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Illuminating Controls on Solute and Water Transport in the Critical Zone
Jesse Benjamin Radolinski

ACADEMIC ABSTRACT

Earth’s near-surface environment sustains nearly all terrestrial life, yet this critical zone is
threatened by the environmental migration of new and potentially harmful compounds produced to
support a growing human population. Traditional transport equations often fail to capture the
environmental behavior of these emerging contaminants due to issues such as flow heterogeneity.
Thus, there is a need to better evaluate controls on pollutant partitioning in Earth’s critical zone. Our
first study investigated the transport and distribution of the neonicotinoid insecticide thiamethoxam
(TMX) by growing TMX-coated corn seeds in coarse vs fine-textured soil columns maintained with
versus without growing corn plants. Fine-textured soil transported TMX at concentrations that were
two orders of magnitude higher than coarse-textured soil, due to preferential flow in the fine-textured
soil columns and higher evapotranspiration (ET) concentrating more TMX in the coarse-textured
soil. Living plants increased the concentration of TMX at depth, indicating that growing plants may
drive preferential transport of neonicotinoids. For the second study we planted TMX-coated corn
seeds and maintained field plots with and without viable crops (n = 3 plots per treatment), measuring
TMX concentrations in three hydrological compartments (surface runoff, shallow lateral flow, and
deep drainage) and soil. TMX was transported in the highest concentrations via surface runoff, while
also showing continual migration within the subsurface throughout the growing season. Plants
facilitated downward migration of TMX in soil yet restricted losses in drainage. For our final study,
we used a simple isotope mixing method to evaluate how preferential flow alters the influence of
compound chemical properties on solute transport. We applied deuterium-labeled rainfall to plots
containing manure spiked with eight veterinary antibiotics with a range of mobility, and quantified
transport to suction lysimeters (30 and 90 cm). We showed that low preferential flow (<20%)
eliminates the influence of compound chemical properties and, contrary to conventional
understanding, more preferential flow (~ >20%) amplifies these chemical controls, with more mobile
compounds appearing in significantly higher concentrations than less mobiles ones. Altogether, we
provide a refined understanding of solute partitioning in the critical zone necessary to improve
process-based transport modeling.



Illuminating Controls on Solute and Water Transport in the Critical Zone
Jesse Benjamin Radolinski

GENERAL AUDIENCE ABSTRACT

Earth’s near-surface environment sustains nearly all terrestrial life, yet this critical zone is
threatened by the environmental migration of new and potentially harmful pollutants produced to
support a growing human population. Additionally, traditional mathematical methods fail to
accurately describe the behavior of these emerging pollutants in soils due to complex flow patterns.
Thus, scientists need to better understand how these pollutants contaminate water bodies in the
critical zone. We first conducted a greenhouse experiment to understand and measure the amount of
the neonicotinoid insecticide thiamethoxam (TMX) that could move from coated corn seeds through
the soil environment. Water draining from fine-textured soil had >100 times more TMX than water
draining from course-textured soil, due to commonly occurring fractures/cracks in the finer-particle
soil and more evaporation from soil and plant leaves sequestering TMX in the sandy soil. Growing
plants amplified TMX movement through soil voids to lower depths. We then conducted a field
study to determine how much TMX could move to the surrounding environment throughout the corn
growing season. We found that plants aided in downward movement of TMX yet restricted total
losses from the plot overall by removing soil water. Our third study investigated the degree to which
chemical pollutant properties control movement of solutes when water flows preferentially through
soil void space. Common dairy manure was spiked with eight pollutants ranging in chemical
attraction to soil and was added to an agricultural field. After irrigation, we found that when total
drainage water was less than 20% derived from preferential flow, chemical properties had a
negligible effect on the amount of pollutant in draining soil water. Contrary to conventional
understanding, when draining water contained more than 20% preferential flow, chemical properties
had a strong influence on the amount of pollutant detected. Altogether, we provide new
understanding of how solutes move though the critical zone. These findings are necessary to create
mathematical tools that more accurately depict pollutant behavior below-ground.
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Chapter 1. Introduction

The thin section of the Earth’s subsurface that extends from the bottom of the local water
table to the top of vegetation, known as the critical zone, supports nearly all terrestrial life. A
growing human population has exposed new and potentially harmful compounds to the critical
zone in ever increasing loads, often at the expense of water quality. Additionally, the
environmental behavior of these emerging contaminants is not well captured by traditional
transport models due to heterogeneous flow conditions (e.g., preferential flow through soil
macropores) [Beven and Germann, 2013; Hassanpour et al., 2019; Richard and Steenhuis,

1988], thus there is a need to re-evaluate controls on subsurface partitioning of these pollutants.

One class of emerging contaminants includes the neonicotinoid insecticides that coat the
seeds of 140+ crops worldwide [Elbert et al., 2008; Main et al., 2015]. These chemicals are
water soluble and highly toxic to non-target invertebrates (e.g., honeybees), thus eliciting
concern of environmental transport. Marketed as a more environmentally-friendly alternative to
spray application, seed dressings now account for > 60% of all global neonicotinoid application
[Jeschke et al., 2011]. However, ~2-20% of the compounds are translocated into plant tissue and
the remainder is introduced directly to the soil environment [Sanchez-Bayo, 2014a].
Neonicotinoids are detected in surface water bodies [Main et al., 2016; Starner and Goh, 2012a;
Stone et al., 2014], groundwater [Lamers et al., 2011], and drinking-water [Klarich et al., 2017],

yet a definitive link to seed applications has yet to be identified.

Similarly, veterinary antibiotics (VAS) are a group of emerging contaminants that are
chemically diverse and environmentally ubiquitous. The U.S. purchases nearly 66 million kg of

VAs annually to support the animal production industry; many of which are labeled as critically



important to the World Health Organization’s strategy for controlling global antibiotic resistance
[Chen et al., 2018; Collignon et al., 2016]. As much as 80% of initial antibiotic doses to
livestock can be still be found in animal waste [Chen et al., 2018; Montforts et al., 1999]. This
waste is often applied as cheap fertilizer in agricultural systems [Heuer et al., 2011], furthering
the potential transport of VAs [Le et al., 2018] and establishment of antibiotic resistant
organisms [D’Costa et al., 2011; Wind et al., 2018]. Once VAs are exposed to the soil
environment, a variety of reactive chemical structures translate to complex solute distributions
below-ground. These compounds can largely partition into soil organic matter [Wegst-Uhrich et
al., 2014], sorb strongly to soil mineral surfaces [Chee-Sanford et al., 2009], or exist primarily in
the aqueous phase [Boxall et al., 2002], with high susceptibility to macropore flow [Kay et al.,
2004; Kay et al., 2005a; b]. VAs can thus be transported through a given soil at velocities similar
to or several orders of magnitude slower than water [Boy-Roura et al., 2018]. As a result, VAs
stand as potentially ideal compounds to study how preferential flow alters chemical retention

within soils.

Preferential (i.e., non-equilibrium) flow occurs when infiltrating water moves through
fractures or voids in porous media, bypassing the soil matrix and causing steep increases in flow
rates without analogous or uniform increases in water pressure [Beven and Germann, 2013;
Flihler et al., 1996; Jarvis, 2007b]. Preferential flow is ubiquitous in natural soils [Flury et al.,
1994; Graham and Lin, 2011; Hardie et al., 2011; Nimmo, 2012], often resulting in orders of
magnitude higher contaminant leaching than estimated assuming a homogenous soil matrix
[Allaire et al., 2009; Radolinski et al., 2018b]. A contaminant’s chemical affinity for the soil
matrix is generally thought to dictate the total amount of solute transported to a given outlet (i.e.,

stream, aquifer, tile drain etc.) per unit time. However, these chemical controls may be altered as



drainage water preferentially bypasses the soil matrix [Barbash and Resek, 1996; Klein, 1994].
Some numerical simulations have suggested that immobile compounds (i.e. with high Kg, high
Koc) can be more sensitive to non-equilibrium flow [Larsson and Jarvis, 2000]. Others studies
report that the total mass transport of more mobile compounds may be reduced by up to 50%
with preferential flow when compared to modeled flow through a homogenous medium [Larsson
and Jarvis, 1999]. Preferential flow is thought to weaken these chemical controls on contaminant
mobility [Larsson and Jarvis, 2000] or eliminate them altogether [Ghodrati and Jury, 1992], yet
no study to date has defined the degree of preferential flow required to dampen this chemical

influence.

Stable isotopes of water (e.g., 2H and *20) are naturally abundant in Earth’s hydrological
cycle as components of water itself, making them ideal for identifying hydrological flow paths
[Gazis and Feng, 2004] and determining water residence time [Hrachowitz et al., 2013; McGuire
and McDonnell, 2006]. These tracers are used traditionally to detect preferential flow by tracking
water transit through hydrological systems [White et al., 1984]; however, they are particularly
useful for identifying water sources [Good et al., 2015]. For this reason, stable isotopes can be
used to fingerprint water slowly flowing through the soil matrix versus more rapid bypass flow
[Stumpp and Maloszewski, 2010; Stumpp et al., 2007; Vogel et al., 2010]. Thus, these tracers can

be an effective tool for isolating and quantifying preferential flow.

In this dissertation, we aimed to: 1) quantify the environmental transport of two emerging
contaminant classes (neonicotinoids + VAS), and 2) use these solutes to evaluate fundamental
controls on contaminant mobility in the critical zone. These two objectives were met with three
studies, each presented as a chapter. The first study sought to quantify the physical transport of

the common neonicotinoid thiamethoxam (TMX) from corn seed coatings under environmentally
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relevant conditions. We performed a greenhouse study to understand the role of plant growth on
neonicotinoid transport, using columns with two soil textures (fine vs coarse textured), two
lengths (20 and 60 cm), and comparing the presence versus absence of viable corn plants. Using
insight from this greenhouse study, we further addressed the role of plant growth on
neonicotinoid transport by quantifying the movement of TMX through runoff, shallow later (<72
cm), and deep (110 cm) drainage with and without viable corn plant growth throughout the
growing season. For our final study, we used a simple isotope mixing method to evaluate how
and the degree to which preferential flow alters chemical controls on solute transport. We
conducted deuterium-labeled rainfall simulations on a field containing VA-spiked dairy manure,
and collected subsurface water samples using suction lysimeters. Together, this approach
allowed us to quantify the amount of preferential flow and VA concentrations represented in

each sample.



Chapter 2. Transport of a neonicotinoid pesticide, thiamethoxam, from

artificial seed coatings

Jesse Radolinski, Junxue Wu, Kang Xia, and Ryan D. Stewart

Published in Science of the Total Environment:

Radolinski, J., J. Wu, K. Xia, and R. Stewart (2018), Transport of a neonicotinoid pesticide,
thiamethoxam, from artificial seed coatings, Science of the Total Environment, 618, 561-568.

2.1 Abstract

Neonicotinoid insecticides coat the seeds of major crops worldwide; however, the high solubility
of these compounds, combined with their toxicity to non-target organisms, makes it critical to
decipher the processes by which they are transported through soils and into aquatic
environments. Transport and distribution of a neonicotinoid (thiamethoxam, TMX) were
investigated by growing TMX-coated corn seeds in coarse-textured and fine-textured soil
columns (20 and 60 cm lengths). To understand the influence of living plants, corn plants were
terminated in half of the columns (no plant treatment) and allowed to grow to the V5 growth
stage (33 days of growth) in the other half (with plant treatment). TMX was analyzed in leachate
12 times over 33 days and in bulk soil after 8, 19, and 33 days of corn growth. All 20 cm
columns leached TMX at levels exceeding the United States Environmental Protection Agency
benchmark for aquatic invertebrates (17.5 pg L™). TMX migrated from seeds to adjacent bulk
soil by the eighth day and reached deeper soil sections in later growth stages (e.g., 30-45 cm
depth by Day 33). Fine-particle soils transported over two orders of magnitude more TMX than
coarse-textured soils (e.g., 29.9 pug vs 0.17 g, respectively), which was attributed to elevated
evapotranspiration (ET) rates in the sandy soil driving a higher net retention of the pesticide and

to structural flow occurring in the fine-textured soil. Living plants increased TMX concentrations
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at depth (i.e., 30-60 cm) compared to the no plant treatment, suggesting that corn growth may
drive preferential transport of TMX from coated seeds. Altogether, this study showed that
neonicotinoid seed coatings can be mobilized through soil leachate in concentrations considered

acutely toxic to aquatic life.

2.2 Graphical Abstract
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2.3 Introduction

Each year more than 20,000 tonnes of neonicotinoids are produced [Codling et al., 2016]
and applied to 140 + crops worldwide [Elbert et al., 2008; Main et al., 2015], with an estimated
global market value of ~$2.6 billion [Goulson and Kleijn, 2013; Jeschke et al., 2011].
Imidicloprid (IMD), thiamethoxam (TMX), and clothianidin (CLO) are the most common
neonicotinoids, and are used extensively as seed coated insecticides. These three compounds
have high selectivity for the insect nicotinic acetylcholine receptor, which makes them an
effective pesticide against a broad spectrum of invertebrate pests while remaining relatively non-
toxic to mammals [Jeschke and Nauen, 2007; Jeschke et al., 2011; Zalom et al., 2005]. Despite
their effectiveness as insecticides, neonicotinoids have been scrutinized for high toxicity to non-
target invertebrate organisms and insectivorous birds [Douglas et al., 2015; Hallmann et al.,
2014], including an association with significant declines in bee populations [Alix et al., 2009;

Sanchez-Bayo and Goka, 2014; Sandrock et al., 2014; Whitehorn et al., 2012].

Globally, more than 60% of all neonicotinoids are applied via seed dressings [Goulson
and Kleijn, 2013]. Neonicotinoid seed coatings are advertised to provide continued protection
from insect herbivory throughout the growing season, as the highly soluble compounds move
into the root zone, enter the plant, and arm its aboveground tissue [Jeschke et al., 2011; Jones et
al., 2014; Zalom et al., 2005]. Because they are applied directly to the plant roots, seed coatings
typically have lower amounts of active pesticides compared to spray applications (in terms of g
ha') and are therefore often considered to be more environmental friendly [Jeschke et al., 2011].
However, only 2-20% of the pesticide is taken up by the target crop, with the remainder left in
the soil environment where it may become transported into ground water and eventually

incorporated into surface water systems [Sanchez-Bayo, 2014b]. Neonicotinoids can be applied



as corn coatings at amounts up to 1.25 mg per seed. Using corn production (typical planting rate:
74,000 seeds hal) as an example, an estimated 3,300 tonnes of neonicotinoids can be applied
each year to the 36 million hectares of maize in the United States [USDA, 2017]. If only 20% of
the neonicotinoids are taken up by the corn plants, then up to 2,700 tonnes of neonicotinoids may
be mobilized in the surrounding environment. As a possible consequence, neonicotinoids are
now detected in surface waters across North America [Hladik et al., 2014b; Main et al., 2015;
Schaafsma et al., 2015]. In regions with intensive soybean and maize production, neonicotinoids
have been detected in nearly all surface water bodies [Hladik et al., 2014b; Schaafsma et al.,
2015], with seed coatings identified as the most likely source. However, the linkage between
seed coatings and the aquatic environment as not been directly assessed, and no work to date has
identified or quantified the underlying mechanisms by which neonicotinoids are transported from

agricultural fields.

Neonicotinoids have moderate to high leaching potential, with leaching patterns largely
explained by the aqueous solubility of the compounds.[Banerjee et al., 2008; Cox et al., 1997;
Cox et al., 2001; Gupta et al., 2008; Katagi, 2013; Kurwadkar et al., 2014a; Leiva et al., 2015;
Oi, 1999]. Leaching typically increases with soil water content; for example, the half-life of
thiamethoxam (TMX) in soil columns decreased from 301 days to 46 days as soil water content
increased from dry to near-saturated conditions, with degradation rates increasing with TMX
concentration [Gupta et al., 2008]. Because neonicotinoids are polar, highly soluble, and exhibit
low affinity for soil mineral matrix, the partial equilibrium conditions provided by a rain storm
may promote leaching via bulk flow or advection [Hu and Brusseau, 1996; Katagi, 2013;

Kurwadkar et al., 2014a; Oi, 1999].



