corn harvest. Corn (Zea mays) was planted as the cash crop in 2020 and 2021. 

In 2019, cereal rye was planted on September 25. We planted rye parallel to the slope 

with a Tye Pasture Pleaser seed drill (AGCO; Duluth, GA, U.S.), which was a 10-row planter 

with 25 cm spacing. On May 12, 2020, cereal rye was terminated with glyphosate. Cover crop 

biomass samples were taken on May 21. To collect each sample, we placed a 30.48 cm x 30.48 

cm polyvinyl chloride (PVC) square randomly into each with-cover-crop plot. All biomass 

within the PVC square was cut at the soil surface. Plants were only cut if the base of the stem 

was within the square. Number of rows within the square was not standardized. Each biomass 
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sample was dried at 150 °F (65 °C) for two weeks and then weighed. The dry weight per area 

values were used to estimate the total cover crop biomass in each with-cover-crop subplot. 

Corn was first planted on June 1, 2020. We planted Syngenta hybrid seed variety 

NK1808-3111.0 (Syngenta; Greensboro, NC, U.S.). The corn seed was pre-coated with Avicta 

Complete Corn plus Vibrance, which contains thiamethoxam, abamectin, thiabendazole, 

fludioxonil, mefenoxam, and azoxystrobin. Thiamethoxam, which is the active ingredient of 

concern for this study, was applied at a rate of 1.25 mg seed-1, which represents the highest 

commercially available dosage for corn seed coatings. Corn seeds were planted at a rate of 

67,925 seeds ha-1 using a four-row White 6700 planter with 76 cm spacing between rows 

(AGCO, Duluth; Georgia, U.S.). After corn was planted, the corn plots were fertilized with 30-

30-30 (30% N, 30% P, 30% K by mass) fertilizer at a rate of 168 kg ha-1. We applied glyphosate 

to the corn plots with backpack sprayers on July 29, 2020 to control weeds in the plots. Corn was 

terminated at maturity with a rotary brush mower on October 2, 2020. We did not remove corn 

residue from the plots. 

Cereal rye was again planted on October 21, 2020. The rye biomass sampling method 

was repeated on April 22, 2021. Volunteer weeds in no-cover-crop plots were also sampled in 

2021. All corn plots were sprayed with glyphosate on April 23, 2021 to terminate the rye cover 

crop and any weeds present in the no-cover-crop plots. The same corn plots were replanted on 

May 5, 2021. Since the NK1808-311.0 seed variety was unavailable, we planted the Syngenta 

variety NK1694-3111 in 2021. This seed had the same Activa Complete Corn plus Vibrance 

coating as the previous year, so the thiamethoxam application rate was once again 1.25 mg seed-

1. We used the same seeding rate, row spacing, and planter as in 2020. Corn plots were fertilized 

with 30-30-30 fertilizer the following day at a rate of 168 kg ha-1. A mid-season application of 
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glyphosate with backpack sprayers was performed on July 8, 2021 to eliminate weeds in the corn 

plots. Corn was terminated at maturity on September 13, 2021. Instead of bush hogging, corn 

was cut with a sickle bar mower. The residue was gathered into rows and removed from the 

field. Rye was planted in the with-cover-crop plots on September 30, 2021. 

3.2.4 Plot Instrumentation 

 Each subplot was equipped with suction cup lysimeters and runoff collectors to obtain 

leachate and runoff samples. The corn subplots had two suction cup lysimeters and a runoff 

collector on the boundary of the buffer strip. Including the two runoff collectors on the uphill 

edge of buffers, each buffer had three runoff collectors and three suction cup lysimeters (Figure 

3.2). Additional information on plot instrumentation can be found in Appendix C. 

 

Slope 

Direction 
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Figure 3.2. Schematic of a corn plot and vegetated buffer strip instrumented with seven suction 

cup lysimeters and three runoff collectors leading to UBeTubes.  

3.2.5 Leachate Sampling 

We built suction cup lysimeters using 1.27 cm inner diameter Schedule 40 polyvinyl 

chloride (PVC) and 2-bar high flow porous ceramic cups (Soil Moisture; Santa Barbara, 

California, U.S.). Ceramic cups were fixed to the PVC pipe using JB Waterweld Epoxy Putty 

(JB Weld; Sulphur Springs, Texas, U.S.). A one-hole stopper with a hose barb, 0.476 cm (3/16 

in) inside diameter tubing, and hose clamp were inserted into the opposite end of the PVC pipe. 

A smaller piece of tubing (0.238 cm, 3/32 in inside diameter) ran from inside the ceramic cup, 

through the PVC pipe, to the opposite end for sample collection.  

 Lysimeters were installed into the corn plots and buffers beginning May 28, 2020. Two 

lysimeters were placed in each corn subplot (one 3.0 m from the uphill edge of the plot and one 

4.6 m from the downhill edge of the plot) and three were installed in each buffer (1.0, 2.5, and 

4.0 m from the uphill edge of the buffer) downslope from the no-cover-crop corn subplot. The 

three lysimeters in the buffers were staggered laterally by 0.50 m (Figure 3.2).  

Lysimeters were installed at a depth of 1 m or to the depth of any shallow, near-surface 

hardpan. Lysimeter depths ranged from 0.11 to 0.93 m with a median depth of 0.31 m (Table 

C1). A silica flour slurry was poured into the bottom 0.15 m of each lysimeter hole, and 

lysimeters were installed so the ceramic cup was in the middle of the silica flour. Bentonite was 

used to seal the hole around the lysimeter. 

To obtain leachate samples from suction cup lysimeters, we applied 60 kPa of suction to 

each lysimeter for 1 hour. Any water present in the lysimeter after that hour was collected 
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through the smaller diameter tubing with a slip tip syringe and transferred to a glass vial. Glass 

vials were kept on ice in the field until they could be frozen upon returning to the lab. 

In 2020, leachate samples were taken on pre-determined dates (1, 2, 4, 8, and 12 weeks 

after planting). In 2021, we used an event-based sampling scheme, with water samples collected 

following precipitation on April 22, May 19, May 25, June 15, July 14, July 28, August 19, and 

September 13. Due to the time required to apply suction to all lysimeters, it was not feasible to 

sample the lysimeters during a storm without introducing possible variability in pesticide load in 

leachate as soil water content changed during the storm. 

3.2.6 Runoff Sampling 

Runoff samples were obtained from the 36 runoff collectors by incorporating a Standard 

Opening Holey Sampler (StandOHS) into each UBeTube. Samples were collected in 1 L glass 

jars. If sample volume exceeded 1 L, the excess sample was lost to overflow. The day after 

rainstorms, we measured the volume of runoff collected in each sample jar and took a 15 mL sub 

sample for lab analysis. If the total sample volume was less than 15 mL, we saved the entire 

sample for lab analysis. Runoff samples were cooled and frozen in the same manner as lysimeter 

samples. 

Due to the travel restrictions and supply shortages associated with the COVID-19 

pandemic, runoff collectors were not installed in time to take samples in the 2020 growing 

season. In the 2021 growing season, we collected samples from nine rainfall events (May 5, May 

31, June 13, July 2, July 17, August 16, August 20, August 28, and September 1). 

3.2.7 Water Sample Analysis 
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 To prepare water samples for analysis, samples were covered to avoid light exposure and 

thawed at room temperature. We pipetted 1480 µL of sample into a prelabeled 2 mL high-speed 

centrifuge vial. We then added 20 µL of labeling solution with 63 ppb TMX-d3 and 69.2 CLO-

d3 to achieve a 1 ppb final concentration. These internal standards were used to correct for 

variability due to analyte loss during the procedure. Samples were then centrifuged at 10,000 

rpm for 10 minutes and ~1 mL of the supernatant was filtered through a 0.2 µm PVDF filter into 

a prelabeled 2 mL amber HPLC vial. HPLC vials were then capped with a Teflon screw top and 

analyzed using Ultra Performance Liquid Chromatography with tandem mass spectrometry 

(UPLC MS/MS). Limit of detection (LOD) for TMX and CLO was 0.005 µg L-1, and respective 

limits of quantification (LOQ) were 0.086 µg L-1  for TMX and 0.077 µg L-1  for CLO. 

3.2.8 Soil Sampling 

 During the corn growing seasons of 2020 and 2021, composite soil samples were taken 

periodically from each corn plot and vegetated buffer strip for a total of 36 soil samples per 

sample date. In 2020, soil samples were taken on pre-determined dates (1, 2, 4, and 8 weeks after 

planting and on the day of harvest). In 2021, we used an event-based sampling scheme, with soil 

samples collected following precipitation on May 19, May 25, June 15, July 14, July 28, August 

19, and September 13. Each composite sample consisted of 3 discrete samples taken from the top 

10 cm of soil with a 1.9 cm diameter soil probe. Corn subplot samples were collected at random 

locations from the midpoint between rows. Buffer samples were collected at random points 

below the no-cover-crop subplot that were not blocked by an uphill runoff collector. Samples 

were kept in a cooler on ice for transport to the lab to be frozen until sample analysis. 

3.2.9 Soil Sample Analysis 
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 To prepare soil samples for analysis, approximately 10 g of soil from each composite 

sample was loaded into a plastic 50 mL centrifuge tube. We recorded the exact mass of the soil 

and covered each tube with two folded Kim Wipes (Kimberly-Clark Worldwide, Inc; Roswell, 

GA, U.S.) secured by a rubber band. Samples were freeze-dried for 24 hours. We then measured 

the dry soil weight and calculated gravimetric water content of each soil sample. We ground the 

dry soil using a mortar and pestle and returned the ground soil to the appropriate test tube. The 

mortar and pestle were cleaned with ethanol between samples. Centrifuge tubes were capped and 

placed in the freezer at 0°C until extraction. 

 To begin soil extractions, 1.0 g (+/- 10%) of each soil was weighed into a glass 35 mL 

centrifuge tube and the exact mass was recorded. Each soil sample was spiked with 20 µL of 

deuterium labeled 630 ppb TMX-d3/692 ppb CLO-d3 for a final concentration of ~10.2 µg kg-1 

of soil TMX-d3 and ~10.4 µg kg-1 of soil CLO-d3. The centrifuge tubes were left in ambient 

conditions in the fume hood for 30 minutes to allow the solvent to evaporate. After the solvent 

had evaporated, we added 0.5 g MgSO4, 0.5 g NaCl, and 10 mL of HPLC grade Acetonitrile to 

each tube and immediately capped them. Each sample was then vortexed on the highest setting 

of a VM-3000 Mini Vortexer for two minutes (VWR, Inc.; Radnor, PA, U. S.). After vortexing, 

samples were placed in a Sorvall ST 16 Centrifuge (Thermo Fisher Scientific; Waltham, MA, 

U.S.) for 15 minutes at 4000 rpm. Once the centrifuge run was complete, we pipetted 8 mL of 

the supernatant from each centrifuge tube into a second centrifuge tube preloaded with 0.1 g 

Primary Secondary Amine, 0.1 g Bondesil C18, and 0.05 g Carbon SPE Bulk Sorbet (Agilent 

Technologies; Santa Clara, CA, U.S.). Samples were vortexed on the highest speed for 90 

seconds and centrifuged at 4000 rpm for 10 minutes. We then pipetted 5 mL of the supernatant 

from each centrifuge tube into a corresponding, pre-labeled 10 mL screw-top vial and placed 
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them in a TurboVap LV Evaporator (Zymark Co.; Hopkinton, MA, U.S.). Samples were in the 

TurboVap at 75ºC with 100 kPa N2 flow for 15 minutes or until completely evaporated. After the 

test tubes had cooled, residue in each screw-top vial was reconstituted by adding 1 mL of UPLC 

mobile phase (5mM NH4Ac in H2O: 5mM NH4Ac in MeOH, v:v = 7:3) and vortexing on the 

highest speed for 2 minutes. The resulting solution was then extracted from the vial with a 1 mL 

syringe and filtered through a 0.2 µm PVDF filter into a prelabeled 2 mL amber HPLC vial and 

capped tightly with a Teflon screw top. The samples were analyzed using UPLC MS/MS. The 

limit of detection (LOD) for TMX and CLO was 0.005 µg kg-1. The limit of quantification 

(LOQ) for TMX and CLO was 0.0251 and 0.0226 µg kg-1, respectively. When concentrations 

were between the LOD and LOQ, concentrations were assumed to equal LOQ/2. 
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3.2.10 Soil Characterization 

 Two soil cores (7.5 x 5 cm) were taken from each buffer and corn sublot on March 9, 

2020. Cores were taken from 2.5 and 7.5 cm below the surface. The 2.5 cm depth soil cores were 

used to measure bulk density and porosity of the near surface soil in each plot. 