Soil structural features, which arise as unconsolidated soil material arranges into a more
stable hierarchy of aggregates, often form secondary pore networks that may affect solute
transport. As soil water pressure increases during a rain event, flow can preferentially follow
these structural pathways and bypass the soil matrix, where water is tightly held at more negative
potentials [Jarvis, 2007b]. This non-equilibrium flow can result in pesticides being rapidly
mobilized through the soil profile [FOCUS, 2001; Jarvis, 2007b; Molz, 2015]. For example,
mass balances performed on the herbicide bentazone have showed that up to 8% of the applied
dose can be lost through soil structural pathways, resulting in concentrations as high as 200 ug L
Lin tile drainage [FOCUS, 2001]. Thus, it is important to understand if neonicotinoids can also

be mobilized via flow through soil structural pathways.

The transport and distribution of pesticides in soil is also further complicated by the
presence of plants. For instance, maize can apply suction forces well above 9.5 bars [lonescu,
1969]. For highly soluble compounds such as neonicotinoids, this plant-induced suction could
translate to a vertical stratification in the soil profile, in which neonicotinoids can remain close to
the soil surface under stable unsaturated conditions. On the other hand, roots may increase the
size of soil structural pathways, which can cause increased preferential leaching [Bundt et al.,
2000; Jorgensen et al., 2002]. Such plant-related processes have not yet been well-studied in the

context of pesticide transport.

The primary aim of this study was to quantify the transport of thiamethoxam (TMX) from
coated corn seeds in fine-textured and coarse-textured soils, while also accounting for the roles
of soil structure and viable plants. We hypothesize that: i) coarse-textured soil will transport
more TMX than fine-textured soil with intact structural features, ii) structured soil will transport
more than unstructured soil of the same texture, and iii) the presence of viable plants will result

9



in less leaching of the pesticide from soil columns. Since seed coatings are the dominant form of
neonicotinoid application for many crops, direct measurements of their movement from the seeds

is an imperative step in assessing the overall environmental impact of this practice.

2.4 Materials and methods

2.4.1 Soil characterization

Soils were taken from pastures in New Kent County and Whitehorne (Montgomery Co.),
VA. The New Kent soil was a Bojac series (Typic Hapludult) and coarse-textured (hereafter
referred to as a “sand”). The Whitehorne soil was a Shottower series (Typic Paleudults) and a

fine-textured, moderately structured soil (hereafter referred to as a “loam”).

Intact soil cores (stainless steel, 2.5 cm x 5 cm) taken from the two sites were analyzed
for bulk density [M L"®] and saturated hydraulic conductivity (Ks) [L T]. Samples were
collected every 5 cm depth from the surface to 30 cm depth (n = 6 cores per depth increment).
The 0-20 cm cores were considered to represent the Ap horizon and the 20-30 cm cores were
considered to represent the upper Bt horizon. Ks was determined using the falling head method
with a UMS KSAT Benchtop Saturated Hydraulic Conductivity Instrument (UMS Inc.; Munich,

Germany). Ks was determined per the manufacturer’s recommendation as:

K, - bL(MJ (1)

ample

where Apurette [L?] is the cross-sectional area of the water column, Asampie [L?] is the cross-
sectional area of the sample, L is the length of the sample, and b is an exponent determined via
curve-fitting between measured pressure head (h, starting at some initial pressure head hg) and
time:

10



h(t) = he™ (2).

Loose soil samples from the Ap (0-20 cm) and Bt (20-60 cm) horizons were air dried,
sieved to 2 mm, and analyzed for pH, cation exchange capacity (CEC) [Mol M™], total organic
carbon (TOC) [M M1, and texture. Five replicates (n = 5) samples were used per test; additional
details regarding the soil CEC, pH, TOC, and texture measurements are found in Appendix A.
TMX sorption coefficient (Kg) [L® M™] and sorption coefficient normalized to soil organic
carbon content (Koc) [L® M™!] were determined via EPA method 835.1230 [USEPA, 2008] using
composite soil samples collected from the two field locations. Soil physiochemical and hydraulic

properties are shown in Table 2.1.

2.4.2 Columns design and preparations

At each soil collection site, 12 m long by 0.3 m wide areas were excavated to a depth of
20 cm, exposing the subsurface Bt horizons. At the New Kent site, seventeen long (60 cm) and
eight short (20 cm) columns were hand-packed using soil from the trench. All columns were
made using 20 cm (inner diameter) Schedule 40 PVC Pipe. The 20 cm columns were packed
with the Ap soil. For the 60 cm columns, the upper 20 cm and lower 40 cm were packed with the
Ap and Bt soils, respectively. All fill soil was homogenized by hand and plant material and roots
were removed. Soil layers were packed with a wooden piston (10 cm diameter) to match the
measured in situ dry bulk density. The two column lengths were chosen to isolate the effects of
the Ap and Bt layers. At the Whitethorne site, a Giddings Rig was used to collect sixteen semi-
intact cores (with 20 cm inner diameter PVC pipe) that were 60 cm in length, of which the lower
40 cm came from the extracted soil (moderate, fine, subangular, blocky structure). These
columns therefore included soil structure within the Bt horizon, and are referred to as the

“structured loam” treatment. In addition, an “unstructured” loam treatment was created using
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five 60 cm tall columns that were filled with sieved (< 2 mm) and repacked Bt (20-60 cm) and
Ap soil (0-20 cm) from the Whitethorne site. The upper 20 cm of all other loam columns, as well
as ten additional 20 cm (“short”) columns, were packed using the local Ap soil as described
above. Column packing resembled in situ bulk densities, though some minor adjustments were

made after packing, as detailed in the Appendix A.

All columns were saturated with a 0.005 M CaCl; artificial rain solution for 48 hours and
left to drain completely for another 48 hours prior to planting corn seeds [Kurwadkar et al.,
2014a; USEPA., 2008]. This step was included to purge air-filled pores, force out large soil
macrofauna, and remove background TMX (for more information on background TMX, see
Appendix A). After the columns stopped draining, three Cruiser Extreme® 1250 corn seeds
(Syngenta; Greensboro, NC) were planted in each column to a depth of 4 cm [Roger et al.,
2013]; this amount corresponded to the recommended maximum yield planting density of 95,000

plants ha* [Lauer, 2009]. Preliminary analysis revealed that each seed carried 0.6 mg of TMX.

2.4.3 TMX transport/leaching study

Forty columns (n = 17 for sand and n = 23 for loam) were chosen for the leaching study
(Figure Al). Within each soil texture class, columns were separated into a “with plant”
treatment, where corn plants were allowed to grow, and a “no plant” treatment where seedlings
were severed upon emergence to control for corn growth. This design was to understand the
influence of the plant on the transport process. Each treatment was replicated 4-5 times by
column lengths (20 cm and 60 cm) (n = 4-5). The five “unstructured” 60 cm loam columns were
assigned the “with plant” treatment, for direct comparison to structured loam columns with
viable corn. Soil columns were housed in a greenhouse at 24 °C, and exposed to 400-watt growth

lights for 14 hours and 10 minutes, daily. The hours of daylight were consistent with that of May
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15", 2015 in Blacksburg, VA, which was chosen to represent the median day length for the first

month of the corn growing season [Brann et al., 2009; Straw, 2009].

The columns were watered every 3 days for a 30 day growing period with 300 mL (0.9 cm) of
0.005 M CacClz solution each time. Volume and frequency of watering were chosen to reflect
mean precipitation and return periods, based on Virginia precipitation data from 1952-2012
[UVA, 2015]. The watering solution was applied at a rate of 70 mm hr " using a calibrated
polyethylene cylinder SERA-L7. 20081 On Day 31, a large rainstorm event of 9 cm (3 L) was
simulated, representing the mean daily maximum rainfall for March-April at the sites [UVA,
2015]. Leachate was continuously collected from the bottom of each column. Samples were
taken for analysis of TMX concentration and the collection containers were then emptied prior to
each watering event (12 events total over 33 days). A simplified mass balance was then used to
estimate cumulative evapotranspiration [L] by subtracting the amount of cumulative leachate
from the cumulative simulated rainfall (as discussed in more detail in the Appendix A). The daily
evapotranspiration rate [L T1] was calculated by dividing the cumulative amount by the number
of elapsed days (i.e., 33 days). This approach assumed that evapotranspiration was constant
throughout the experiment, which was likely reasonable given the near constant temperature and

humidity conditions in the greenhouse, particularly for the “no plant” columns.
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Table 2.1: Soil physiochemical properties.

Soil Depth Texture Sand Silt Clay Bulk Density Porosity TOC pH CEC
em) %) ) ) @emd () () (cmol kg
Loam Ap 0-20 loam 38.7 43.6 17.7 1.37+0.093 49 1.12a 58 4.7%x0.15a
Loam Bt 20-60 loam 334 401 264 1.64%0.130 39 0.3c 59 45+0.75a
Sand Ap 0-20 loamysand 859 7.69 6.41 1.52+0.108 44 146b 48 35+x050b
Sand Bt 20-60 fine sand 874 991 271 1.67+0.070 38 049c 41 18+0.33cC

Different letters denote significant differences (p < 0.05). Bulk Density and Cation Exchange Capacity (CEC) are expressed as mean *
standard deviation.
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2.4.4 TMX distribution and movement in soil

The remaining 33 columns were used to measure TMX uptake into corn plants and
movement into surrounding soil. These columns were destructively sampled at corn stages V1 (8
columns; n = 4/soil texture), V3 (8 columns; n = 4/soil texture), and V5 (17 columns that were
also used in the Leaching Study, as detailed in Figure A1), which respectively corresponded to 8
19, and 33 days after planting. Corn growth stages were determined by counting corn “collars”,
e.g. stage V1 corresponds to one corn collar following the development of the first leaf
[McWilliams et al., 2010]. At growth stages V1 and V3, the sampled columns (n = 4/soil
texture/growth stage) were cut longitudinally with a jig saw, destructively sampled, and
measured for TMX concentrations. At growth stage V5, eight of the 60 cm “with plant” leaching
columns, along with another nine “no plant” leaching columns (n = 4 for sand and 5 for loam),
from the Leaching Study (n = 4/soil texture), were destructively sampled. Because TMX in plant
tissue represented a minor contribution to the initial input from seed coatings (< 0.5 %), the
current study reports TMX movement and distribution in soil. TMX was analyzed in
rhizosphere, root soil, and in bulk soil (0-30 cm, 30-45 cm, and 45-60 cm depth intervals) (as
discussed in the Appendix A). Methods for collection of root soil and rhizosphere soil are

described by Cushman [2017].

To focus on providing definitive evidence of any mobilization of TMX in the soil
profile, TMX distribution in bulk soil was reported. The TMX measured in root soil and
rhizosphere soil were grouped together as a lumped average deemed the “plant-associated”
TMX. This grouping allowed for contrast between soil that is associated with plant tissues versus

that which is in the bulk soil, and thus assumed to be environmentally available. In the case of
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the “no plant” treatments, the “plant-associated” TMX consisted only of soil associated with seed

and decayed root tissue.

2.4.5 Statistical analysis

TMX concentrations and mass recovered in the soil profile were analyzed using two-way
ANOVA. These tests were conducted on log transformed data by bulk soil depths of 0-30 cm
and 30-45 cm, and rank transformed data for the 45-60 cm section. Rank transformation was
used as a way to transform data to normality and provided an avenue for parametric factorial
comparisons (e.g. two-way ANOVA), which is the functionally equivalent to traditional non-
parametric tests [Conover, 2012; Conover and Iman, 1981]. For soil analysis, texture (sand and
loam) and corn stage (V1, V3, V5, and a combined V5-no plant) were treated as factors. The V5-
no plant combination was created to identify the corn plant’s influence on TMX distribution.
Two-way ANOVAs were tested on TMX concentration in final leachate, TMX mass transport
data, and total leachate volume, where texture and plant influence (plant and no plant) were
treated as factors. TMX transport data were rank transformed to normality for 60 cm columns
and log transformed for 20 cm columns. A one way Kruskal Wallis test was also conducted to
compare TMX transported in structured versus unstructured loam treatments. Normality was
determined via visual inspection of histogram and normal quantile plot results. Homogeneity of
variances was confirmed via Fligner’s test. Tukey’s multiple comparisons test was run on all

resulting ANOVA results. All statistical tests were conducted in R version 3.2.2 with a = 0.05.

2.5 Results and Discussion

The saturated hydraulic conductivity (Ks) measurements from the soil cores showed that the loam
soil had much higher variability, both between the Ap and Bt horizons and between samples

within each horizon (Figure 2.1). The median K value for the loam Ap horizon was 860 cm d,
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which was approximately two times greater than the median Ks value for the sand Ap (410 cm d°
). The median Ks values for the loam Bt horizon, on the other hand, was 36 cm d*, which was
nearly a factor of 10 less than the Ks value for the sand Bt horizon (300 cm d!). However,
individual cores within the loam Bt horizon showed Ks values as high as 1100 cm d%, which
exceeded all values measured for the sand Bt horizon. Taken together, these Ks estimates show
that the loam soil has greater variability in its hydraulic conductivity, which we hypothesize to be
an indication of preferential flowpaths, for example due to soil structure or connected biopores.
We also hypothesize that the unstructured loam columns would have lacked these preferential
pathways due to the repacking process, and that the hydraulic conductivity of those columns

would be better represented by the lowest, rather than the highest, Ks readings.

TMX leaching was minimal in all treatments for the first 30 days of the experiment;
however, TMX was detected in leachate for all columns following the final (9 cm) precipitation
event on day 31 (Figure 2.2). Texture played a significant role in TMX transport through the 20
cm columns (two-way factorial ANOVA, p =0.008), as sand columns transported higher
concentrations of TMX during the final leaching event compared to the loam columns (sand,
with plant vs loam, with plant; Tukey, p = 0.03; Figure 2.2a). No significant differences were
found between treatments for total drainage and total TMX mass transported, and plants showed
no significant effect on TMX leaching in terms of mass transport, final leachate concentration,
and drainage in 20 cm columns (two-way factorial ANOVA, Tukey, p > 0.05; Figure 2.2a and
b). All 20 cm columns leached TMX at concentrations above the United States Environmental
Protection Agency (EPA) benchmark for acute toxicity to aquatic invertebrates [Anderson et al.,

2013] (Figure 2.2a). This finding suggests that surface soil horizons in agricultural systems may

17



be capable of transporting harmful concentrations of TMX, particularly during more

intense/longer duration rainfall events.
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Figure 3.1: Saturated hydraulic conductivity (Ks) values (cm d*) measured for the upper Ap and
lower Bt horizons from the two studied soils (KF = Kentland Farm “loam” soil; NK = New Kent
“sand” soil). n = 17 for KF/Ap; n = 12 for NK/Ap; n = 21 for KF/Bt; n = 8 for NK/B.

Contrary to the 20 cm columns, in the 60 cm columns the structured loam column soil
facilitated greater TMX transport than the sand, with greater cumulative mass leaching over the

course of the experiment (Figure 2.2f), and higher TMX concentrations during the final 3 L
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irrigation event (two-way factorial ANOVA, p < 0.001; Figure 2.2e). Viable corn plants had no
effect on TMX transport in terms of mass or concentration (two-way factorial ANOVA, p >
0.05). Soil texture affected the total leachate volume; however, the difference was attributed to a
higher volume of leachate in loam columns without viable plants compared to sand columns with
plants (Two-Way factorial ANOVA, p =0.006; Tukey, p =0.007; Figure 2.2f). Soil structure
also had a significant effect, as the structured loam columns transported more TMX mass,
contained a higher concentration in final leachate, and yielded a higher drainage volume than the
unstructured loam columns (Kruskal-Wallis, p = 0.03, p = 0.007, p = 0.03, respectively; Figures
2c and d). It should also be noted that even unstructured loam transported TMX at higher
concentrations in the final leachate than the sand columns (unstructured loam, 1.65 + 1.96 ug L~
1-sand, 0.18 + 0.10 ug L*; both containing viable plants), possibly due to the sand having high

near-surface evapotranspiration over the course of the experiment (see ET discussion below).