Between February 9 and 16, 2022, saturated hydraulic conductivity (Ks) of the near 

surface soil was measured in each of the twelve buffers as well as one with-cover-crop corn 

subplot and one no-cover-crop corn subplot per block (eight total corn subplots) using a single 

ring infiltration test. Four rings, 15 cm in diameter, were inserted into each plot at a depth of 

approximately 6 cm (exact depths were recorded for each ring). Water was added in 90 mL 

increments to each ring to maintain a constant head until either 900 mL had been added or one 

hour had elapsed since the first water addition. The time of each water addition was recorded as 

well as the final time when water was no longer ponded within the ring. Initial volumetric water 

content (θi) was measured using a HydroSense II time-domain reflectometry (TDR) probe 

(Campbell Scientific; Logan, UT), while final volumetric water content was assumed to be equal 

to porosity. We used the single ring method described in Stewart and Abou Najm (2018) to 

estimate Ks. Since most tests reached a constant infiltration rate by the end of the test, we used 

the final 3-5 data points and assumed those represented steady-state flow conditions. We then 

used linear regression to determine the slope (m) of the relationship between time (t) and 

cumulative infiltration (I) for those data points. We then calculated Ks for each ring using 

Equation 1: 

𝐾𝑠 =
𝑚(2𝑑+𝑟)

2ℎ𝑠𝑜𝑢𝑟𝑐𝑒+2𝜆+2𝑑+𝑟
          (1) 
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where d is the depth to which the ring was inserted into the soil (cm), r is the ring radius (cm), 

hsource is the ponding depth in the ring (cm), and λ is the soil capillary length (cm). Since the soils 

were relatively wet at the time of measurement (θi > 0.3 m3 m-3), we assumed that λ was equal to 

0.5 cm. 

3.2.11 Statistical Analysis 

 Log-transformed saturated hydraulic conductivity values were compared between buffer 

and corn plot treatments and between blocks using a two-way analysis of variance (ANOVA; n = 

4) at α = 0.05. 

 The relationship between Ks and runoff sample volume was evaluated using linear 

regression. The geometric mean of Ks for the four rings in each plot was plotted against the total 

runoff sample volume of the corresponding collector during the 2021 growing season. 

TMX and CLO concentrations in soil samples did not follow normal distributions even 

after transformation, so non-parametric statistical analyses were used. Friedman tests, an analysis 

used for repeated measures, were used to determine significant differences in soil TMX/CLO 

concentrations between buffer types during the 2020 and 2021 growing seasons (n = 4). 

Friedman tests were also used to test for blocking effects on soil TMX/CLO concentration (n = 

3). Means from any Friedman test that returned a significant p-value were subjected to Wilcoxon 

Signed-Rank Tests to determine which treatment means differed. Wilcoxon Signed-Rank Tests 

were also used to compare TMX/CLO in soil samples from the with-cover-crop and no-cover-

crop corn plots in each growing season (n = 12). All non-parametric statistical tests were 

evaluated at α = 0.1. 
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3.3 Results and Discussion 

3.3.1 Saturated Hydraulic Conductivity (Ks) 

Calculated Ks ranged from 5.38x10-5 to 3.77x10-3 cm s-1, with a median of 9.33x10-4 cm 

s-1. While no treatment differed from another (p-value = 0.698; Figure 3.3a), Ks varied by one to 

two orders of magnitude within each treatment. Ks significantly varied by block (p-value = 

0.00159; Figure 3.3b), with Block 1 having lower values than Blocks 2, 3, and 4. Block 1 was 

entirely in the Fauquier clay soil series, so finer soil texture likely contributed to the lower Ks. 

The interaction between block and treatment was not significant (p-value = 0.735). The with-

cover-crop corn plots had the lowest geometric mean Ks (4.95x10-4 cm s-1), while the no-cover-

crop corn plots had the highest geometric mean Ks (9.88x10-4 cm s-1; Figure 3.3a). Grass buffers 

showed the smallest range of Ks (1.80x10-4 to 2.32x10-3), and native forb/native grass buffers 

showed the largest (7.34x10-5 to 3.72x10-3). 
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Figure 3.3. Calculated saturated hydraulic conductivity (Ks) values based on infiltration tests 

and grouped by a) treatment versus b) block. Columns represent the geometric mean, and error 

bars are the standard error. 
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3.3.2 Rainfall 

Between May and September, 53.4 cm of rain fell in 2020 but only 32.4 cm fell in 2021 

(Figure 3.4). Since 2001, average precipitation from May through September at this site is 47.7 

cm, so while 2020 was slightly above average, the summer of 2021 was much drier than average. 

 

Figure 3.4. Cumulative rainfall between May 1 and September 30 in 2020 and 2021. The red 

dashed line represents the corn planting date in 2020 while the black dashed line represents the 

corn planting date in 2021. 

3.3.3 Winter Cover Biomass 

 In the spring of 2020, the mean ± standard deviation estimated above-ground rye biomass 

in with-cover-crop plots was 2600 ± 730 kg ha-1. Biomass in no-cover-crop plots was not 

measured in 2020. In 2021, mean estimated rye biomass was only 2000 ± 1400 kg ha-1, while 

volunteer weed biomass in no-cover-crop plots was 600 ± 400. Higher dry biomass in 2020 

could be due in part to the longer growing period during the first year: September 25, 2019 to 
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May 12, 2020 (230 days) versus October 21, 2020 to April 22, 2021 (183 days). All observed 

yields from both years were within the typical range of cereal rye biomass in the eastern United 

States (Mirsky et al., 2017). 

3.3.4 Leachate Results 

We had limited success collecting samples from lysimeters and were only able to collect 

5 leachate samples over the two years of this study. 

3.3.5 Runoff Results 

 Noise in data from the pressure transducers installed in UBeTubes prevented reliable data 

collection. Since the pressure transducers performed well in our lab tests, we theorize that 

excessive heat in the field may have warped the membrane inside the pressure transducers and 

caused the inaccurate readings. 

 We replaced the pressure transducers with float switches in late June of 2021, but 

experienced inconsistencies in float switch activation. Even after adjusting the height of float 

switches, they did not consistently activate during rainstorms that yielded runoff samples. One 

explanation for this could be that the UBeTubes did not remain level during the growing season 

and, the level of each UBeTube had to be checked and adjusted multiple times. An off-plane 

UBeTube would cause the heights of the Holey Sampler, float switch, and slot to differ slightly. 

There were also instances when float switches activated when there was no rainfall. Insects, 

mice, and a snake were all observed inside UBeTubes, so their movements could have caused as 

false activation. Because we were unable to quantify runoff, we could not estimate TMX and 

CLO loads transported from our corn fields via runoff. 
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 Our site did not consistently produce runoff during the 2021 field season. This is likely 

due to the high Ks of our soils and lack of large rain events. There were no rain events that 

produced runoff in all corn plots and buffers (Table 3.1). Number of samples ranged from 13 to 

34 with a median of 21. Cumulative runoff sample volume did not correlate with Ks in the corn 

plots and buffers (R2 = 0.101; Figure 3.5). However, this does not necessarily mean runoff 

volume didn’t correlate with Ks. The Standard Opening Holey Sampler (StandOHS) does not 

have a perfectly linear relationship between runoff rate and sampling rate, especially at low 

runoff rates (see previous chapter). Therefore, the runoff sample volume alone cannot be used to 

accurately estimate total runoff volume. 

 

Figure 3.5. Total runoff volume versus geometric mean saturated hydraulic conductivity (Ks) of 

each measured corn subplot and buffer.  
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Table 3.1. Volumes of surface runoff samples (mean ± standard deviation, in mL) collected 

during the 2021 corn growing season. Number of runoff samples collected from each storm are 

indicated in parentheses for each corn plot (maximum n = 12) and buffer strip (maximum n = 4), 

with the total number of samples collected summed at the bottom.  

 

  

When we began analyzing runoff samples in the lab, there was a low rate of samples with 

measurable concentrations of TMX or CLO. Of the 56 samples analyzed, only 8 had quantifiable 

concentrations of TMX and 4 had quantifiable CLO concentration (Table 3.2). Frame et al. 

(2021) observed over 90% of TMX transport in surface water occurred during a rain event a 

week after planting. Low concentrations of TMX and CLO in runoff during the storms that 

should cause the most transport via runoff may indicate that surface transport was minimal in our 

experiment. Frame et al. (2021) also found that less than 10% TMX and CLO transport occurred 

through runoff. On the other hand, Radolinski et al. (2019) observed greater transport via surface 

runoff, so route of transport may be affected by site-specific parameters. For example, Frame et 

al. (2021) took place under no-till practices, while Radolinski et al. (2019) was tilled prior to the 

 5/31/21 6/15/21 7/2/21 7/17/21 8/16/21 8/20/21 8/28/21 9/1/21 

Corn Plots 

No-Cover- 

Crops 

33.8 ± 

37.0 (10) 

10.4 ± 

10.2 (7) 

75.4 ± 

115 (7) 

80.3 ± 

106 (6) 

173 ± 329 

(8) 

151 ± 

227 (6) 

182 ± 

230 (6) 

90.6 ± 

153 (5) 

With-Cover-

Crops 

43.3 ± 

57.8 (12) 

25.4 ± 

32.5 (5) 

15.9 ± 

19.9 (7) 

187 ± 

364 (6) 

22.5 ± 

19.7 (10) 

14.3 ± 

11.4 (9) 

318 ± 

388 (9) 

277 ± 

328 (6) 

Vegetated Buffers 

Native Forb/ 

Native Grass 

38.3 ± 

44.3 (4) 

7.50 ± 

1.50 (2) 

506 ± 

494 (2) 

512 ± 

488 (2) 

7.50 ± 

3.50 (4) 

2.00 ± 

1.00 (2) 
59.0 (1) 182 (1) 

Grass Buffer 
13.3 ± 

15.7 (4) 

18.3 ± 

15.5 (3) 

15.5 ± 

12.9 (4) 

15.0 ± 

3.00 (2) 

11.0 ± 

9.42 (3) 

3.67 ± 

2.36 (3) 

37.5 ± 

28.5 (2) 
0 

Native Forb 
30.3 ± 

30.4 (4) 
4.00 (1) 

15.8 ± 

22.7 (4) 

52.7 ± 

35.5 (3) 

358 ± 208 

(2) 

266 ± 

374 (3) 
756 (1) 565 (1) 

Total 34 17 24 19 27 23 19 13 
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experiment. The differences in soil texture and presumed structure between the two studies could 

have contributed to the variation in observed transport pathways, as more soil structure can 

increase TMX leaching (Radolinski et al., 2018). 

Table 3.2. Number, mean, and range of thiamethoxam (TMX) and clothianidin (CLO) in runoff 

samples analyzed from rain events during the 2021 growing season. Mean was calculated from 

values that exceeded the limit of quantification (LOQ). Limit of detection (LOD) for TMX and 

CLO is 0.005 µg L-1. LOQ for TMX and CLO are 0.086 and 0.077 µg L-1, respectively. N/A 

represents when one or no values exceeded the LOQ, and mean could not be calculated. 

 Thiamethoxam (TMX) Clothianidin (CLO) 

Date n >LOQ 

(%) 

Mean (µg 

L-1) 

Range (µg L-1) >LOQ 

(%) 

Mean (µg 

L-1) 

Range (µg L-1) 

5/31/2021 33 15 0.586 <LOD - 1.48 6 0.181 <LOD - 0.224 

6/15/2021 18 11 7.96 <LOD - 13.4 11 0.626 <LOD - 1.05 

7/2/2021 5 20 N/A <LOD - 0.275 0 N/A <LOD - <LOQ 

 

When we planted corn in 2021, furrow closure by the press wheel of the planter was not 

consistent (Figure 3.6a). Inconsistent furrow closure can happen in no-till planters that use a disc 

to open furrows and press wheels to close them in uneven or hard soils (Tessier et al., 1991). Our 

site did not receive a rain event large enough to produce runoff samples until almost four weeks 

after planting, so photodegradation of the TMX of coated seeds in unclosed furrows may have 

occurred before transport was possible (Acero et al., 2019). Incomplete furrow closure could also 

affect the germination and emergence of the planted crops (Tessier et al., 1991). Therefore, 

inconsistent furrow closure could have also caused differences in corn stand and the amount of 

TMX and CLO taken up by corn between plots. While corn emergence was not measured, there 
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were visual differences between rows that could have resulted from inconsistent furrow closure 

(Figure 3.6b). 

  

Figure 3.6. (a) An unclosed corn furrow with exposed seed after planting. (b) Inconsistent 

emergence of corn on June 15, 2021. 

3.3.6 Soil TMX and CLO in Corn Plots 

Soil TMX did not differ between with-cover-crop and no-cover-crop corn plots in 2020 

(p-value = 0.705) or 2021 (p-value = 0.625). Mean concentrations of TMX increased from 

background levels following corn planting in 2021 (Figure 3.7a). Mean soil TMX in the with-

cover-crop corn plots peaked on June 26 before declining over the remainder of the growing 

season (Figure 3.7a). Peak mean TMX in the no-cover-crop corn plots peaked on the last 

sampling date (October 2, 2020). However, there was one sample from that date with a TMX 

concentration of 20.1 µg kg-1. If that data point had been excluded as an outlier, the mean TMX 

concentration would have been 0.122 µg kg-1, and mean TMX in no-cover-crop corn plots would 

have been similar to the pattern seen in the with-cover-crop corn plots.  