In the soil distribution study, TMX was detected in the 0-30 cm bulk soil (outside of
rhizosphere and root soil) as early as 8 days after planting (i.e., the V1 growth stage), with
average concentrations as high as 75 ng kg (sand columns at V1 corn stage; Figure 2.3a). The
appearance of TMX in bulk soil was complemented by migration of the pesticide from plant-
associated soil (plant-associated soil: Figure 2.4; bulk soil: Figure 2.3). By the V5 corn stage
(33 days after planting), TMX had moved into the 30-45 cm and 45-60 cm soil sections in
significant concentrations (Tukey, p < 0.001), though the majority of TMX still remained in the

0-30 cm bulk soil.
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Figure 2.2: TMX concentration in leachate vs time with Cumulative Rainfall/Cumulative
Evapotranspiration Deficit (P — ET) (left), and mass of TMX transported vs cumulative drainage
(right). Column-plant graphics specify the column size for that row of panels (e.g. first row
depicts 60 cm column results). Different letters denote significant differences for Y variable,
while (=) designates differences along the x axis (p < 0.05). Error bars represent standard error.
Missing SEs indicate n = 1 column at time of measurement. The dashed black line in a)
represents the Environmental Protection Agency benchmark for acute toxicity to aquatic
invertebrates (17.5 pg L™) [Anderson et al., 2013].
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Corn stage showed a significant effect on TMX concentration and recovered mass for all depth
intervals (two-way factorial ANOVA, p <0.001). TMX concentrations in bulk soil were
generally higher in the sand compared to the loam soil; however, texture only significantly
affected TMX distribution in the 0-30 cm section at the V5 corn stage (two-way factorial
ANOVA, p <0.001; Tukey, p < 0.001; Figure 2.3a). Further, using the experimentally
determined sorption coefficient from sand columns (Kq = 0.5 L kg), the liquid phase
concentration could be as high 150 pg L™, which exceeds the EPA’s aquatic life benchmark of
17.5 pg L by nearly an order of magnitude [Anderson et al., 2013]. This predicted liquid phase
concentration was within a factor of two of the concentration measured in the leachate from 20
cm tall sand columns (e.g. 75 pg L), showing that the Kq value determined in the laboratory

from small-scale samples was applicable to the larger-scale columns.

Because sandy soils typically have larger, less reactive particles and higher hydraulic
conductivity than finer-textured soils, it is often assumed that coarse-textured soils will transport
more solutes (e.g. pesticides) than finer-textured particle soils [Katagi, 2013; Mallants et al.,
2011]. This assumption is supported by the measured soil physiochemical (compared with loam,
sand had lower measured Kqof 0.5 L kg and Koc 0of 57.9 L kg'; also lower measured CEC value
of 1.8-3.5 cmol kg?) and hydraulic (e.g., the sand produced higher median Ksvalues than the
loam in the Bt horizons; Figure 2.2.1) properties, as well as by the TMX mobilization observed
in the 20 cm sand columns (Figure 2.2a and Figure 2.2b). However, in the 60 cm columns the
loam soil was associated with greater TMX transport (Figure 2.2e and Figure 2.2f) and less
retention than the sand (Figure 2.3) despite its physiochemical properties appearing to favor
more pesticide retention relative to the sand (compared with sand, higher measured Kq of 0.8 L

kgt and Kocof 127 L kg'*; also larger measured CEC value of 4.5-4.7 meg 100g™). Higher levels
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of the pesticide leaching from structured loam columns (compared to unstructured loam; Figure
2.2c and Figure 2.2d) and greater variation in measured Ks in structured loam columns (Figure
2.2.1) suggest that pore heterogeneity and preferential flow [@ygarden et al., 1997] may have
driven TMX transport. For example, the cumulative mass of leached TMX was more than two
orders of magnitude higher in the structured loam soils than the sand (e.g., 29.9 ug vs 0.17 g for
the no plant treatments; Figure 2.2f). This trend was apparent with and without the presence of
viable plants, and suggests that structural flow pathways located in the intact loam B horizon
may have become activated during rain events. This process likely then, allowed for downward
advection of TMX through the profile. In this experiment soil structure was thus seen to be a
more important control on TMX transport than soil texture, which has several implications. For
one, using repacked columns for transport studies may prove inadequate for representing well-
structured soils, and such experimental setups may under-predict neonicotinoid movement. Also,
the adoption of “soil health” building agricultural practices such as no tillage and cover crops,
which provide greater soil macroporosity and preferential flow, may be unexpectedly increasing

the likelihood of pesticide transport [Alletto et al., 2010].

Further, the significantly higher evapotranspiration estimates shown in 60 cm sand
columns (loam, with plant vs sand, with plant; Table 2.2), coupled with higher observed
concentrations of TMX in the soil profile (sand vs loam; Figure 2.3), suggest that
evapotranspiration may have concentrated much of the TMX at or near the soil surface, in a
process referred to here as “evapo-concentration.” The loam soils also likely experienced some
evapo-concentration, though the effect was more muted in the structured loam columns (i.e.,
more total TMX leached by the end of the experiment even though total leachate amount only

differed statistically between the structured loam with no plants and sand with plants; Table 2.2)
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and was more pronounced in the unstructured 60 cm loam columns, which showed the greatest
amount of evaporation (Table 2.2). By comparison these results suggest that macropore
networks within structured soils may reduce evaporation of water and evapo-concentration of
soluble pesticides like TMX. These reductions may result from a combination of two processes:
1) leaching via preferential flow can remove water and soluble compounds from the system
altogether, and 2) macropores can limit the ability of water to move back up towards the drying
front via capillary rise, due to the relatively low tensions of water held in those pores. Also, in
nearly all cases the columns with viable plants yielded less drainage water (thus displaying
higher estimated ET; Figure 2.2 and Table 2.2) and transported less TMX mass (excluding 60
cm sand columns) than the equivalent “no plant” columns (Figure 2.2), though the differences
were not significant. Still, these observations indicate that evapo-concentration (aided by viable
plants) likely retarded any noticeable downward migration of TMX so long as cumulative ET

exceeded cumulative precipitation, P (i.e., P— ET <0).

Corn plants influenced the distribution of TMX in the 30-45 cm bulk soil section (two-
way factorial ANOVA, p < 0.05; Figure 2.3b), which can be seen as higher concentrations
detected in columns containing viable plants compared to those controlled for plant growth in the
V5 corn stage (i.e., after 33 days of growth). Corn plants appear to have amplified the downward
mobilization of TMX (Figure 2.3), which may be linked to a more massive and extensive root
network (Figure 2.5) present in the V5 corn stage. Higher concentrations of TMX were detected
in plant-associated soil for columns without viable corn plants at V5 (sand; Tukey, p < 0.01;
Figure 2.4), which further illustrates the plant-assisted movement of this compound; however,

this observation may be partially attributed to accelerated decomposition of TMX in the presence
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Figure 2.4: TMX concentration detected in plant-associated soil (lumped average between root
and rhizosphere soil). V5 No Plant treatment represents seed soil (see description in Methods
section). Error bars represent SE and different letters represent significant differences (p < 0.05)

of root exudates [Akbar and Sultan, 2016]. Altogether, root-facilitated preferential transport of

TMX exceeded preferential retention of TMX via root water uptake or localized evapo-

concentration. As such, living plant roots may provide a previously unrecognized conduit for

pesticide leaching, though it is not yet known if this process is relevant in field settings.
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Table 2.2: Estimated Cumulative Evapotranspiration (ET) and Average Daily ET Rate in: a) Small (20 cm) Columns; b) Tall
(60 cm) Columns from Soil Structure Study; and c) Tall (60 cm) Columns Without an Unstructured Loam Treatment

Texture Column Size (cm) Plant Influence Structure Cumulative ET (cm) ET Rate (cm d1)

a) Loam 20 Plant NA 11+23a 0.32 £ 0.035
Loam 20 No Plant NA 8.7+26a 0.26 + 0.069
Sand 20 Plant NA 13+0.92 a 0.40 £ 0.028
Sand 20 No Plant NA 11.3+34a 0.34 £0.10
b) Loam 60 Plant Structured 12+2.1b 0.36 £ 0.024
Loam 60 Plant Unstructured 16+1.4a 0.48 = 0.067
c) Loam 60 Plant NA 12+21b 0.36 £ 0.024
Loam 60 No Plant NA 10+ 2.1 ab 0.31 + 0.064
Sand 60 Plant NA 14.6 £1.07 a 0.44 £ 0.032
Sand 60 No Plant NA 12+1.3ab 0.37 £0.040

Values are expressed as mean * standard deviation and different letters denote significant differences (p < 0.05). NA is used to
distinguish the Soil Structure Study from other soil columns. Section a), row 1 and b), row 1 are equivalent, as they depict the same
soil column
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TMX concentrations found in the near-surface bulk soil were sufficiently high to pose
environmental threats. For example, given the 75 pg kg™ concentration measured in the sand
columns at the V1 growth stage, only 0.5 g of that soil would contain enough pesticide to kill
50% of any given honeybee population [Anderson et al., 2013; Sanchez-Bayo and Goka, 2014].
Likewise, the leachate from the 20 cm tall columns (which represents the mobile compounds in
the near-surface soil) had measured concentrations as high 75 ug L™, which exceeds the EPA’s
aquatic life benchmark of 17.5 pug L™ by nearly a factor of five [Anderson et al., 2013]. TMX
concentrations at depths below 30 cm may also be of concern. For instance, the 30-45 cm bulk
soil in the sand columns with viable plants showed TMX concentrations as high as 10 ug kg
TMX at corn stage V5, which translates to 20 ug L™ (using the experimentally-determined
sorption coefficient of Kq = 0.5 L kgl). This value again exceeds the EPA benchmark and is
sufficiently elevated to induce tissue necrosis to some aquatic invertebrates [Ugurlu et al., 2015].
The maximum concentration in the 30-45 cm bulk soil occurred nearly 20 days after the
maximum concentration was detected in the 0-30 cm section, indicating that TMX mass was
migrating downward in response to percolating water. Thus, while the leachate from the 60 cm
sand columns had only trace amounts of TMX by the end of the experiment (Figure 2.1e and f),
continued rainfall (or lower ET) would have likely led to deeper migration and eventual leaching

of the pesticide.

This experiment provided a conservative simulation of TMX mobilization in soils (e.g.
low rainfall, repacked Ap and some Bt horizons), whereas field conditions could potentially

favor even greater mobilization and transport of this compound.
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For example, greenhouse conditions (e.g., constant air circulation and the use of growth lights)
likely enhanced evapotranspiration rates compared to field settings, resulting in greater evapo-
concentration (as seen in Table 2.2 and in the P — ET estimates shown in Figure 2.2). In
addition, agricultural systems often are subjected to one or more large-scale rainfall events
throughout the growing season, [Kunkel et al., 2013] rather than a consistent regiment of small-

scale events (e.g., the 0.9 cm of rainfall applied every three days) that was applied in this study.

2.6 Implications and Conclusions

Seed coatings account for ~60% of the global product use [Goulson and Kleijn, 2013].
However, no previous study has definitively proven that neonicotinoids, once planted, can

become transported from crop seed coatings. This study establishes that neonicotinoid can be
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transported in concentrations considered acutely toxic to aquatic life. If similar conditions exist
in field soils that have well-connected macropore (e.g. the structured loam in this study) and/or
tile-drain networks, then TMX could reach ground water and surface water systems at potentially
harmful concentrations. These results also imply that plant growth and development may
enhance neonicotinoid leaching, as the preferential transport along roots and root channels
appear to have exceeded the ability of the plants to systematically uptake and retain TMX. This
effect may become even more pronounced during short, high-intensity rainfall events, during

which time neonicotinoid compounds can become mobilized via rapid preferential flow.

Even in the absence of preferential flow, TMX may become leached from soils over time.
Given that the half-life of TMX can exceed 350 days, [Goulson and Kleijn, 2013], the compound
could persist in fields during the growing season (i.e., when evapo-concentration would be
greatest) and then become leached during the non-growing season (i.e., when evapo-
concentration conditions would diminish). Future neonicotinoid application rates may also
increase in response to greater pest pressures (for example driven by changes in climate
conditions and weather variability; Koleva and Schneider [2010]), which could further increase
concentrations and mobility of these compounds in the environment. Based on these findings, we
expect that this study will serve as a reference for environmental risk assessment of

neonicotinoids and a serve as material for pesticide transport modeling.
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Chapter 3. Plants mediate precipitation-driven transport of a neonicotinoid
pesticide
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Radolinski, J., J. Wu, K. Xia, W. C. Hession, and R. D. Stewart (2019), Plants mediate
precipitation-driven transport of a neonicotinoid pesticide, Chemosphere, 222, 445-45.

3.1 Abstract

Neonicotinoid insecticides provide crop protection via water solubility and systemicity,
yet these chemical characteristics, combined with high toxicity to non-target invertebrates (e.g.,
honeybees), elicit concern of environmental transport. Neonicotinoids have been detected in soil
and surface water throughout North America; however, no investigation has defined a direct
connection to planted seed dressings. We quantified the physical transport of thiamethoxam
(TMX), a neonicotinoid, under field conditions. We planted TMX-coated corn seeds and
maintained plots with and without viable crops (n = 3 plots per treatment) to determine plant
influence on pesticide transport. TMX concentrations were measured in soil and drainage
throughout the growing season. Storm-generated runoff was the dominant transport mechanism
(maximum TMX concentration 1.72 + 0.605 pg LL; no viable plants), followed by shallow (<72
cm) lateral drainage (0.570 + 0.170 ug L%; no viable plants), and deep (110 cm) drainage (0.170
+ 0.265 ug LL; viable plants). Soil samples confirmed vertical and lateral movement within 23
and 36 days of planting, respectively. Plants facilitated downward migration of TMX in soil but
restricted TMX drainage. Altogether, these study results revealed that neonicotinoids can be
transported from seed coatings both above and through the soil profile, which may enable

migration into surrounding ecosystems. [Radolinski et al., 2019]
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3.2 Graphical Abstract

6 b b (66 d) (124 d)

350 cm

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

3.3 Introduction

Neonicotinoids have become the most extensively used class of insecticide worldwide as
a result of a few novel chemical characteristics. These compounds exhibit low toxicity to
mammals[Miranda et al., 2011], have a high selectivity for the invertebrate nicotinic
acetylcholine receptor (nAChR)[Jeschke et al., 2011], and are water soluble (0.19-840 g L
H[Jeschke et al., 2011; Kurwadkar et al., 2014b], making them a top choice for systemic crop
protection. Seed companies have resorted to coating the seeds of 140+ crops worldwide under
the assumption that these compounds will be mostly taken up into the plant tissue and arm the
crop throughout the growing season [Anderson et al., 2015], as opposed to conventional

broadcast or foliar applications that present a higher risk of direct environmental exposure
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[Limay-Rios et al., 2016]. Nevertheless, high nAChR selectivity makes neonicotinoids lethal in
sub-ppm levels to non-target organisms such as honeybees[Sanchez-Bayo and Goka, 2014; Tosi
et al., 2017; Whitehorn et al., 2012] and aquatic invertebrates[Anderson et al., 2013].
Neonicotinoids have also been linked to increased mortality of insectivorous birds [Hallmann et
al., 2014]. Additionally, their water solubility and low affinity for the soil matrix [Kurwadkar et
al., 2014b; Zhang et al., 2018a] elicit concern of transport to aquatic environments. Seed
coatings now account for more than 60% of global neonicotinoid application[Goulson and
Kleijn, 2013]; however, research has shown that a maximum of 20% of the applied dose is

recovered in plant tissue[Sanchez-Bayo, 2014a] with the remainder left in the soil environment.

Previous laboratory and greenhouse studies have suggested that plant growth and
development may influence neonicotinoid mobility in the soil. For example, as soil water content
decreases during the growing season, corn (Zea mays L.) can apply suction forces of over 9.5
bars[lonescu, 1969], which may limit solute mobilization. Thus, plant-mediated
evapotranspiration may retard downward migration of neonicotinoids, resulting in more evapo-
concentration of the compounds near the root zone [Radolinski et al., 2018a]. Researchers have
also noted that neonicotinoids and other highly soluble pesticides develop a stronger affinity for
the soil matrix with time, such that the sorption coefficient Kq increases. This process may reflect
rate-limited migration into more protected sorption sites such as intra-aggregate micropores,
thereby limiting transport and increasing retention time [Katagi, 2013; Larsson and Jarvis, 1999;
O'Dell et al., 1992; Oi, 1999]. Still, non-equilibrium flow conditions resulting from high rainfall
events may also drive downward advection or bulk flow of neonicotinoids and other solutes

through newly formed root channels [Bundt et al., 2000; Radolinski et al., 2018a].
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As a possible result of these advective pathways, the three most abundant neonicotinoids,
imidicloprid (IMD), thiamethoxam (TMX), and clothianidin (CLO), are now detected in
soil,[Jones et al., 2014] surface water bodies [Main et al., 2016; Starner and Goh, 2012a; Stone
et al., 2014], groundwater [Lamers et al., 2011], and drinking water[Klarich et al., 2017].
Starner and Goh [2012b] detected IMD in 67 of 75 (89%) surface water samples collected in
southern California, 14 of which exceeded the US Environmental Protection Agency’s (EPA)
chronic invertebrate aquatic life benchmark of 1.05 pug L. Other studies in Ontario, Canada
[Schaafsma et al., 2015] and lowa, USA [Hladik et al., 2014b], detected neonicotinoid
contamination in 100% of surface water bodies, likely related to the soybean and corn production
of those regions. Both analyses showed that spring snowmelt [Schaafsma et al., 2015] and large
rainfall events [Hladik et al., 2014b] early in the growing season increased pesticide
concentration in surface waters, with neonicotinoid-treated seeds identified as the most likely
source. Neonicotinoid transport has been proven via dust drift associated with seed coatings and
planting equipment[Girolami et al., 2013; Greatti et al., 2006; Tapparo et al., 2012], although
this contamination was exclusive to the time of planting [Nuyttens et al., 2013] and did not

account for the majority of pesticide introduced into soil with planted seeds.