 46  

 

In 2021, mean soil TMX concentrations in both treatments peaked by the June 15th 

sample date (Figure 3.7b), which was a longer delay to peak concentration than in 2020 (41 days 

after planting compared to 26 days after planting in 2020). The delay could have been due to the 

lack of rainfall in the first month after planting in 2021 (Figure 3.4). The June 15, 2021 sample 

date was preceded by a three-day period that totaled over 3 cm of rain. The timing of the TMX 

peaks in both treatments shows that transport through soil was likely still occurring in correlation 

with rainfall despite the differing weather patterns in the two years of the study. Following the 

June 15, 2021 peak, TMX in both treatments steadily declined for the remainder of the growing 

season, thus following the same general pattern as 2020. 
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Figure 3.7. Soil concentrations of thiamethoxam (TMX) in with-cover-crop and no-cover-crop 

corn plots during the a) 2020 and b) 2021 growing seasons. Points indicate mean and error bars 

indicate standard error. Dashed lines represent planting date and dotted lines represent harvest 

date. Daily rainfall totals are plotted on the secondary axes. 

 Soil CLO did not differ between cover crop treatments in either 2020 (p-value = 0.650) or 

2021 (p-value = 0.519). In 2020, CLO in with-cover-crop and no-cover-crop corn plots increased 



 48  

 

between June 8 and June 16 possibly due to the breakdown of TMX and rainfall-driven transport 

to the soil in between rows. Mean soil CLO concentrations in both treatments remained closer to 

their peak on the final sample date (Figure 3.8a), in contrast to the more substantial declines in 

concentration measured for TMX. Before corn planting in 2021, residual CLO concentrations 

ranged from 0 to 0.54 µg kg-1, with a mean of 0.171 µg kg-1, and residual soil CLO 

concentrations did not differ between with-cover-crop and no-cover-crop corn plots (p-value = 

0.821). Soil CLO was generally higher in both treatments in 2021 than 2020 (Figure 3.8). This 

result may be partly due to the residual CLO in the soil from the 2020 planting. However, the 

mean residual CLO concentration of 0.171 µg kg-1 does not entirely account for the difference in 

concentration between the two years. The increased soil CLO in corn plots in 2021 could 

indicate that less transport occurred due to the lower cumulative rainfall during the growing 

season. While there are no 2020 runoff samples to compare with, low concentrations in runoff 

samples in 2021 indicate minimal transport via runoff. 
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Figure 3.8. Soil concentrations of clothianidin (CLO) in with-cover-crop and no-cover-crop 

corn plots during the a) 2020 and b) 2021 growing seasons. Points indicate mean and error bars 

indicate the standard error. Dashed lines represent planting date and dotted lines represent 

harvest date. Daily rainfall totals are plotted on the secondary axes. 

We did not see an impact of cover crops on soil neonicotinoid concentrations in either 

year. Cover crops also did not change the persistence of TMX or CLO in the soil between corn 
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harvest in 2020 and planting in 2021. Pearsons et al. (2021) also saw no effect of cover crops on 

soil neonicotinoid concentration in treated fields before planting, during the growing season, or 

after harvest during a 3-year study. Lack of observed cover crop effects could be due to the 

short-term nature of these studies. Some benefits of cover crops that influence soil water holding 

capacity, like increased soil carbon and microporosity, are more evident in longer studies 

(Mazzoncini et al., 2011; Patrick Jr et al., 1957; Steenwerth & Belina, 2008). Therefore, if soil 

retention of neonicotinoids in no-cover-crop plots was compared to that of with-cover-crop plots 

in a long-term study (e.g., 10+ years), the impact of cover crops on transport of TMX and CLO 

may become significant. 

3.3.7 Soil TMX and CLO in Vegetated Buffer Strips 

 Soil TMX differed by buffer type in 2020 (p-value = 0.071) but not in 2021 (p-value = 

0.772). Grass buffers had higher soil TMX concentrations than native forb buffers, while native 

forb/native grass buffers did not differ from the other treatments. Just like in corn plots, all buffer 

treatments saw an increase in TMX concentration following corn planting in 2020, indicating 

transport from the corn fields (Figure 3.9a). Contrary to 2020, native forb buffers had higher soil 

TMX concentrations than native forb/grass and grass buffers on three sample dates in 2021 

Figure 3.9b). However, the difference was not significant over the course of the season. Soil 

TMX did not differ by block in either year.  
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Figure 3.9. Soil concentrations of thiamethoxam (TMX) in the three buffer strip compositions 

during the a) 2020 and b) 2021 growing seasons. Points indicate means and error bars indicate 

standard errors. Dashed and dotted lines represent planting and harvest dates. Daily rainfall 

totals are plotted on the secondary axes. 

 In 2020, CLO concentrations did not differ by buffer type (p-value = 0.472) but differed 

by block (p-value = 0.0129). There was no significant difference in CLO concentration between 
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buffer types in 2021 (p-value = 0.228). CLO concentrations also did not differ by block in 2021. 

Soil CLO concentrations increased in all three buffer treatments following corn planting in 2020 

(Figure 3.10a). All three buffer treatments showed a decline in CLO concentration between June 

16 and 26 (from 0.141-0.227 µg kg-1 to below 0.0251 µg kg-1, which was the lowest calibration 

standard). The largest rain event in the first two months of the study (~4 cm) occurred on June 22 

(Figure 3.10a), so the soil-bound CLO may have been dissolved in the resulting runoff or lost to 

erosion. However, with no runoff collectors installed at this time, we cannot compare the runoff 

rates of the buffer treatments or measure CLO leaving the buffers via runoff. In 2021, soil CLO 

in the buffers did not increase following planting as it did in 2020 (Figure 3.10b). The lack of an 

early season CLO increase in buffer soil and lower CLO concentrations in buffers throughout the 

growing season in 2021 could indicate less CLO transport from the corn plots due to lower 

rainfall.  
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Figure 3.10. Soil concentrations of clothianidin (CLO) of the three buffer strip compositions 

during the a) 2020 and b) 2021 growing seasons. Points indicate means and error bars indicate 

standard errors. Dashed and dotted lines represent planting and harvest dates. Daily rainfall 

totals are plotted on the secondary axes.  

The community composition of edge-of-field buffer strips may not be as important to 

accumulation of TMX and CLO in soils as other factors like vegetative cover in buffers. The 
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addition of trees and shrubs to buffer strips does not affect transport of dissolved contaminants or 

suspended sediment (Schmitt et al., 1999), but degree of vegetative cover affects runoff volume 

and sediment transport (Elwell & Stocking, 1976). Vegetative density was not measured in our 

buffers, but grass buffers had the thickest vegetative cover of the buffer types early in the 

summer of 2020 (Figure 3.11). While there was no difference in Ks between soils in buffers, that 

measurement occurred in 2022, after the two growing seasons. Therefore, it is possible that the 

relatively thicker cover in the grass buffer during 2020 may have slowed contaminated runoff 

and allowed more infiltration in the grass buffers increasing the potential for TMX to bind to the 

soil. The forb buffers had the least soil cover, so it is possible that lower infiltration of 

contaminated runoff could have contributed to the difference in soil TMX concentrations of 

grass and forb buffers in 2020. As vegetative cover in buffer strips typically increases in the first 

three to four years after establishment, buffer strips have an increasing effect on reduction 

dissolved pollutant transport and runoff (Borin et al., 2005; Dosskey et al., 2007; Hernandez-

Santana et al., 2013). More consistent vegetative cover across treatments in 2021 could have 

TMX concentrations to no longer differ between treatments by decreasing parity in runoff and 

infiltration. Unfortunately, we were not able to measure runoff rate in buffers, but none of the 

buffer treatments consistently had higher or lower runoff sample volumes (Table 3.1).  
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Figure 3.11. a) Native forb, b) native forb/native grass, and c) grass buffers on June 9, 2020, 

eight days after corn planting. 