Laboratory and greenhouse studies have identified subsurface leaching as a potential
mechanism for neonicotinoid movement from seed coatings. For instance, a recent laboratory
experiment concluded that 24 h of inundation may drive up to 95% of seed-applied neonicotinoid
mass into solution [Smalling et al., 2018], while a different greenhouse study determined that
seed-coated neonicotinoids could mobilize in soil under environmentally relevant conditions
[Radolinski et al., 2018a]. Still, transport in the field remains less certain. Three recently

published field-scale experiments examined neonicotinoid transport from seed coats [de Perre et
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al., 2015; Hartz et al., 2017; Wettstein et al., 2016] yet those studies did not quantify pesticide
concentrations relative to background residues in soil, thus failing to isolate any direct effects
from seed coatings. The studies also lacked sufficient hydrological data to identify and model
soil and environmental controls on neonicotinoid transport. Thus, there exists a critical need to

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

The purpose of this study was to quantify the transport of the common neonicotinoid
thiamethoxam from commercially available TMX-coated corn seeds in a field setting and to
identify the influence of viable plants throughout the growing season. We hypothesized that: 1)
TMX would become transported via multiple pathways, including surface runoff, shallow lateral
drainage, and leaching below the corn root zone; ii) vertical and lateral transport of TMX would
be detected in soil; and iii) higher concentrations of TMX would be detected in deep drainage for
plots containing viable plants (compared to plots controlled for plant growth) due to preferential,
vertical transport along newly formed root channels. By assessing neonicotinoid transport from
planted seed coatings in the field, this study aims to provide the first direct connection between

this widespread pesticide application method and potential environmental contamination.

3.4 Materials and Methods

3.4.1 Site Description and Soil Characterization

The field experiment was conducted at the Virginia Tech Urban Horticulture Center in
Montgomery County, Virginia, on a 5% southeast facing slope. The soil was a Groseclose loam
series (Typic Hapludult). The site had been in pasture for 10 years prior to the experiment, so the
ground was tilled to a depth of 30 cm in spring and summer of 2015. The soil contained no
background TMX, as determined using an LC-MS/MS analyzer (additional details on TMX

analysis in soil, plant and water samples are presented in the Appendix B).
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Intact cores (5 x 5 cm) were taken from three depths representing distinct soil horizons:
Ap (0-5 cm), Bt (25-30 cm), and C (105-110 cm). Cores were used to determine soil bulk density
[M L3, porosity [L3 L], saturated hydraulic conductivity (Ks) [L T™*], and water retention (n =
6 cores per horizon). Kswas measured using the falling head method with a UMS KSAT
Benchtop Saturated Hydraulic Conductivity Instrument (UMS Inc., Munich, Germany).
Unconsolidated soil samples were collected (n = 6 per horizon), air dried, sieved to 2 mm, and
analyzed for cation exchange capacity (CEC), pH, total organic carbon (TOC), and texture. CEC
was measured colorimetrically via ammonium acetate at pH 7 using a Lachat Quickchem 8500
autoanalyzer (Lachat, Loveland, USA), soil pH was measured in a 1:1 slurry (soil: CaCl,), TOC
was quantified by dry combustion using a Vario MAX CNS macro elemental analyzer
(Elementar, Hanau, Germany), and textural analysis was conducted via the pipet method.[Day,

1965] Soil physiochemical and hydraulic properties are shown in Table 3.1.

3.4.2 Field Plot preparation and experimental design

Six runoff plots (300 cm x 350 cm) were constructed using sheet metal (30 cm tall,
installed to approximately 15 cm depth) as borders to contain overland flow (see Figure B1). On
the downslope side of each plot, a trench was excavated (10 cm wide x 300 cm long X 72 cm
deep), lined with 10 cm ID perforated PVC pipe, and filled with coarse gravel to collect shallow
lateral flow. A second PVC trough (13 cm wide x 300 cm long x 10 cm deep) was installed on
the surface to collect surface runoff. Runoff and shallow lateral flow drainage were piped to
separate, unlined 200 L steel barrels that were fitted with pressure transducers (HOBO U-20 L
level logger; Onset, Bourne, USA) to determine drainage volume. Two suction lysimeters (1 bar,
ceramic cups) were installed at random locations within each plot to a depth of 110 cm to collect

TMX in gravity-driven deep drainage below the root zone. Tensiometers (Spectrum
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Technologies, Aurora, USA) and soil water content probes (Decagon Devices 5TM, Pullman,
WA) were installed at random locations within each plot (30 cm and 110 cm depths; 1 of each
probe per depth per plot) to measure soil matric potential [M L™ T-?] and soil water content [L3
L%]. A flow-through rain gauge (Spectrum Technologies, Aurora, USA) was used to record
rainfall [L]. All loggers recorded at 15 min intervals. Daily potential evapotranspiration (ETo;

[L]) was determined using the FAO ET, calculator.[Raes and Munoz, 2009]

Prior to planting, agronomic rates of lime and fertilizer were applied. Cruiser Extreme®
1250 corn seeds (Syngenta; Greensboro, USA) were sowed to a depth of 4 cm within each plot
as six 50 cm wide rows at a spacing of 33 cm, approximating a planting rate of 59,000 plants ha
! as recommended for the state of Virginia [Brann et al., 2009; DCR, 2015]. Though 80 cm row
spacing is sometimes recommended for increased corn yield, the 50 cm width chosen in this
study has been shown to reduce yield by as little as 3% [Brann, 1998], while better
accommodating our 300 x 350 cm plots. Each seed carried 1.21 + 0.04 mg of TMX in its seed
coating (from n = 4 tested seeds) based on LC-MS/MS analysis. To understand the role of viable
plants on the transport process, half of the plots were controlled for growth by snipping the plant
upon emergence (“no viable plant” treatment; n = 3), while the remaining plots sustained viable
corn plants (“viable plant” treatment; n = 3) throughout the 124-day growing season (June 6" —
October 4™, 2016). The experiment followed a complete randomized design with one factor
(plant presence) and two treatment levels (viable and no viable plants), whereby treatments were

assigned randomly to each of the 6 plots.
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Table 3.1.

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

Depth Sand Silt Clay CEC (cmol Porosity Pb Ks pH TOC
Horizon (cm) Texture (%) (%) (%) kg?) (%) (g cm3) (cm d?) (-) (%)
Ap 0-20 silt loam 24.0 62 13.9 85+09 58 +0.03 1.26 £0.09 4460 = 1670 57+0.3 2.00 £ 0.45
Bt 20-100 silty clay loam 14.7 46.4 38.9 84+26 53+0.04 1.49+0.12 50.4+99.3 44+0.2 0.25+0.06
C 100+ clay 41 209 75.0 12+ 2.7 60 +0.03 1.34+0.05 81.2+81.4 6.4+0.1 0.40 + 0.03

CEC, porosity, bulk density, Ks, pH and TOC are expressed as mean + standard deviation.
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3.4.3. Water Sampling

Drainage water samples from the three measured hydrologic compartments (runoff,
shallow lateral flow, and deep drainage) were collected following nine rain events throughout the
growing season (see Table B1). Runoff and shallow lateral drainage samples were retrieved
from storage barrels and deep drainage was extracted from lysimeters by applying 60 kPa of
suction for 10 minutes. It should be noted that the final rainfall event produced drainage volumes
that exceeded the capacity of our storage barrels (>117 L); therefore, the final drainage volumes
were estimated as the steady state water level at the time of sampling. Following retrieval from
the field, all drainage samples were analyzed for TMX using method described in Appendix B
with limit of quantitation (LOQ), limit of detection (LOD), and recoveries of 0.01 pg kg™, 0.005
ug kgl, and 104.2 + 5.3%, respectively. Additionally, as a simple means of representing the
effect of viable plants on TMX transport via drainage, we calculated a simple response ratio (Rr)

as:

[TM X plant]
R, = ——— 1
T [TMXno plant] ( )

where TMX piant and TMX no piant represent concentrations of TMX in shallow lateral drainage
for plots containing viable and no viable plants, respectively. We present these data as the natural
logarithm of Ry (InRy) such that more negative values of InR; correspond to more plant restriction

of TMX transport.

3.4.4. Soil and Plant Sampling
TMX distribution in soil was measured at four corn growth stages (V3, V5, VT,

and R6, corresponding to 23, 36, 66, and 124 days, respectively). Soil sampling periods were
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chosen to assess subsurface mobility of TMX during early (V3), middle (V5), and peak (VT)
vegetative growth stages and one final point for physiological maturity (i.e., R6, which
represents the end of the corn growing season) [McWilliams et al., 2010]. At each of these four
times, replicated 2 cm diameter by 5 cm tall soil samples were collected from the Ap (0-5 cm)
and Bt (25-30 cm) horizons, with samples collected within the corn seed planting row (x 2 cm
from row center) and in between corn rows (25 cm from planting rows; see Figure B2 for a
spatial description of soil sampling). Three samples were composited together into 1 sample per
location (in-row versus between row) within each plot, which was then analyzed for TMX using
the method described in Appendix B with LOQ, LOD, and recoveries of 0.01 pg kg, 0.005 g

kg, and 98.6 + 13.3%, respectively.

3.4.5. Statistical Analysis

One-way ANOVAs were used to compare per-event TMX concentrations [M L] and
final cumulative TMX mass [M], and drainage volumes [L3] between “with viable plants” vs “no
viable plants” treatments for each hydrologic compartment (surface runoff, , shallow lateral
drainage < 72 cm, deep drainage at 110 cm). For soil concentrations [M M™], data were
subjected to two-way ANOVAs per combination of location (next to plant vs between rows) and
horizon (Ayp,, 0-5 cm vs By, 25-30 cm) using plant influence and corn stage (V3, V5, VT and R6)
as factors. All data were rank transformed and analyzed for normality and homogeneity of
variances using Fligner’s test. Factorial ANOVA results were subjected to multiple comparisons

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

3.5 Results and Discussion

Because our previous greenhouse investigations [Cushman, 2017; Radolinski et al., 2018a] and

the current study have shown that TMX uptake into corn plants represented a minor fraction of
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the applied seed dose (< 0.1%), the distribution of TMX in the drainage and soil is the focus of
the current report. Thiamethoxam was detected in all three drainage compartments (surface
runoff, shallow lateral drainage < 72 cm, and deep drainage at 110 cm) as early as 10 days after
planting and throughout the corn growing season (Figure 3.1). Though concentrations of TMX
detected in drainage generally reflected each compartment’s proximity to the seed source (runoff
> shallow lateral drainage > deep drainage; Figure 3.2), TMX was transported in similar
concentrations via shallow lateral drainage (no viable plants, 0.020 + 0.0264 g L*; Figure
3.1b) and deep drainage (no viable plants, 0.022 + 0.017 pg L™!; Figure 3.1c) following the first
rain event. The total percent of seed-coated TMX quantified in drainage for viable plants (0.27 +
0.02 %; Table B1) are comparable to estimates of total neonicotinoid losses to tile drains in
sugar beet fields (same order of magnitude as IMD) [Wettstein et al., 2016]. TMX concentrations
in surface runoff and shallow lateral drainage from viable plant plots reached seasonal peaks by
the V5 corn stage (~4 weeks), whereas plots with no viable plants showed more delayed and
higher peak concentrations. Plants also affected late-summer concentrations in deep drainage,

when TMX was only detected in the no-viable plant plots.

The cumulative mass transported via runoff and shallow lateral flow generally increased
in response to storm-generated drainage (Figure 3.2), though drainage losses were more reduced
following peak concentrations and less apparent for plots containing viable plants. Altogether,
early detection of TMX in runoff, shallow lateral drainage, and analogous vertical migration to a
depth of 110 cm indicate that the compound has a high potential for advective transport. Further,
TMX detection through 113 days of plant growth suggest that transport is possible throughout

the growing season, even as the mass of TMX available for transport decreases.
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Figure 3.1. TMX concentrations detected throughout the 2016 corn growing season in a) surface
runoff, b) shallow lateral drainage at 72 cm in the Bt horizon, and c) deep drainage collected via
suction lysimeters at 110 cm in C horizon. The rainfall intensity (p), rainfall accumulation (P)
and daily potential evapotranspiration (ET,) are plotted in the top panel of a), b), and c),
respectively. Time of planting (D0) and corn growth stages (V3, V5, VT, and R6) are shown
above a) as a reference for time of soil sampling. Error bars represent standard error (SE; n = 3).
Different letters denote significant differences between plant and no viable plants treatments at
each sampling event (p < 0.05). The “b” for the 9/01/16 event in panel b) denotes differences in
concentration between detectable (no viable plant) and non-detectable (viable plant) samples.
Viable plant plots yielded no water for lysimeter sampling for the final 2 rain events in c).
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Figure 3.2. Cumulative mass of TMX transported in runoff and shallow lateral drainage vs
cumulative volume drained. Note, deep drainage results are not considered here due to lack of
flow records below the shallow lateral drainage outlet. Lower case letters denote significant
differences between viable plant and no viable plant treatments in cumulative TMX while capital
letters designate differences in cumulative drainage ( p < 0.05) and error bars represent SE (n =
3). All statistical tests compared the final cumulative observation points.

TMX mobility was also confirmed within the soil profile throughout the study period. For
example, we detected vertical movement to the B: soil horizon by the V3 corn stage (i.e., Day 23,;
Figures 3.3b and d) and lateral migration between corn rows by the V5 stage (i.e., Day 36;

Figures 3.3c and d). The presence of TMX in soil was therefore dependent on elapsed time
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(two-way factorial ANOVA comparing concentrations at V3 and V5; p < 0.05), with a general
trend of decreasing concentration through time for samples taken next to the plant (£ 2 cm). In
contrast, samples taken 25 cm from plants between rows showed TMX pulses at the V5 and VT

corn stages.

The soil water content (#) and matric potential (%) data revealed that living plant roots
reduced soil water content via uptake (Figure S3), particularly at the 110 cm depth (Figure 3.4b
and c). Here, the 110 cm water content sensors in the viable plant plots showed diurnal
fluctuations (i.e. higher 6 values at night; lower values during the day with peak ET,) beginning
at the end of July, an indication that plant roots at that depth were actively transpiring water
during that period. Plant response ratios (InR;) in shallow lateral drainage were lowest during the
same time period (Figure 3.4a) suggesting plant alteration of the flow field could have limited

the dose of TMX leaving the plots.

TMX transport was dominated by surface and subsurface runoff processes throughout the
growing season (Figure 3.1 and Figure 3.2; Table B1), which likely resulted from rapid mixing
of seed coatings via newly formed macropores (from root growth and corn emergence) and the
erosion of TMX-bound colloids. Maximum TMX concentrations in surface runoff were detected
early in the growing season when cumulative mass losses and ET, were low. The period of
highest rainfall intensity (16 cm ht in early July 2016; Figure 3.1a and Table B2) resulted in
lower TMX concentrations in surface runoff compared to less intense rainfall events before and
after (both with rainfall intensities < 1 cm h). Low rainfall intensity may have produced higher
doses of TMX in surface runoff due to longer water residence time and greater mixing near the

seed coating, whereas high intensity rain likely diluted the signal. Thus, we detected the highest
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Figure 3.3 TMX concentrations in soil collected at 0-5 cm (Ap soil horizon) and 25-30 cm (Bt
soil horizon) at 2 cm (a and b) and 25 cm (between two rows) from corn plants or sown seeds (c
and d). The inset of d) illustrates corn growth stage and rainfall during the growing season.
Different letters denote significant differences between corn stage and with viable plant versus
no viable plants treatments (p < 0.05) within each figure panel (i.e. sample location and depth)
and errors bars represent SE (n = 3). Note that the scale in c) is 1/10 of that in a) and the scale in
d) is 10 times that of b).

concentrations of TMX in 0-5 cm soil (up to 241 pg kg at V3; Figure 3.3a) after low intensity
rainfall preceding the V3 corn stage (Figure 3.1a and b). Similar early season losses to surface
runoff may partially explain high concentrations of neonicotinoids detected in streams without
comparable increases in discharge [Hladik et al., 2014b; Schnoebelen et al., 2003; Thurman et
al., 1992]. The potential risk to non-target organisms may be amplified under early season, low
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intensity rainfall, as runoff samples contained enough TMX in 1 mL to physically impair honey
bees (> 1.4 ng) [Tosi et al., 2017] exposed to ponded water[Samson-Robert et al., 2014]. Thus,
fluxes into and out of this thin mixing layer [McGrath et al., 2009; Steenhuis et al., 1994] near
the soil surface may have broad implications for rapid environmental contamination of

neonicotinoids.