The temporal patterns of soil TMX and CLO concentrations also differed between the 

two years of this study (Figures 3.9 and 3.10). For example, in 2020 soil TMX concentrations 

increased in all buffer types within the first two weeks of planting. In 2021, mean soil TMX in 

the native forb/native grass buffers peaked on May 25, while soil TMX in the native forb and 

grass buffers did not peak until July 14 (native forb) and July 28 (grass). This delay was likely 

due to the lack of rainfall following planting in 2021 (Figure 3.4). While the range of peak mean 

TMX concentrations were similar between the two years, native forb buffers had the lowest peak 

concentrations in 2020 (0.301 µg kg-1) and then had the highest peak concentrations in 2021 

(1.02 µg kg-1). Mean soil CLO concentrations increased less following corn planting in 2021 

than in 2020 (Figure 3.10b). Peak mean CLO concentrations (0.096 for native forb/grass buffers 

on May 19, 0.151 µg kg-1 for grass buffers on September 13, and 0.161 µg kg-1 for native forb 

buffers on September 13) were each driven by one sample above the LOQ (0.0226 µg kg-1) 

resulting in high standard error (0.0701 to 0.136 µg kg-1) relative to the mean. 

 At the end of the 2020 growing season, TMX was detected in 42% of buffers, and CLO 

was detected in 75% of buffers. At the end of the 2021 growing season, in contrast, TMX was 

only detected in 17% of buffers and CLO in 25% of buffers. Less rain in 2021 may have caused 
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the lower detection rate of TMX and CLO in buffers at the time of harvest, specifically by 

transporting less pesticide into the buffers during the growing season. Higher concentrations of 

TMX (Figure 3.7) and, especially, CLO (Figure 3.8) in corn plots in 2021 than in 2020 support 

this theory. Across with-cover-crop and no-cover-crop treatments, the mean soil TMX 

concentration was 0.360 µg kg-1 (excluding the outlier no-cover-crop sample from October 2) in 

2020 and 0.393 µg kg-1 in 2021. The mean soil CLO concentration in corn plots was 0.194 µg 

kg-1 in 2020 and 0.501 µg kg-1 in 2021. 

The presence of TMX and CLO in buffers during the growing season represents a 

possible exposure pathway to pollinators (Botías et al., 2016). Hall et al. (2022) found that when 

soil TMX concentrations were below 1 µg kg-1 (similar to our mean concentrations) and soil 

CLO concentrations were between 2 and 6 µg kg-1 (2 to six times higher than our highest mean 

concentration), the maximum neonicotinoid concentration found in milkweed leaf tissue was 

well below the LC10 of monarch butterfly larvae. However, compared to milkweeds, other forbs 

may incorporate higher concentrations of TMX and CLO into their leaf tissue, pollen, and nectar 

during the growing season, so other pollinators may still be at risk (Main et al., 2020; Morrison, 

2020). There is also the potential for continued transport of TMX and CLO from the corn plots 

into the buffers via snowmelt, runoff, and eroded sediment between harvest and planting the 

following year (Main et al., 2014; Main et al., 2016). However, the absence of TMX and the low 

occurrence of CLO in the soil of buffers relative to soil in the corn plots prior to planting in 2021 

indicate that transport was likely negligible between growing seasons. 

Our analysis relied on the assumption that greater TMX and CLO concentrations 

indicated better retention of these insecticides. However, it is possible that the different 

treatments affected the rate of degradation of these compounds by altering soil structure, light 
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exposure, and soil microbial community. (Acero et al., 2019; Hilton et al., 2019; Zhang et al., 

2018). Increased degradation due to a particular treatment could mask changes in soil retention 

relative to other treatments. However, the lack of difference in CLO concentrations (a 

degradation product of TMX) between treatments may indicate that degradation rates were 

comparable between the treatments in each study. 

3.4 Summary and Conclusions 

Our goal in this experiment was to assess the effects of cover crops and edge-of-field 

buffer strip community composition on the transport of thiamethoxam (TMX) and clothianidin 

(CLO) from agricultural fields. Due to below-average rainfall in 2021 and troubles with 

instrumentation, we were unable to quantify neonicotinoid transport through leachate or runoff. 

We instead tracked transport via soil concentrations of TMX and CLO, allowing us to quantify 

residual pesticides in corn plots and buffers before planting in 2021 and observe year-to-year 

differences in neonicotinoid retention in soil. Based on the assumption that higher neonicotinoid 

concentrations indicated greater pesticide retention, we hypothesized that: 1) soil concentrations 

of TMX and CLO would be higher in corn plots with cover crops and 2) soil TMX and CLO 

concentrations would be highest in buffers planted with fescue.  

Our first hypothesis was incorrect. Soil neonicotinoid concentrations did not differ 

between the with-cover-crop and no-cover-crop corn plots in either season. In both seasons, 

TMX concentrations increased following planting and then generally decreased as the growing 

season progressed. CLO concentrations, on the other hand, did not follow this trend and 

remained more constant in the latter part of each growing season. Accumulating residual CLO in 

soils planted with TMX-coated seeds could be a source of neonicotinoid transport long after 

crops are harvested, even though we did not observe an increase of transport to buffer soils in 
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2021 due to dry conditions. Cover crops did not affect concentrations of TMX and CLO in corn 

plots or the persistence in the soil between growing seasons. However, under a long-term study, 

a larger effect might be observed as continued use of cover crops increases the water holding 

capacity of the soil. 