The low intensity rainfall preceding the V3 corn stage transported TMX through B
(Figure 3.3b and 3.1b) soil into the deeper C horizon (Figure 3.1c), whereas larger, high
intensity storms in early and late July 2016 produced lateral pulses of TMX throughout the
profile (large spatial variation within Figure 3.3c and d). These latter data were characteristic of
preferential flow events wherein high-intensity rainfall elevates pore water pressures and induces
flow through larger macropores [Jarvis, 2007b]. This bypass flow process often results in higher
concentrations being detected in soil and water than predicted by conventional transport
equations (e.g., advection-dispersion) through a homogenous medium [Allaire et al., 2009]. Non-
equilibrium flow conditions may have accented the differing subsurface architecture of viable
plant vs no viable plant plots. For example, high and often variable saturated hydraulic
conductivity measurements (Table 3.1) depict a heterogeneous soil pore structure with the
potential for rapid mobilization of the highly soluble neonicotinoids. Further, higher
concentrations of TMX detected in Bt soil of viable plant treatments (vs no viable plant) at V5
(Tukey, p = 0.02; Figure 3.3b) suggest that corn plants facilitated vertical transport of the
pesticide. High intensity rain events in early July 2016 could have caused preferential transport
of TMX, as newly formed and existing root channels may have provided conduits for infiltrating
water and greater connectivity to an existing macropore network [Bundt et al., 2000; Jgrgensen

et al., 2002]. This plant-mediated downward advection of neonicotinoids is consistent with
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period with plant-driven diurnal fluctuations in 6. Sharp increases in ¥ represent tensiometer
refill events and missing time periods for plant treatments denote logger and probe

46



observations collected during a previous greenhouse study [Radolinski et al., 2018a], which also
detected maximum leachate concentrations and more vertical movement of TMX in soil
containing viable plants around the V5 corn stage following heavy rainfall. However, after the
V5 corn stage the subsurface network likely remained different between viable and no viable
plant plots, yet we observed no significant differences between these treatments in soil TMX
(Figure 3.3). Thus, drier soil conditions, less TMX mass available for transport (due to advective
and degradation losses), and low intensity rainfall may have limited plant-driven mobility of the

pesticide in the late growing season.

Though early July (V5 corn stage following intense rain) coincided with noticeable plant-
mediated transport in the vertical soil profile (Figure 3.3b) and seasonal peak concentrations of
TMX in shallow lateral flow (Figure 3.1b), this trend of higher plant-assisted pesticide mobility
was not evident in drainage. Rather, plants appear to have restricted the mobility of TMX, seen
as earlier peak concentrations for viable plant vs no viable plant plot drainage (Figure 3.1b) and
significantly lower levels of the pesticide transported from plots containing viable corn plants in
the late July event (one way ANOVA, p < 0.05; Figure 3.1a and b). As a result, the total mass of
TMX in shallow lateral drainage became less sensitive to hydrological fluxes in plots containing
viable plants, as indicated by asymptotic trend in Figure 3.2. The no-viable plant plots, in
contrast, continued to leach TMX mass throughout the growing season. The cumulative mass of
TMX transported from the shallow lateral compartment therefore differed by a factor of ~4 (no
viable plants > with viable plants; one way ANOVA, p < 0.05; Figure 3.2), which may be
partially attributed to reduced drainage volume in viable plant plots compared to those with no
viable plants (one-way ANOVA, p < 0.05; Figure 3.2). Plants constrained the quantity of

pesticide leaving the plots to a greater extent when cumulative P — ET, was at or below zero
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(Figure 3.4a). Similarly, plants began to limit TMX loss through surface runoff (with viable
plants vs no viable plants, one way ANOVA, p < 0.05; Figure 3.1b) as evaporative demands

increased in late July and early August, 2016 (Figure 3.1b, c and Figure 3.4a).

The effect of growing plants on pesticide transport is further illustrated through the
observed depletion of deeper water pools. For example, reduced shallow lateral transport in
viable plant plots (Figure 3.1b; Figure 3.2; Figure 3.4a) corresponded to lower drainage
volumes (Figure 3.2) and plant-mediated diurnal fluctuations in soil water content as deep as
110 cm (Figure 3.4b). These diurnal signals were also mirrored by a decrease in matric potential
at depth, as plants exerted greater suction force on deeper water (110 cm soil, Figure 3.4c).
Because the soil evaporation front in temperate North America rarely exceeds 30 cm in depth
[Sprenger et al., 2016], it can be deduced that diurnal signals in & and steep decreases in ¥ at the
110 cm depth are the result of plant-induced drying of the soil profile. While InR; values were
lowest in late July, the lack of detectable TMX in subsurface lateral drainage for viable plant
plots in early September (denoted as “NA” in Figure 3.4a) suggest that plants exerted the
strongest influence on transport when diurnal & signals were at their highest amplitude (Figure
3.4a and b). Similarly, the two events in early August produced higher InR, values as P — ET,
became larger (Figure 3.4a), as low intensity rain contributed to recharge (Figure 3.1a and
Figure B4), and as diurnal & signals became more damped (Figure 3.4b). Plants prompted a
physical equilibrium between Bt and C horizons (¥ in Bt = ¥in C; early-mid August, 2016;
Figure 3.4c), while at the same time the matric potential decreased below -60 kPa, such that
lysimeter water samples could no longer be obtained (Figure 3.1c). Therefore, later in the
growing season when evaporative demands were high, TMX likely diffused into the soil matrix

(where pores held water at low ). This process, which may have then physically isolated the
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compound from rapid hydrological fluxes, appears to have been amplified by the presence of

viable plants (e.g., slightly higher fraction of TMX in soil with viable plants at R6; Table B1).

Rate-limited diffusion into more “protected” soil pores has been proposed as a
mechanism to explain apparent increases in solute-matrix affinity with time for neonicotinoids
[Oi, 1999] and other highly soluble agrochemicals [Jargensen et al., 2002]. In an extreme
example, incubating the herbicide imazethapyr in undisturbed soil for 16 days resulted in a
tenfold increase in observed Kq [O'Dell et al., 1992]. Results of other sorption isotherms have
also suggested that thiamethoxam displays a trend towards irreversible sorption in soil [Li et al.,
2018], The results shown here suggest that rain events in the late growing season will mobilize
less TMX than similar storms in the early growing season, likely due to diminished TMX
concentrations in the soil (Figure 3.3). For example, the high rainfall storms that occurred in late
September (Figure 3.1) mobilized only trace amounts of TMX via surface runoff and shallow
lateral drainage (Figure 3.2). Although irreversible sorption of TMX to soil is not excluded [Li
et al., 2018], degradation likely also played a role in the overall dissipation of TMX as this fertile
soil (e.g. sufficient TOC, high porosity, and high CEC; Table 3.1) may have provided ideal

conditions for microbial metabolism of the compound.[Myresiotis et al., 2012]

3.6 Implications and Conclusions

Though levels of TMX transported from our experimental plots did not exceed any
known lethal thresholds for non-target organisms, the apparent mobility of these compounds may
still be concerning, as sub-part per billion exposure to neonicotinoids poses ecological risks to
non-target terrestrial[Tosi et al., 2017] and aquatic invertebrates [Beketov and Liess, 2008;
Sanchez-Bayo et al., 2016]. Moreover, this study can be taken as a conservative simulation of

neonicotinoid transport potential due to: 1) the diminished dose of active ingredient (i.e. a
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reduced density of 59,000 plants ha), 2) disturbed soil properties (reduced structural flow due to
tillage prior to plot construction), and 3) rate-limited flow conditions (low Ks in Bt and C
horizons; Table 3.1) in a highly reactive subsoil underlying the plow layer (e.g. high % clay and
CEC in Bt and C horizons may retard movement due to partial positive charge on TMX; Table
3.1). Despite these potential limitations, TMX was transported via three drainage compartments
and detected in the soil profile throughout the growing season. TMX concentrations were as high
as 594 pg kg (Figure 3.3a) for individual soil samples taken at day 23 (V3), representing one of
the highest concentrations of a neonicotinoid yet detected in soil under environmentally relevant
conditions. Further, TMX concentrations detected in surface soil between corn rows exceeded
those of the samples taken 25 cm below the corn seed by over an order of magnitude (Figure
3.3b and c), suggesting that TMX can be preferentially transported even under small hydraulic
gradients (Figure B2). This pattern of rapid advective transport could be exacerbated as farmers
continue to adopt no-till practices which can promote development of soil structure and
preferential flow pathways [Alletto et al., 2010]. As of 2011, no-till accounted for 40% of the US
acreage dedicated to corn, soybean, cotton, and wheat,[Wade et al., 2015] all of which currently

employ neonicotinoid-coated seed treatments [Douglas and Tooker, 2015].

Our results suggested that TMX transport potential decreases with time, with alteration of
the water flow field caused by plant-induced drying out of the matrix representing a potentially
important factor for environmental contamination of neonicotinoids. Thus, even though growing
plants appear to facilitate bypass flow, they also act to mitigate plot-scale transport of TMX by
amplifying flow retardation. As a consequence, early season rain events (e.g. pre-VT stage),
whether intense (peak shallow lateral concentrations in early July; Figure 3.1) or mild and

frequent (peak runoff concentrations in late June; Figure 3.1), may dictate total mass transport of
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these compounds. These early season pulses of TMX are consistent with rapid neonicotinoid
transport to streams in the Midwest[Hladik et al., 2014a; Schnoebelen et al., 2003; Thurman et
al., 1992], and our work provides a mechanistic link from plot to catchment scale contamination
of these compounds. Taken altogether, these data serve as definitive proof that seed coated
neonicotinoids can be transported throughout the growing season both above and through the soil

profile in potentially harmful doses.
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Chapter 4. Preferential flow alters solute mobility in the critical zone

Jesse Radolinski', Hanh Le, Sheldon Hillaire, Kang Xia, Durelle Scott, and Ryan D. Stewart

To be submitted to Water Resources Research

4.1 Abstract

A multitude of organic contaminants are transmitted through the critical zone, yet the
degree to which their chemical properties dictate transport in the presence of preferential flow
remains unknown. We used a simple isotope mixing technique to understand how and to what
extent preferential flow alters these chemical controls on solute transport through soil. Manure
was spiked with eight common veterinary antibiotics with a range of mobility (estimated from
their linear soil sorption coefficient Kq) and was applied to field runoff plots. Simulated rainfall
was then spiked with 2H as a conservative tracer and applied to the plots at a rate of 7 cm h™.
Antibiotic concentrations and deuterium signals were recorded in soil pore water via suction
lysimeters installed at 30 and 90 cm depths. The simulated rainfall produced nearly 3 orders of
magnitude of variation in preferential flow (0.17% to 61% of applied water moving
preferentially). Solute fluxes to lysimeters were similar at low ranges of preferential flow (i.e.,
<20%). However, when preferential flow exceeded ~20%, solute fluxes were higher for mobile
contaminants than immobile contaminants, suggesting that bypass flow selects for more mobile
compounds during exchange with the soil matrix. These non-intuitive findings contradict
conventional understanding of solute transport, where the influence of compound properties is
thought to be significantly reduced under increasing bypass flow. Rather, more preferential flow
(~ >20%) appears amplifies these chemical controls. Altogether, we present novel data which

can be used to build more accurate process-based transport models.
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4.2 Graphical Abstract
Physical-
Medium Solute-Chemical Control
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/A Immobile Compound
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Note: lllustration of a system in which fluxes of two solutes with differing chemical mobility
converge at low % preferential flow versus diverge at higher % preferential flow. Solute
transport is thus controlled more by the structure of the medium at low preferential flow versus
high preferential flow where chemical properties become influential. Here the solutes are
assumed to be in Kinetic equilibrium with the soil matrix prior to initiation of preferential flow.

4.3 Introduction
A growing and increasingly affluent human population has exposed the Earth’s critical
zone to new and potentially harmful compounds in ever-increasing loads [McCance et al., 2018].

Many of these emerging contaminants are susceptible to rapid movement via non-equilibrium or
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preferential flow [Estévez et al., 2012; Nham et al., 2015; Vryzas, 2018], which often leads to
orders of magnitude greater solute leaching than predicted by equations specific to a
homogenous soil matrix (e.g., the advection-dispersion equation) [Allaire et al., 2009; Radolinski
et al., 2018a]. This rapid transport of contaminants can threaten water quality in nearby aquifers
and streams, making it important to understand the physical and chemical controls on

contaminant movement through unsaturated soils.

Preferential flow occurs as a disequilibrium between water flowing through the low-
permeability bulk soil (matrix flow) and the highly conductive fraction of the total soil volume
(e.g. macropores, root channels). Under such conditions, flow rates can sharply increase without
analogous and uniform increases in soil pore water pressures [Beven and Germann, 2013;
Fllhler et al., 1996; Jarvis, 2007b]. Preferential flow is ubiquitous in well-structured soils
[Graham and Lin, 2011] and occurs over a broad range of water contents [Flury et al., 1994;
Hardie et al., 2011; Nimmo, 2012]. In dry soils, bypass flow may occur as partially water-
repellant layers destabilize the wetting front forming fingered flow [Hardie et al., 2011], or as
crack formation triggers macropore flow [Greve et al., 2010; Stewart et al., 2016]. As soils
approach saturation, near positive pore water pressures can force water from the slow flowing
matrix into highly conductive macropores [Klaus et al., 2013; Steenhuis et al., 1994], making

total flow proportionally more preferential.

As ideal tracers, stable isotopes of water (e.g., ?H and *¥0) have been widely used to
identify hydrological flow paths [Gazis and Feng, 2004] and determine water residence time
[Hrachowitz et al., 2013; McGuire and McDonnell, 2006]. These are used to detect preferential
flow with traditional methods that tracking water transit through hydrological systems [White et

al., 1984]; however they are particularly useful for identifying water sources [Good et al., 2015].
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For this reason, stable isotopes can be used to distinguish water slowly flowing through the soil
matrix from rapid from bypass flow [Stumpp and Maloszewski, 2010; Stumpp et al., 2007; Vogel
et al., 2010]. Thus, these tracers can be employed as a simple tool for isolating and quantifying

preferential flow.

In the presence of preferential flow, mobile contaminants (i.e., those with low soil
partition coefficient, Kqg, and low organic carbon normalized partition coefficient, Koc) should
move freely with little matrix interaction [Kladivko et al., 1991; Kurwadkar et al., 2014a; Traub-
Eberhard et al., 1994]. However, some dual-domain numerical simulations have suggested that
immobile compounds (i.e. with high Kg, high Koc) may be more susceptible to non-equilibrium
flow [Larsson and Jarvis, 2000]. Other studies have reported that the total mass transport of
readily leachable compounds may be reduced by up to 50% with preferential flow when
compared to modeled advection-dispersion flow through a homogenous medium [Larsson and
Jarvis, 1999] as infiltrating water bypasses contaminants stored in the soil matrix [Ahuja et al.,
1993; Heathman et al., 1995]. Despite these varying observations, preferential flow is generally
believed to weaken or eliminate chemical controls on solute transport [Ghodrati and Jury, 1992;
Larsson and Jarvis, 2000]. Further, preferential flow in soils may represent as little as 1%
[Peterson and Wicks, 2005] or more than 90% of total flow [Leaney et al., 1993; Zhang et al.,
2018b], yet no study to date has defined the degree of preferential flow required to dampen this

chemical influence.

Pharmaceuticals such as veterinary antibiotics are a group of contaminants that are
widely used and possess a range of chemical properties, making them ideal for studying solute
versus media controls. Every year, the U.S. purchases nearly 66 million kg of veterinary

antibiotics to support the animal production industry, many of which are labeled as critically
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important to the World Health Organization’s strategy for controlling global antibiotic resistance
[Chen et al., 2018; Collignon et al., 2016]. As much as 80% of initial antibiotic doses to
livestock can be still be found in animal waste [Chen et al., 2018; Montforts et al., 1999]. This
waste is often applied in agricultural systems as an amendment to replace synthetic fertilizer and
improve soil structure [Heuer et al., 2011], furthering the potential transport of antibiotics [Le et
al., 2018] and establishment of antibiotic resistant organisms [D 'Costa et al., 2011; Wind et al.,
2018]. Once antibiotics are exposed to the subsurface environment, a variety of reactive
chemical structures interact with the soil matrix forming complexing solute distributions below-
ground. These compounds can largely partition into soil organic matter [Wegst-Uhrich et al.,
2014], sorb strongly to soil mineral surfaces [Chee-Sanford et al., 2009], or exist primarily in the
aqueous phase with high susceptibility to macropore flow [Boxall et al., 2002; Kay et al., 2004;
Kay et al., 2005a; b]. The first two mechanisms are often considered to delay the transport of the
compounds relative to water [Van Genuchten and Cleary, 1979] while the latter mechanism may
cause compounds to move at similar or even faster velocities compared to the mean water
velocity [Beven and Germann, 2013; Dykaar and Kitandis, 1996]. Veterinary antibiotics can
thus be transported through a given soil faster or several orders of magnitude slower than water

[Boy-Roura et al., 2018].

The primary objectives of this study were to 1) quantify the transport of eight veterinary
antibiotics under different preferential flow conditions and 2) specify a threshold of preferential
flow required to eliminate chemical controls on the transport of these solutes. This threshold
analysis is necessary to provide a fundamental understanding of how non-equilibrium flow alters
contaminant mobility. These results can be used to build process-based transport models which

can be used to manage water quality and thwart water resource degradation.
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4.4 Materials and Methods

4.4.1 Soil Characterization and Field Study Site Preparation

The field experiment was conducted in the Spring of 2018 on a no-till agricultural field in
Whitehorne, VA. The field had a 9 to 11% slope and was underlain by two loam-textured soil
series: Braddock and Unison (Typic Hapludults) with moderate soil structure. At the beginning
of the experiment, intact cores (5 x 5 cm; n = 6 per horizon) and unconsolidated soil samples
were taken from three soil horizons: Ap (5-10 cm), Bt1 (30-35 cm), and Bt2 (90-95 cm). Cores
were used to determine soil bulk density [M L], porosity [L*® L], and saturated hydraulic
conductivity (Ks) [L T]. Core-derived Kswas measured using the falling head method with a
KSAT Benchtop Saturated Hydraulic Conductivity Instrument (UMS Inc., Munich, Germany).
Unconsolidated soil samples were air dried, sieved to 2 mm, and analyzed for cation exchange
capacity (CEC), pH, total organic carbon (TOC), and texture. CEC was measured via summation
method [Hajek et al., 1972], soil pH was measured in a 1:1 slurry (soil: CaCl,), TOC was
quantified by dry combustion using a Vario MAX CNS macro elemental analyzer
(Elementar, Hanau, Germany), and textural analysis was conducted via the pipet method [Day,

1965]. Soil physiochemical and hydraulic properties are shown in Table 4.1.

A total of nine rainfall simulation plots were installed in the field consisting of 200 x 150
cm steel frames inserted 10 cm into the soil surface, with adjacent 40 cm x 200 cm buffer strips
maintained outside of the frames for installation of soil pore-water samplers. Steel pans were
fitted to the frames, sealed for runoff collection, and piped down gradient to a container for
storage and quantification. Weed growth was then suppressed in all plots with glyphosate. Plots
were differentiated into two treatments whereby manure was broadcasted on the soil surface

(surface application; n = 3 plots) or inserted into two 5 cm wide x 10 cm deep slits placed
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perpendicular to the slope and spanning the width of the plot frame and buffer strip (subsurface
injection; n = 3 plots). The three remaining plots did not receive manure application and were

treated as controls.

Prior to manure application, a series of suction lysimeters (200 kPa ceramic cups; Soil
Moisture Equipment Corp., Santa Barbara, CA) were installed in the plot buffer strips to sample
veterinary antibiotic transport in the subsurface. Soil pore water samples were withdrawn from
two randomly positioned lysimeters in both the Btl (30 cm) and Bt2 horizons (90 cm) to detect
vertical movement of VA’s in surface application plots (2 probes per depth making 4 probes per
plot, Figure S1). This same installation scheme was also adopted for control plots. In subsurface
injection plots a series of nested (30 and 90 cm probes) lysimeters were installed both within and
25 cm down-gradient of the injection slit to detect vertical and lateral transport of antibiotics (2
probes per depth resulting in 8 probes per plot; Figure C1). A liquid slurry of dairy manure (5%
solid content) was spiked with eight commonly used VAs, including two macrolides
(erythromycin-ERY and tylosin-TYL), two sulfanomides (sulfamethazine-SMZ and
sulfadimethoxine-SDM)), three tetracyclines (oxytetracycline-OTC, chlortetracycline-CTC, and
tetracycline-TC) and one lincosamide (pyrlimycin-PLY). The slurry was spiked to a target
concentration of 500 pg L™ for all antibiotics and applied to plots at a rate of 56 Mg wet mass ha
! [Le et al., 2018]. Manure was applied 7 days prior to rainfall simulations to limit losses of
compounds via runoff [Le et al., 2018], and natural rainfall was suppressed by covering the plots

with plastic tarps during rain events.

Plots were a component of a wider effort to understand antibiotic resistant gene
transmission in the environment as a result of manure application methods; however, the current

study was specifically aimed at quantifying subsurface transport of VAs across a range of
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preferential flow. Rather than comparing across treatments, we used manure application methods
(contaminant locations) in combination with different soil horizons (depths), and slope positions
(i.e., in slit vs down gradient) to express heterogeneity in solute and water transport. Thus, data

were largely analyzed independent of manure application methods.

4.4.2 Field Rainfall Simulations and Water Sampling

Rainfall simulations were conducted after the 7-day equilibration period using deuterium-
labeled well water to trace mobile infiltrating water and detect preferential flow contributions to
pore water signature. The rainfall simulator (240 cm x 300 cm) followed the original design of
Humphry et al. [2002], which has been adopted as standard protocol for the national research
project for simulated rainfall-surface runoff studies [SERA-17, 2008] and provides constant
droplet size and velocity between locations and studies. We conducted the rainfall simulations
with the SERA-17 standard intensity of 7 cm h™! until the collection containers received 30 min
of continuous runoff. Rainwater was labeled with a Dealglad venturi injector (90 x 55 x 55 mm;
Shandong Jiujin Plastic Products Co., Shandong, China) fitted to the sprinkler inlet. This system
dispensed an enriched deuterium solution into the well water at a ratio of ~ 4:100 (deuterium-
spiked water: well water). Discrete pore water samples were taken from all lysimeters by
applying 60 kPa of suction for 10 min, 1 h before the simulation, 0.5 h into the simulation, and 1

hour after the simulation (Figure C2).

4.4.3 Stable Isotope and Analysis Antibiotic Detection

All liquid samples (i.e., pore water from lysimeters and column leachate) were analyzed
for 5180 and §°H via cavity ring down spectroscopy (Model L1102-i, Picarro, Santa Clara, CA).
All samples were expressed in per mil (%o) delta notation relative to Vienna Mean Standard
Mean Ocean Water (VSMOW) via
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590 or 8?H = (2222 — 1) x 1000 (1)

VSMow

where Rsample and Rvsmow are the respective ratios of heavy to light species in the sample and

standard VSMOW water, respectively.

We used a modified post-processing method [van Geldern et al., 2012] to apply drift and
memory corrections to raw data, yielding a precision of 0.1%o for ¥0 and 0.2%o for H. Liquid
samples were analyzed for antibiotic concentration via HPLC MS/MS, as detailed in the

Appendix C.

4.4.3 Preferential Flow Analysis

To analyze the deuterium tracer, we considered flow to be partitioned into two distinct and
unmixed hydrological domains: faster advection-driven flow through preferential pathways (e.qg.,
root channels and macropores) and slower flow through the soil matrix via classic advection
dispersion mechanisms. Following the conceptual framework provided by Stumpp et al. [2007]

the isotope mass balance can be described as

Q:(t) = Qpr(t) + Qur(t) 2
and
Q¢ (t) - Ce(t) = Qpr(t) - Cpp(t) + Qup(t) - Cyp(t) 3)

where the preferential flow, Que(t), and matrix flow, Qpe(t), sum up to total discharge Q(t) [L3 T-
1] and Cwmr(t), Cpr(t), and Ci(t) [M L] correspond to the isotope concentrations within each flow
component. Assuming that preferential flow pathways translate to rainfall inputs during each
sampling period, we consider the rainfall isotope signal to be equivalent to the preferential flow

signal in the outlet

60



Cpr(t) = Crain(t) (4).

Thus, the fractional contribution of preferential flow to the outlet signal is

_ C(@®-Cyr(D)
fer(®) = Cpr(t)— CmF(t) )

and the preferential flow rate is

QPF(t) = fPF(t) ) Qt(t) (6).

The §H difference between individual pore water samples taken before the simulation
was relatively small (standard deviation of 5 %o from all plots and depths) compared to the
difference between these samples and labeled rainfall (average difference of 26 %o; Table 4.2).
Thus, we assumed that background lysimeter samples represented a uniform pre-event matrix
signature Cwmr(t) which enabled calculation of fpr during and after field rainfall simulations for

each lysimeter.

4.4.4. Assessment of Relative Antibiotic Mobility

To assess the relative mobility of our eight antibiotics, a simple solute partitioning test
was performed on soil from the field site. One gram of dried and 2 mm sieved A, horizon soil
was mixed with 500 mL of deionized water to reach target concentrations of each antibiotic at
2.5 ug L for SDM; 5 ug L for SMZ, PLY, and TC; 50 pg L™ for OTC, CTC, ERY, and TYL.
The mixture was then left still to equilibrate for 1 h followed by vortexing, and shaking for 30
min. These concentrations ranges were chosen to be compatible with antibiotic detection in
runoff samples taken previously from the same field [Le et al., 2018]. After shaking for 30 min,
the mixture was centrifuged at 5000 rpm for 5 min before a 1.5 mL aliquot of supernatant

solution was mixed with 50 mg primary and secondary amine (PSA), vortexed, centrifuged, and
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sequentially filtered with a 0.45 um PTFE syringe filterand the a 0.2 um PTFE syringe filter,
before being injected into UPLC-MS/MS for analysis. The two macrolides (ERY and TYL) were
not detected in supernatant (0.5 mL aliquots) even after three additional testing at concentration
of 50, 250, and 500 pg L, so the experimental Kq could not be calculated for those two
compounds. We thus assumed macrolides to be the most immobile compounds in our system.
We used the USEPA’s EPI (estimation program interface) Suite TM tool [EPA, 2010] to predict
effective Koc values for ERY and TYL based on octanol water partitioning coefficients (Kow)
inputs, and assigned mobility rankings of 7 and 8 based on model outputs (Table 4.3).
Additionally, we used EPI’s BIOWIN model to estimate dissipation half-lives of our compounds
in soil following the methods described in Chen et al. [2018]. Using these half-lives we projected
that less than 10% of the originally applied VA mass would have degraded during our 7 day
experiments, and thus assumed that decay played a minor role in relative transport of these
compounds (Table 4.3). To accurately express the response of VAs to varying preferential flow
estimates, the changes in concentration (AC) from lysimeter samples taken 1 hour before

simulations versus during, and 1 h after the event.

4.4.5. Statistical Analyses

We sought to compare solute fluxes (AC) between the most immobile (ERY) and most
mobile (SMZ) solutes at our highest (frr = 0.35-0.61) and lowest (frr < 0.2) ranges of
preferential flow to clearly define where solute mobility governed transport to lysimeters. After
separating the two ranges, rank transformed data were tested for normality via normal quantile
plots and homogeneity of variance was detected using Fligner’s test. Because the low range of
preferential flow contained too much noise to pass normality and homogeneity assumptions, we

performed a one way ANOVA on the highest range of preferential flow (ERY vs SMZ). To test
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for difference and interaction of manure treatments (subsurface injection, surface application,
and control plots with only levels of VAs) on AC across the range of preferential flow we used
analysis of covariance (ANCOVA) to statistically compare the slope of lines fitted to log-
transformed AC as function of preferential flow (frr > 0 and AC > 0) by treatment. These log-
transformed data were found to meet ANOVA assumptions using the approach outlined above.

We used R version 3.2.2 to conduct all statistical analyses with o = 0.05.
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Table 4.1. Soil physiochemical and hydraulic properties. Note that cation exchange capacity (CEC), porosity, bulk density, saturate

hydraulic conductivity Ks, pH and total organic carbon content (TOC) are expressed as mean + standard deviation.

Silt

CEC

Porosity

Bulk density

. Depth 0 Clay 1 0
Horizon (cm) Texture Sand (%) %) (%) (cmol kg™ (%) (g cm) Ks (cmd™) pH TOC (%)
Ap 0-23 Loam 445 416 25.8 16 +4.6 47+0.009 136+0.05 416+486 6.0+0.26 2+0.45
Btl 23-33 fﬁa\r;/dl)gam 45.1 46.9 29.1 44 +17 37+£0.04 175+0.13 438+50.8 5.6+0.27 0.25+0.062
Bt2 33-97  Silty clay 10.2 114 450 81+0.30 54 +0.07 1.4 +0.04 44+453 491007 0.40+0.031
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Table 4.2. Rainfall simulation information expressed as mean + standard deviation.

Rainfall Simulations

Length of Simulation (h)

Time )
- Time to Runoff (h)
. -1
Rates Rainfall Rate (cm h™?)
Infiltration Rate (cm h™)
Rainfall (cm)
Depths
St Infiltration (cm)
Runoff (cm)
Rainfall Label 8°H (¢
Tracer ainfall Label 6°H (%)

Background Pore Water §?H (%o)

1.2+0.56
0.75 + 0.53
7

5.6 + 0.76

8.7+39
6.9+28
18+13

-12.7+8.44
-39 +5.0
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Table 4.3. Veterinary antibiotics with experimentally determined “effective” sorption coefficient-Kg, Relative Mobility ranking, and
EPI (estimation program interface) predicted dissipation kinetics. Macrolides (ERY and TYL) were most immobile based on our
sorption analysis, but required the EPI tool to assess mobility rankings of 7 and 8 (see Methods).

Veterinary Antibiotic (VA) Effective Kq Relative  EPI Predicted EPI Predicted Decay

Mobility  Half Life (d) Constant (d?)
Eryrthomycin (ERY) NA 8 360 2x10°®
Tylosin (TYL) NA 7 360 2x103
Tetracycline (TC) 1140 6 120 6x10°2
Pirlimycin (PLY) 997 5 75 9x10°®
Chlortetracycline (CTC) 783 4 360 2x10°®
Oxytetracycline (OTC) 368 3 120 6x10 3
Sulfadimethoxam (SDM) 80.3 2 75 9x10°®
Sulfamethazine (SMZ) 64.6 1 75 9x10°®
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4.5 Results and Discussion

Rainfall simulations lasted for an average of 1.2 h generating 8.7 cm of cumulative
rainfall and 6.9 cm of infiltration, with the remainder lost as surface runoff (Table 4.2). Under
the assumption that event water had infiltrated vertically via pure advection and soil moisture
was at field capacity (~0.30 using soil texture contours in Twarakavi et al. [2009]) prior to
rainfall, the average of 6.9 cm of infiltrated water would have filled and/or displaced ~23 cm of
storage. This estimate suggests that a homogenous wetting front had not reached our 30 cm
probes within the sampling period, and that the sampled water was derived from preferential
flow or pre-event matrix storage. Thus, our assumption that any event water seen in lysimeter
samples represented preferential flow (Equation 4) appears to have been valid for this

experiment.

Of the 82 isotope-based estimates of fpr, 19 (20%) resulted in zero or negative values.
Based on our detection method, negative values indicate that our lysimeter samples taken during
and after the simulation were equal to or more isotopically depleted than the estimated matrix
signature (i.e., samples pulled ~1 h before simulated rainfall). Negative fpr values indicate a
dominant contribution of pre-event water, so we considered these points to be entirely matrix
derived (fre = 0). Including non-detect values caused a slight upward shift in the distribution of
fpr, as seen by the Isotope (Positive) versus Isotope (All) data (Figure 4.1). Though event water
was applied at a constant rainfall intensity (7 cm h') and infiltrated in similar rates between plots
(Table 4.2), simulated rainfall produced nearly 3 orders of magnitude of variation in preferential
flow (frr from 0.0017 to 0.6; Figure 4.1). These numerous point detections of bypass flow in

space and time (during and after rainfall) accented the heterogeneous subsurface architecture in
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this no-till agricultural field and enabled analysis of solute mobility across a wide range of

preferential flow.