Our second hypothesis was also incorrect. While soil concentrations of TMX and CLO 

remained relatively low in the vegetated buffer strips (< 2 µg kg-1), we observed transport of both 

neonicotinoids into the buffers from our planted corn fields. Buffer strips planted with non-native 

grass had higher concentrations of TMX in 2020. However, this result was not repeated the 

following year, so the difference could have been due to another factor, like vegetation thickness, 

rather than plant type. Soil CLO concentrations did not differ between vegetated buffer types in 

either year. Both TMX and CLO were detected at measurable concentrations in buffers at the end 

of both growing seasons. However, detection was more frequent in 2020, when cumulative 

rainfall was higher, and may have resulted in more neonicotinoid transport into buffers. Before 

planting in 2021, residual TMX was not found in buffer soil, but CLO was present from the 

previous season. While community composition of buffer strips did not affect neonicotinoid 

retention in soil, evaluating the effect of other characteristics like vegetative cover, plant 

biomass, or time since buffer establishment could help growers refine management practices to 

optimize neonicotinoid retention and minimize off-site transport. 
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Appendix A: High-flow Holey Sampler configuration 

 A third Holey Sampler configuration was designed, but not tested (Table A1). This 

configuration was meant to achieve a nearly linear relationship between QSampler and QOutflow 

without using the smaller, specially ordered 0.8-mm drill bit (Figure A1). While this 

configuration lowers the likelihood of clogging due to small holes, the sampling ratio is higher 

than that of the Standard-OHS and Mini-OHS (i.e., 1:57 compared to approximately 1:250). 

Using this configuration would necessitate a larger sample collection vessel or smaller runoff 

contributing area than when using the Standard-OHS and Mini-OHS. However, the larger sample 

volume could be beneficial if users intend to perform multiple analyses on each sample and 

storage space is not limited. This design also provides a further example of how the Holey 

Sampler can be modified so that it can be applied in a variety of experimental designs and under 

different environmental conditions.  
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Table A1. Height, number, and diameter of holes to create a high-flow Holey Sampler 

configuration. Hole heights are in relation to the bottom of the UBeTube slot. 

Height 

(mm) 

Number 

of Holes 

Diameter 

(mm) 

10 1 1.6 

40 1 1.6 

50 1 1.6 

70 2 1.6 

100 2 2.4 

125 2 3.2 

145 2 3.2 

155 1 3.2 

160 1 2.4 

 

 

Figure A1. Modeled relationship between sampler flow (QSampler) and UBeTube outflow (QOutflow) 

for the high-flow Holey Sampler configuration. 
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Appendix B: Species in Buffer Treatments  

Table B1. Species planted in each of the three vegetated buffer strip types. 

Scientific Name Common Name Buffer Type(s) 

Schizachyrium scoparium Little Bluestem, Albany 

Pine Bush-NY Ecotype 

Native Forb/Grass 

Bouteloua curtipendula Sideoats Grama, Butte Native Forb/Grass 

Elymus virginicus Virginia Wildrye, PA 

Ecotype 

Native Forb/Grass 

Echinacea purpurea Purple Coneflower Native Forb/Grass, Native 

Forb 

Chamaecrista fasciculata Partridge Pea, PA Ecotype 

 

Native Forb/Grass, Native 

Forb 

Rudbeckia hirta Blackeyed Susan 

 

Native Forb/Grass, Native 

Forb 

Coreopsis lanceolata Lanceleaf Coreopsis 

 

Native Forb/Grass, Native 

Forb 

Asclepias tuberosa Butterfly Milkweed 

 

Native Forb/Grass, Native 

Forb 

Penstemon digitalis Tall White Beardtongue, 

PA Ecotype 

 

Native Forb/Grass, Native 

Forb 

Liatris spicata Marsh Blazing Star 

 

Native Forb/Grass, Native 

Forb 

 

Aster laevis 

Smooth Blue Aster, NY 

Ecotype 

 

Native Forb/Grass, Native 

Forb 

Zizia aurea 

 

Golden Alexanders, PA 

Ecotype 

 

Native Forb/Grass, Native 

Forb 

Rudbeckia fulgida var. 

fulgida 

Orange Coneflower, 

Northern VA Ecotype 

Native Forb/Grass, Native 

Forb 

Tradescantia ohiensis Ohio Spiderwort, PA 

Ecotype 

 

Native Forb/Grass, Native 

Forb 

Aster oblongifolius Aromatic Aster, PA 

Ecotype 

 

Native Forb/Grass, Native 

Forb 
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Monarda fistulosa Wild Bergamot, Fort 

Indiantown Gap- PA 

Ecotype 

 

Native Forb/Grass, Native 

Forb 

Senna hebecarpa Wild Senna, VA and WV 

Ecotype 

 

Native Forb/Grass, Native 

Forb 

Aster novae-angliae New England Aster, PA 

Ecotype 

 

Native Forb/Grass, Native 

Forb 

Pycnanthemum tenuifolium Narrowleaf Mountainmint 

 

Native Forb/Grass, Native 

Forb 

Solidago nemoralis Gray Goldenrod, PA 

Ecotype 

 

Native Forb/Grass, Native 

Forb 

Aster prenanthoides Zigzag Aster, PA Ecotype 

 

Native Forb/Grass, Native 

Forb 

Baptisia tinctoria Yellow False Indigo, PA 

Ecotype 

 

Native Forb/Grass, Native 

Forb 

Penstemon hirsutus Hairy Beardtongue 

 

Native Forb/Grass, Native 

Forb 

Senna marilandica Maryland Senna 

 

Native Forb/Grass, Native 

Forb 

Solidago juncea Early Goldenrod, PA 

Ecotype 

Native Forb/Grass, Native 

Forb 

Festuca arundinacea  

Tall Fescue, KY 31 

 

Perennial Grass 
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Appendix C: Additional Leachate and Runoff Sample Information 

Table C1. Depth of suction cup lysimeters. 

Lysimeter Name Location Hole Depth (cm) 

1NA With-cover-crop crop 

subplot 

23 

1NB With-cover-crop crop 

subplot 

29 

1NC No-cover-crop subplot 18 

1ND No-cover-crop subplot 21 

1NE Native forb/grass buffer 93 

1NF Native forb/grass buffer 93 

1NG Native forb/grass buffer 93 

1FA With-cover-crop crop 

subplot 

31 

1FB With-cover-crop crop 

subplot 

26 

1FC No-cover-crop subplot 18 

1FD No-cover-crop subplot 18 

1FE Native forb buffer 93 

1FF Native forb buffer 93 

1FG Native forb buffer 93 

1GA With-cover-crop crop 

subplot 

24 

1GB With-cover-crop crop 

subplot 

29 

1GC No-cover-crop subplot 29 

1GD No-cover-crop subplot 19 

1GE Perennial grass buffer 46 

1GF Perennial grass buffer 41 

1GG Perennial grass buffer 35 

2NA With-cover-crop crop 

subplot 

26 

2NB With-cover-crop crop 

subplot 

36 
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2NC No-cover-crop subplot 23 