To understand how these preferential flow estimates affected the transport of our eight
VAs, we quantified the change in concentration (AC) as a function of estimated fpr across a
spectrum of relative mobility. Similar to our preferential flow estimates, when veterinary
antibiotic fluxes were negative or non-detectable, we considered AC to be zero (Figure 4.2).
Despite one instance of ERY detection, control plot samples either showed no detectable
antibiotcs or else strictly contained the highly mobile sulfanomide compounds (SMZ and SDM,;
Figure C3). Sulfanomide fluxes from control and manure-applied plots were similar in
magnitude and range along a spectrum of preferential flow estimates. Additionally, we found no
significant difference between the slope of lines fitted to AC data across the range of fpr for all
treatments, and no significant treatment interactions on preferential flow estimates (subsurface
injection, surface application, and control plots; ANCOVA, p > 0.05; Figure 4.2). Because the
behavior of these compounds in control plots was nearly indistinguishable from experimental
plots (similar linear trends with and without control; Figure C3) and all treatments produced
similar trends in solute fluxes (Figure 4.2), we excluded treatments from subsequent analyses
(Figure 4.3). Our resulting range of AC extended from 0 to 3.85 ug L™, or from 0.006 to 3.85 ug
Lt when only considering positive values (Figure 4.3). Lysimeter data displayed a general trend
of increasing AC with preferential flow, though the relationship was noisy (Figure 4.2). For
instance, high antibiotic concentrations were seen in samples without detectable preferential flow
(e.g., ERY was measured with a AC value of 1.26 L™!; Figure 4.3) whereas some samples with

high fer had no detectable VAs (e.g., ERY, TYL, and TC).
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Figure 4.1. Experimental estimates of fraction of preferential flow (fpr) using an isotope-mixing
approach that included (“All”) versus excluded (“Positive”) samples in which fer = 0.

69



ERY TYL TC PYL CTC ocCcT SDM SMZ

[
® 30 cm, Subsurface Injection (S)
s O 30 cm, Subsurface Injection (D)
T - ® 90 cm, Subsurface Injection (S)
o < O 90 cm, Subsurface Injection (D)
= @ 30 cm, Surface Application
N = B 90 cm, Surface Application
; = 30 cm, Control
c - Subsurface Injection 2 90 em. Control
- — = Surface Application '
S 4 a2l «++  Control
o

| | | I | I |
0O 01 02 03 04 05 06

Fraction of Preferential Flow

Figure 4.2. The change in VA concentration (AC) versus the fraction of preferential flow (frr)
estimated in lysimeter samples (AC =0 and fer = 0 included). Colors indicate relative mobility
as estimated from effective Kq values, wherein red is most mobile and black is least mobile. “S”
and “D” refer to samples taken lysimeters installed in and down gradient of injection slits,
respectively. Linear models were fit to Subsurface Injection, Surface Application and Control
data points (AC = 0 and fpr = 0 excluded) and did not have significant difference between slopes
(ANCOVA, p > 0.05). Slopes were 1.85 (subsurface injection), 2.78 (surface application), and
1.06 (control plots) and adjusted respective r? values were 0.27, 0.48 and 0.11.

The contaminants with the greatest contrast in relative mobility were similar in AC for the
low range of preferential flow, but differed significantly in the highest range of preferential flow
(SMZ vs ERY; one-way ANOVA, p < 0.001; Figure 4.5b). This finding suggests that chemical
controls (solute-matrix interaction) on solute mobility were weakest when bypass flow was

minimal. However, based on the distribution of positive AC and fpr values (Figure 4.5a and Figure
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4.4), leachate had the greatest probability of having AC values < ~0.20 g L™ and fpr values < ~0.2
even when excluding non-detect values. By contrast, bypass flow and leaching of antibiotics at

high concentrations were relatively unlikely to occur.

Solute transport to our lysimeters also appears to have been most sensitive (e.g., AC/fpe
was highest) to preferential flow when fpr was < ~0.2 (Figure 4.6). The influence of preferential
flow on the magnitude of AC was therefore dampened when chemical controls became more
influential, suggesting a shift in flow partitioning. For example, in a situation where AC linearly
increased across the range of fer values (Figure 4.6 inset), the solute fluxes in drainage would
respond similarly (i.e., nearly constant AC/fer) across the spectrum of preferential flow. Instead
we observed that minor additions of event water were sufficient to remove the influence of solute-
matrix affinity. Altogether, these data illustrate that solute responses to bypass flow differ along a

spectrum of preferential flow (Figure 4.5 and Figure 4.6).

The detection of antibiotic fluxes in our lysimeters depicted a dynamic flow field that non-
selectively sampled solutes under some conditions and selectively sampled solutes under other
conditions. When preferential flow was minimal (i.e., fer < ~0.2), antibiotics were transported in
similar concentrations independent of their relative mobility (Figure 4.5b). At the highest
observed range of bypass flow (i.e., 0.4 < fpr < 0.61), solute fluxes significantly differed between

mobile and immobile compounds, indicating a fundamental shift in solute and flow partitioning.
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Figure 4.3. The change in veterinary antibiotic concentration (AC) versus the fraction of preferential flow estimated
in lysimeter samples (AC =0 and fpg = 0 included).
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Figure 4.4. Bivariate kernel density plot depicting the distribution of results for positive AC and
fer values, where lightest areas are most probable and darkest areas are least probable.
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Figure 4.5. a) The smoothed density distribution of veterinary antibiotics in the detected range
of estimated preferential flow (where AC > 0 and fpr > 0), indicating the total frequency of
samples detected. Using the ranges of preferential flow with highest density, (for ~0 — 0.2, 0.2 —
0.35, and 0.35 — 0.61) AC was binned and compared for all compounds and all values of AC and
fer in b). Different letters denote statistical differences (p < 0.05) in AC between our most mobile
(SMZ) and immobile compounds (ERY) at the highest range of preferential flow. Error bars
represent standard error of the mean (SE).
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Figure 4.6. Solute sensitivity to preferential flow (AC/fpg) across the detected range of
preferential flow. The solid black line shows a Markov Chain Monte Carlo fitted power law
function (sensitivity = 1* fpr—2°) and the red dashed line depicts a scenario where AC increases
linearly across the range of fpr. Note that AC extends from the lowest value, 0.006 pg L™ to the
highest values 3.8 pg L.
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This selective vs non-selective transport behavior may be explained by both the amount
of preferential flow and the ability of this bypass flow to access contaminants. For example, 7 d
of equilibration and rainfall suppression would have been sufficient for compounds to diffuse
into the soil matrix [Jarvis, 2007a; Pignatello and Xing, 1995; Radolinski et al., 2019] and for
sorption equilibrium to occur [Le et al., 2018; Thiele-Bruhn, 2003]. Consequently, plots spiked
with antibiotics produced nearly identical solute fluxes as the control plots (Figure C3),
suggesting that these compounds may be stored in the soil matrix from previous applications.
Therefore, when drainage water was less preferential (i.e., frr < 20%), the likelihood of sampling
all compounds was higher (Figure 4.4) as most of the drainage water originated in the matrix.
Infiltrating water may have mixed with a greater volume of pre-event storage before triggering
preferential flow events with trace levels of antibiotics, allowing for compounds strongly sorbed
to the soil matrix (e.g., immobile antibiotics) and compounds weakly bound to macropore walls
(e.g., mobile antibiotics) to be transported in similar proportions. Higher proportions of
preferential flow would have excluded flow through matrix where the much of the compounds
resided [Heathman et al., 1995], causing the two hydrological domains (i.e., fast preferential
flow versus slow matrix flow) to become more distinct [Scaini et al., 2019; Worthington, 2019]

and infiltrating water to select for contaminants with a higher affinity for the aqueous phase.

It should also be noted that our moderately mobile solute, PLY, produced the highest AC
in drainage (high range of fer, Figure 4.3 and Figure 4.5b); however, a previous antibiotic
transport study conducted in the same field site reported PLY as being highly mobile with 50x
more PLY transported compared to the sulfonamide sulfamerazine [Le et al., 2018]. This result
suggests either that 1) PLY sorption to the A, soil sample used for Kq determination may not

have been representative of the entire field or 2) our mobility ranking was accurate and the high
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apparent mobility of PLY seen in similar field studies [Kulesza et al., 2016; Le et al., 2018] may
be the result of more novel mechanisms (e.g., colloidal transport). Some numerical simulations
have also suggested that moderately mobile solutes may be most sensitive preferential flow
[Larsson and Jarvis, 2000]. Though the underlying mechanisms are not yet clear, we speculate
that these compounds may be immobile enough to be sorbed throughout the soil medium, yet
soluble enough to partition into local bypass flow. Thus, when fer approached ~0.5 (i.e., roughly
equal matrix and preferential influence) moderately mobile compounds could be selected in

higher proportions relative to other antibiotics.

These non-intuitive findings contradict conventional understanding of solute transport,
where the influence of compound properties is thought to be significantly reduced with bypass
flow [Barbash and Resek, 1996; Klein, 1994; Larsson and Jarvis, 2000]. When preferential flow
intensified, solute fluxes in drainage became more influenced by the physiochemical interactions
with the medium (relative mobility) rather than just the medium itself (i.e., well-connected
macropore network). Alternatively, if rainfall was applied much closer to the time of manure
application one would expect the opposite trend: solute-matrix interactions might govern
contaminant transport at low values of fpr but become less important as bypass flow samples
mobile and immobile compounds equally. Using a similar experimental design Le et al. [2018]
detected comparable losses to runoff for four antibiotics of varying mobility when rainfall
happened just 2 hours after manure application, yet losses differed by an order of magnitude
when manure was undisturbed for just 3 d. More directly, the timing appears to be an important
factor in controlling contaminant behavior in the presence of preferential flow, due to sorption

kinetics and physical partitioning of the compounds below-ground.
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4.6 Implications and Conclusions

By simulating a range of preferential flow, we were able to evaluate conditions necessary
to dampen versus amplify chemical controls on solute transport, thus providing novel insight into
subsurface water and solute partitioning. Our results suggest that under field-relevant scenarios the
influence of solute-chemical properties appear damped below ~20% preferential flow (Figure 4b),
but amplified at higher contributions of event water. Mechanistically, this means that fast flow
paths may preferentially select for more mobile solutes. Practically, this means that water quality
may be threatened equally by a wide range of solutes with little bypass flow and though less
probable (Figure 4.4), high preferential flow may still result in orders higher leaching in the vadose

zone (Figure 4.3, and Figure 4.4).

Together, these results suggest that it may be necessary to re-evaluate common
assumptions of solute transport under preferential flow conditions. Specifically, our findings
indicate that: 1) it is more probable that a chemical’s matrix affinity has little bearing on
contaminant transport under conditions of low preferential flow (e.g., < 20% of water moving
preferentially + sorption into the soil matrix), and 2) it appears to be more likely that traditional
reactive transport models can better describe solute movement as the proportion of flow moving

preferentially increases.
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Chapter 5. Conclusions

The objectives of this dissertation were to: 1) quantify the environmental transport of two
emerging contaminant classes (neonicotinoids + veterinary antibiotics); and 2) and use these
solutes to evaluate fundamental controls on contaminant mobility in the critical zone. We first
determined the amount of neonicotinoids that could move from corn seed coatings into
surrounding soil and leach from the soil environment, accounting for varying soil texture, soil
structure, and the role of viable plants. We then further addressed the role of viable plant growth
on neonicotinoid transport throughout the corn growing season. Though concentrations of
neonicotinoids leaving our experimental systems (e.g., via leachate in Chapter 1) can be considered
harmful to invertebrates, extrapolating risk to aquatic organisms requires integration from larger
spatial scales (e.g., using previous landscape reconnaissance studies) and detailed incorporation of
ecotoxicological data. For the final study, we used eight common veterinary antibiotics that ranged
in mobility along with a simple isotope mixing method to determine how and to what degree

preferential flow alters chemical controls on solute transport.

The results addressed these two main objectives by quantifying the amount of emerging
contaminants that could move under environmentally relevant conditions and providing process-
based insight that can be applied to a range of compounds in the critical zone. For example, we
identified the first definitive link from environmental contamination of neonicotinoids to seed-
coatings, and described novel behavior of veterinary antibiotics in the subsurface. The
neonicotinoid studies showed that mobile contaminant transport is largely controlled by
evaporative constraints (e.g., P-ET) and precipitation-driven preferential flow, which are both

amplified by deep rooted plants such as the maize planted in these studies. Through our veterinary
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antibiotic study we showed how the transport of compounds with a range of mobility can be altered

by a spectrum of preferential flow estimates.

With these works we provided a several new insights to the disciplines of water resources
and hydrology. When mobile contaminants are introduced to the soil environment their
susceptibility to rapid leaching at high concentrations (i.e., “Transport Potential”) is governed
primarily by decay, center of mass position relative to some highly conductive outlet (e.g., Lsoi in
Figure 5.1), and the evaporative constraints posed by the water budget (P-ET). Early in the
growing season, the total mass loss to decay is minor; however, the transport potential also
remains minimal unless total precipitation is sufficient to move the center of mass downward

(Point 1, Figure 5. 1).
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Figure 5.1 Conceptual diagram showing how transport potential varies throughout a growing
season for mobile contaminants with the influence of growing plants illustrated (left) and a
depiction of solute sensitivity to a range of preferential flow (right).
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The transport potential may peak when P-ET > 0, a substantial portion of original mass
remains, and large rainstorms drive the center of mass downward with a higher likelihood bypass
flow, which can be amplified by newly formed root channels (Point 2, Figure 5.1). Thus, later in
the growing season, much of the contaminant may be lost to degradation, and any transport is
constrained by evapotranspiration (P-ET < 0; Point 3, Figure 5.1). Additional rainfall may
trigger the release of the contaminant from the profile, however, the transport potential is highly
diminished and some contaminant mass may be partially immobilized in soil micropores. Small
increases in preferential flow appear to affect contaminant transport most when the fraction of
preferential flow is low (e.g., < 0.20). As preferential flow exceeds this low range the sensitivity
to bypass flow dampens and compound properties better explain the relative fluxes to drainage

(Figure 5.1).

Altogether, these concepts provide a framework for quantification of emerging
contaminant transport, while also eliciting new scientific understanding of solute partitioning
under heterogeneous subsurface flow. These studies were carefully conducted to make realistic
measurements of contaminant transport in the critical zone and isolate mechanisms that govern
solute mobility. We deliver these results to both the public and greater hydrology/water quality
community for emerging contaminant risk assessment and mechanistic model development, in an

effort to thwart global water resource degradation.
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Appendix A (Appendix for Chapter 2)

Al Background TMX in Soil

At each field location loose soil samples (n = 6 per soil) were taken from the A, (0-20
cm) and Bt (20-60 cm) horizons and combined into one aggregate sample per soil type and
horizon. These soils were then analyzed for background concentrations of TMX prior to the
column leaching experiment (Table Ala and Table Alb). Though TMX concentrations were
three orders of magnitude higher than the detection limit in the sand B layer, it was assumed,
based on the relatively rapid transport observed in the main study, that the majority of mass in
this lower layer leached out of the column after the pre-experiment saturation event.
Additionally, by the V1 corn stage (8 days of growth), the highest concentrations of TMX found
in sand B soil (0.599 ug kg™; 30-45 cm) were nearly an order of magnitude less than those
detected in the field (5.92 ug kg?), suggesting that the majority of background TMX was
removed by the start of the leaching experiment.

Table Ala. Background levels of TMX in soil

Background TMX

Soil Depth (cm) TMX (ug kg?) TMX (ug)
Loam Ap 0-20 0.30 2.58
Loam Bt 20-60 0.37 7.63
Sand Ap 0-20 0.52 4.97
Sand Bt 20-60 5.92 124

Table Alb. Background TMX in 60 cm Soil Columns Compared to Total Mass from Seeds

Soil Background TMX / TMX from Seeds
Loam 0.0057
Sand 0.072
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A2 Column Design Details

Following packing, all soil columns were fitted with a flat PVC end cap containing a 1.3
cm thread to 0.64 cm barbed hose fitting. 1 cm of mixed sand (fine and coarse grained) was
placed between the cap and the bottom soil surface to maintain hydraulic connection between the
soil and outlet drain. 1 g of glass wool was added inside the hose fitting and a 250 um steel mesh
screen was sealed above the fitting to prevent fine soil particles from leaching.