2ND No-cover-crop subplot 11 

2NE Native forb/grass buffer 37 

2NF Native forb/grass buffer 35 

2NG Native forb/grass buffer 36 

2FA With-cover-crop crop 

subplot 

27 

2FB With-cover-crop crop 

subplot 

26 

2FC No-cover-crop subplot 31 

2FD No-cover-crop subplot 34 

2FE Native forb buffer 41 

2FF Native forb buffer 41 

2FG Native forb buffer 44 

2GA With-cover-crop crop 

subplot 

21 

2GB With-cover-crop crop 

subplot 

29 

2GC No-cover-crop subplot 26 

2GD No-cover-crop subplot 16 

2GE Perennial grass buffer 40 

2GF Perennial grass buffer 35 

2GG Perennial grass buffer 34 

3NA With-cover-crop crop 

subplot 

13 

3NB With-cover-crop crop 

subplot 

26 

3NC No-cover-crop subplot 31 

3ND No-cover-crop subplot 36 

3NE Native forb/grass buffer 39 

3NF Native forb/grass buffer 35 

3NG Native forb/grass buffer 31 

3FA With-cover-crop crop 

subplot 

23 

3FB With-cover-crop crop 

subplot 

29 

3FC No-cover-crop subplot 29 
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3FD No-cover-crop subplot 21 

3FE Native forb buffer 23 

3FF Native forb buffer 32 

3FG Native forb buffer 26 

3GA With-cover-crop crop 

subplot 

22 

3GB With-cover-crop crop 

subplot 

31 

3GC No-cover-crop subplot 23 

3GD No-cover-crop subplot 16 

3GE Perennial grass buffer 18 

3GF Perennial grass buffer 23 

3GG Perennial grass buffer 22 

4NA With-cover-crop crop 

subplot 

31 

4NB With-cover-crop crop 

subplot 

46 

4NC No-cover-crop subplot 29 

4ND No-cover-crop subplot 34 

4NE Native forb/grass buffer 29 

4NF Native forb/grass buffer 35 

4NG Native forb/grass buffer 39 

4FA With-cover-crop crop 

subplot 

34 

4FB With-cover-crop crop 

subplot 

29 

4FC No-cover-crop subplot 34 

4FD No-cover-crop subplot 67 

4FE Native forb buffer 32 

4FF Native forb buffer 34 

4FG Native forb buffer 32 

4GA With-cover-crop crop 

subplot 

31 

4GB With-cover-crop crop 

subplot 

39 

4GC No-cover-crop subplot 34 

4GD No-cover-crop subplot 34 
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4GE Perennial grass buffer 30 

4GF Perennial grass buffer 23 

4GG Perennial grass buffer 31 

 

C1 Runoff Collectors 

Runoff collectors were built using 3.0 m long, 0.10 m (4 in) inner diameter PVC drainage 

pipe. Three rectangular openings – 0.89 m wide by 0.10 m tall and separated by 0.065 cm – were 

cut into the side of each runoff collector to allow water to enter. We wrapped each collector with 

3.5 by 4.5 mm mesh fiberglass screen to prevent debris from entering. One end of the collector 

was capped, and the other end was inserted into a PVC elbow attached to a 0.10 cm (4 in) inner 

diameter PVC drainage pipe. The drainage pipe led from the collector to a PVC Tee on which an 

Upwelling Bernoulli Tube (UBeTube) was mounted (Figure C1). 

Each runoff collector was built to direct water to a UbeTube for runoff quantification. 

UbeTubes were made of aluminum with slot openings according to Stewart, Liu, et al. (2015). 

Each UbeTube was equipped with a Honeywell pressure transducer (Mouser Electronics; 

Mansfield, Texas, U.S.) to measure water height in the UbeTube. Pressure transducers took 

readings every 30 seconds and recorded data on a Mayfly Data Logger (EnviroDIY; Avondale, 

PA, U.S.). We also fitted each UbeTube with a Standard Opening Holey Sampler (Standard-

OHS) to collect flow-weighted runoff samples (Figure 2.1 of previous chapter). 

After construction, three runoff collectors were installed in each of the twelve vegetated 

buffer strips (Figure 3.2). Two runoff collectors were installed on the uphill edge of each buffer, 

one below each corn plot. We placed runoff collectors on the no-cover-crop side, so they would 

not block lysimeters in the buffer from receiving runoff. The third runoff collector was installed 



 77  

 

on the downhill edge of the buffer below the no-cover-crop corn plot and was offset laterally 

from the upslope runoff collector to prevent interference in runoff received by the downslope 

collector. Dig-in resin garden edging (0.10 m tall, 0.002 m thick; Suncast; Chicago, IL, U.S.) was 

installed on the uphill edge of all corn plots to prevent run-on and standardize contributing area 

to runoff collectors. Installation of runoff collectors began in the fall of 2020 and was completed 

in February of 2021. In most cases, trenches had to be dug for the PVC pipe leading to the 

UBeTube, as well as the UBeTubes themselves, to provide enough elevation gradient between 

the runoff collectors and UBeTubes (Figure C1). 

 

Figure C1. (a) Installed UBeTubes with buried PVC pipe directing water from runoff collectors. 

(b) Close up of an UBeTube that was installed below soil grade to establish necessary elevation 

gradient with the runoff collector. Blue arrows indicate direction of flow from runoff collectors 

to UBeTubes. 

Due to noise in pressure transducer data, we replaced the pressure sensors with float 

switches (Gikfun; Dongguan, China) on June 29, 2021. While float switches did not measure 

runoff rate, we planned to use the amount of time the float switch was activated along with the 

a. b. 



 78  

 

volume of our flow proportional runoff sample to estimate average runoff rate during rain events. 

However, due to inconsistencies in float switch activation, a limited amount of usable data was 

obtained. 

C2 Leachate Samples 

 In the summer of 2020, we were only able to collect five samples from the suction cup 

lysimeters. Four of the samples were from the June 26 sample date, following several days of 

rain totaling 5.41 cm of rainfall. The fifth was from the June 8 sample date following a 1.45 cm 

rain event. We had hypothesized that infiltrating rainwater would perch on the hardpan we 

encountered while drilling lysimeter holes. This did not seem to be the case, however, and 

infiltrating water was able to move past the hardpan deeper into the soil profile, possibly through 

preferential flow pathways (Steenhuis et al., 1988). This drainage process left the soil around the 

lysimeters too dry to consistently obtain samples. Of the five leachate samples CLO was detected 

in four samples, and TMX was detected in all five. While we were not able to quantify the 

amount of TMX and CLO leaching from our fields or compare leachate from the different 

treatments, we are confident that leaching was a transport pathway because of the frequency of 

CLO and TMX detection in the few samples we were able to collect. This is consistent with the 

findings of previous studies on neonicotinoid pesticide transport (Frame et al., 2021; Gupta et al., 

2008; Radolinski et al., 2018). 