To minimize the erosion of surface soil and formation of preferential flow pathways, 2 g of glass
wool was placed on top of the soil column, and 8 g of sodium bentonite was applied to the soil-

PVC interface. All columns were housed in a greenhouse with a constant temperature of 24 °C.
A3 Details to Soil Characterization

Soil pH was measured in a 1:1 (soil weight: CaCl,) suspension. CEC was determined
colorimeterically via ammonium acetate at pH 7 with a Lachat Quickchem 8500 autoanalyzer.
TOC was quantified by dry combustion using a Vario MAX CNS macro elemental analyzer

(Elementar, Hanau, Germany). Soil texture was obtained via the pipet method [Day, 1965].
A4 Experimental Design

Figure Al shows treatment structure for the TMX Leachate and Distribution study.
A5 Analytical Approach

Prior to analysis, plant tissue samples were frozen with liquid N2, ground, freeze-dried
and stored at -20 °C. Soil samples were homogenized, freeze-dried and stored at -20 °C. For
extraction of TMX, 10 mL of acetonitrile was added to either 1 g of dried soil or 0.2 g of tissue
in a 35 mL glass centrifuge tube and vortexed for 10 seconds. The centrifuge tube was then filled

with 0.5 g of sodium chloride and 2 g of anhydrous magnesium sulfate, vortexed for 2
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minutes, and centrifuged at 10,000 rpm for 10 minutes at 15°C. The supernatant was transferred
into a 35 mL centrifuge vial with 0.5 g of anhydrous magnesium sulfate and 0.10 g of Primary
Secondary Amine (PSA). Another 5 mL of acetonitrile was added to extract targets, as described
above, and the two resulting supernatants were combined, vortexed for 1 min, and centrifuged at
4,000 rpm for 5 minutes at 15 °C. A 5.0 mL aliquot was extracted from the supernatant,
transferred into a glass vial, and dried in a Rapidvap. The dehydrated sample was then
reconstituted by adding 1 mL of 5 mM NHsAc-H20 and NHsAc-MeOH, filtered with a 0.2 um
polyvinylidene fluoride filter (Fisher, USA), and added to an amber glass vial for analysis via
UPLC-MS/MS. For column leachate preparation, samples were filtered twice through a
polyvinylidene fluoride syringe filter (0.45 pum and 0.2 pm, respectively), and transferred into an
amber glass for analysis via UPLC-MS/MS.

Seeds recovered for TMX extraction were added to a 35 mL glass centrifuge with 10 mL
of acetonitrile, sonicated for 20 mins, and centrifuged at 4,000 rpm for 10 minutes at 15 °C. A 50
pL aliquot of supernatant was dried via Rapidvap and diluted in 1 mL of 5 mM NH4Ac-H20
and 5 mM NH4Ac-MeOH. The reconstituted sample was then filtered with a 0.2 um
polyvinylidene fluoride filter (Fisher, USA), and added to an amber glass vial for analysis via
UPLC-MS/MS.

TMX was detected using an Agilent 1290 UPLC coupled with Agilent 6490 Triple Quad
tandem mass spectrometry. Separation occurred on a Zorbax Extend-C18 Column (4.6 x 50mm,
5 um; Agilent, USA) at 30°C, using a mobile phase of (A) 5 mM NHsAc-H20 and (B) NHsAc-
MeOH at a flow rate of 0.5 mL mint. Samples were subject to gradient elution att =0, 5, 6, 6.5,
and 9.5 mins and A:B v/v ratios of 90:10, 5:95, 5:95, 90:10 and 90:10. The operation was

performed using the positive ion mode with a desolvation gas flow rate of 14.0 L min, gas
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temperature of 250 °C, capillary voltage of 3000 V, and nebulizer gas pressure of 45.0 psi. The

multiple reaction monitoring mode was used, with a resulting detection limit of 0.005 ng g.

A6 Statistical Analysis of Ancillary Data

Total soil organic carbon (TOC) and cation exchange capacity (CEC) were analyzed via

one way ANOVAs (n = 6 per soil type). For estimated cumulative ET,
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number of column replicates in parentheses. Square outlines indicate columns also used in
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two way ANOV As were conducted on log-transformed data whereby texture and plant influence
(plant and no plant) were treated as factors. Two way ANOVAs were conducted on TMX mass
(Figure A3) and log transformed concentrations in plant-associated soil, again, treating plant
influence and texture as factors. For TMX concentration in plant associated soil a combined V5,
No Plant treatment (comprised of seed soil) was created to understand the effect of corn plant
growth on TMX distribution. Normality was determined via visual inspection of histogram and
normal quantile plot results. Homogeneity of variances was confirmed via Fligner’s test. Tukey’s
multiple comparisons test was run on all resulting ANOVA results. All statistical tests were

conducted in R version 3.2.2 with an alpha level of 0.05.
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Figure A2. TMX mass recovered in plant-associated soil (combined from root and rhizosphere
soil). V5 No Plant treatment represents seed soil (see description in Methods section). Error bars
represent SE and different letters represent significant differences (p < 0.05)
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A7 Estimation of Evapotranspiration

Cumulative column Evapotranspiration (ET) was approximated by:

ET=1-1L [3]
where ET [L] represents evapotranspiration, | [L] is infiltration and L [L] is drainage in the form
of column leachate. Column infiltration | was assumed to equal the amount of artificial
precipitation applied, P. Equation [3] was applied on a cumulative basis over the entire
experiment, with the assumption that the change in storage between the beginning and end of the
experiment was zero (because the columns were at a water content close to field capacity in both
cases). To convert cumulative ET into mean daily ET rates [L T-], the total amount estimated by
Equation [3] was divided by the total number of elapsed days (i.e., 33 days). This approach

assumed that the ET rate was constant throughout the experiment.
A8 Details on Destructive Sampling of Soil

Trend discrepancies between TMX concentration and mass of soil in the 0-30 cm column
section reflected differences in total root soil mass between corn stages, or decreases in total
mass of bulk soil as the plant roots proliferated. For example, Figure A2 reports slightly higher
concentrations of TMX in V5 soil (sand, 0-30 cm) compared to V3 soil; however, in Figure A4
relative differences between TMX mass in both stages are lower. In other words, by the V5 corn
stage (as plant roots have grown in size and number) the mass of soil considered to be “root soil”
had increased whereas the amount of bulk soil mass had decreased. Similarly, the trend of
decreasing TMX concentrations in plant-associated soil through time (V1 to V5) as seen in
Figure A3 is not matched in terms of TMX mass for this section (Figure A3), where in the latter
pesticide mass was found to increase from V1 to V3. Here, the significant decrease in TMX

concentration between the two corn stages is counteracted by greater root soil mass at V3.
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Figure A3. TMX mass recovered in bulk soil fractions 0-30 cm a), 30-45 cm b), and 45-60 cm
c) over three corn stages (V1, V3, and V5). Error bars represent SE and different letters represent
significant differences (p < 0.05). Y axes in 30-45 cm and 45-60 cm fractions are 25% that of the

0-30 cm section.

Figure A4. “sand” (left ) vs “loam” (right) soil columns (60 cm) cut longitudinally. Notice the
layer of dry soil on the surface of the sand column, indicating higher ET (compared to loam

columns) throughout the experiment.
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Appendix B (Appendix for Chapter 3)

B1 Analytical Approach

The following methodology was adopted from Radolinski et al. [2018a] to measure
thiamethoxam (TMX) concentrations in plant tissue, seeds, soil, and water samples: Prior to
analysis, plant tissue samples were frozen with liquid N2, ground, freeze-dried and stored at -20
°C. Soil samples were homogenized, freeze-dried and stored at -20 °C.

For extraction of TMX from a plant or soil sample, 10 mL of acetonitrile was added to
either 1 g of freeze dried soil or 0.2 g of freeze dried plant tissue in a 35 mL glass centrifuge tube
and vortexed for 10 seconds. The centrifuge tube was then filled with 0.5 g of sodium chloride
and 2 g of anhydrous magnesium sulfate, vortexed for 2 minutes, and centrifuged at 10,000 rpm
for 10 minutes at 15°C. The supernatant was transferred into a 35 mL centrifuge vial with 0.5 g
of anhydrous magnesium sulfate and 0.10 g of Primary Secondary Amine (PSA). Another 5 mL
of acetonitrile was added to extract targets, as described above, and the two resulting
supernatants were combined, vortexed for 1 min, and centrifuged at 4,000 rpm for 5 minutes at
15 °C. A 5.0 mL aliquot was extracted from the supernatant, transferred into a glass vial, and
dried in a Rapidvap. The dehydrated sample was then reconstituted by adding 1 mL of 5 mM
NHzsAc-H20 and NHsAc-MeOH (V/V, 1/9), filtered with a 0.2 um polyvinylidene fluoride filter
(Fisher, USA), and added to an amber glass vial for analysis via UPLC-MS/MS.

For drainage water, samples were filtered twice through a polyvinylidene fluoride syringe
filter (0.45 um and 0.2 pm, respectively), and transferred into an amber glass for direct analysis
via UPLC-MS/MS.

One seed before planting and three seed castings recovered from each plot were added to

a 35 mL glass centrifuge with 10 mL of acetonitrile, sonicated for 20 mins, and centrifuged at

100



4,000 rpm for 10 minutes at 15 °C. A 20 pL aliquot of supernatant was dried via Rapidvap and
diluted in 1 mL of 5 mM NHzsAc-H>0 and 5 mM NH4Ac-MeOH (V/V, 1/9). The reconstituted
sample was then further diluted 100 times for the pre-planting seed and V1 seed castings, 20
times for the V3 seed castings, and 10 times for the V5 seed castings before filtered with a 0.2
pum polyvinylidene fluoride filter (Fisher, USA) and analysis for TMX via UPLC-MS/MS.

TMX was analyzed in the extracts or water sample using an Agilent 1290 UPLC coupled
with Agilent 6490 Triple Quad tandem mass spectrometry. Separation occurred on a Zorbax
Extend-C18 Column (4.6 x 50mm, 5 um; Agilent, USA) at 30°C, using a mobile phase of (A)
H20 (5 mM NH:Ac) and (B) MeOH (5 mM NH4Ac) at a flow rate of 0.5 mL min™. Samples
were subject to gradient elution att =0, 5, 6, 6.5, and 9.5 mins and A:B v/v ratios of 90:10, 5:95,
5:95, 90:10 and 90:10. The operation was performed using the positive ion mode with a
desolvation gas flow rate of 14.0 L min, gas temperature of 250 °C, capillary voltage of 3000
V, and nebulizer gas pressure of 45.0 psi. The multiple reaction monitoring mode was used with
resulting method detection limits of 0.005 pg kg™ for plant and soil matrices, and 0.005 pg L™
for water. The LOD and LOQ of the target (i.e., TMX) were 0.005 and 0.01 pg kg* (or pg L™?) in
the matrices (i.e., plant, soil and water). The recoveries of TMX were 100.5 + 5.1%, 82.9 £ 5.5%

and 104.2 + 5.3% in plant, soil and water, respectively.
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B2 Drainage Collection Design

The field plot design and drainage collection system are illustrated in Figure B1.

Drainage Collection Design

Surface runoff
measurement

Longitudinal View of Plots Plan View of Plots

e ) :
Collection Barrells Suction Lysimeters “with viable plant” Plot at V3 Corn Stage

Figure B1. Field plot and drainage collection design.

102



B3 Soil Sampling Details

Next to Plant * 2 cm (Vertical)

Figure B2. Soil sampling scheme, highlighting the significance of TMX detection between rows
(i.e. 25 cm perpendicular to the plot slope).
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Figure B3. Soil water content (6) in upper Bt (30 cm) and C horizons (110 cm) from n = 3 plots
per plant treatment (viable vs no viable plants).
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B5 Total TMX in Drainage and Soil Compartments

Table B1. Estimated cumulative mass of TMX transported (%) via runoff and shallow lateral

drainage over the growing season and mass of TMX remaining in soil at different corn growth

stages as a fraction of the initial input from the coating of 60 seeds per plot (1.21 + 0.04 mg of

TMX per seed).

% of Initial TMX Input (Per Plot)

No Viable Plants

Viable Plants

Drainage Compartment

(Cumulative)

Runoff 0.41 +0.17

Shallow Lateral 0.13+0.071

Soil Compartment

V3 43 £ 55

V5 16 + 25

VT 9+10

R6 0.51+0.44

0.24+0.11

0.034 + 0.016

2324

14 +7.6

1.1+09

1.4+0.43
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B6 Details Regarding Rainfall Events

Rainfall event characteristics are reported in Table B2. Rainfall intensity measurements are reported as the ratio of rainfall

accumulation to accumulation time for contiguous rain gauge recordings with 15 minute resolution. “Max Intensity” describes the

maximum rainfall intensity measurement recorded during the preceding period of precipitation.

Table B2. Rainfall event period and drainage sampling details. Note that drainage sampling typically followed multiple days of

rainfall accumulation.

Event Period Sampling Event Days Accumulation  Max Intensity
Date Number after Planting (cm) (cm hr?)

6/15/2016 - 6/16/2016 6/16/2016 1 10 0.96 1.2
6/21/2016 - 6/24/2016 6/24/2016 2 18 34 0.91
7/2/2016 -7/6/2016 7/6/2016 3 30 7.3 16
7/12/2016 - 7/14/2016 7/15/2016 4 39 3 1
7126/2016 - 7/29/2016 7/29/2016 5 53 34 1.4
8/3/2016 - 8/6/2016 8/6/2016 6 61 4.2 0.83
8/7/2016 - 8/10/2016 8/11/2016 7 66 1.7 0.6
9/1/2016 9/1/2016 8 87 2 1.8
9/26/2016- 9/28/2016 9/29/2016 9 115 7.8 2
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B7 Detailed Statistical Analysis
Rank transforming data to normality permitted the use of more flexible parametric tests (one-
way ANOVA, factorial ANOVA); which altogether is the functional equivalent of running

traditional non-parametric comparisons [Conover, 2012; Conover and Iman, 1981].
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Appendix C (Appendix for Chapter 4)

C1 Analytical Approach

Each collected leachate sample was first cleaned up by mixing 1.8 mL leachate with 60
mg primary and secondary amine (PSA), vortexing for 2 min, and centrifuging at 5000 rpm for 5
min. The supernatant was then filtered first through a 0.45 um PTFE syringe filter and then
through a 0.2 um PTFE syringe filter immediately before being analyzed using an online solid
phase extraction (SPE) system coupled with a Ultra-Performance Liquid
Chromatography/tandem mass spectrometry (UPLC/MS/MS) (Agilent 1290 Infinity LC system
with Flexible Cube and Agilent 6490 Triple Quadrupole system, Agilent, Santa Clara, CA). Six
hundred pL of a filtered leachate was loaded onto the online SPE installed with Agilent PLRP-S
cartridges (15-20 um, 4.6 x 12.5mm, Agilent). A Flow of 1 mL min was run though the
cartridges at 0.1 min with 100% water, 4.6 min with 100% acetonitrile, and 13 min with 100%
water. Separation of target analytes was conducted on a Zorbax SB-C18 analytical column (3.0 x
100 mm, 3.5-um particle size, Agilent) at 40°C with a mobile phase flow rate of 0.4 mL mint. A
Zorbax SB-C18 guard column (2.1 x 50 mm, 1.8-um particle size, Agilent) was installed before
the analytical column to remove matrix interference. The mobile phase included (A) 0.1% formic
acid in water and (B) 90% acetonitrile with the following A:B gradient of 80:20, 80:20, 80:20,
39:61, 0:100, 0:100, and 80:20, measured at respective times of 0, 0.1, 4.6, 11.1, 12.6, 14.1, and

14.6 min.

The tandem mass spectrometry system was set up using an electrospray ionization
positive mode at nitrogen gas temperature of 250°C, nitrogen gas flow of 14 L min*, nebulizer
gas pressure of 310 kPa, and capillary voltage of 3500 V. The mass to charge ratios (m/z) for the
parent ion and qualifier and quantifier daughter ions are listed in Table C1. Due to significant
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matrix interference, concentrations of all target analytes in the leachate samples were quantified
against matrix-matched standards [Commission, 2002]. The method detection limits and

recoveries of the target analytes are listed in Table C2.

Table C1. Method detection limit and recovery of target compounds in their matrix

Method

Antibiotic detection Recoviery (%)
limt(g Lty  "710)
Tylosin (TYL) 249 102 + 14
Pirlimycin (PYL) 12.5 100+ 8
Tetracycline (TC) 6.39 108 + 14
Erythromycin (ERY) 6.25 90 +12
Oxytetracycline (OTC) 124 111+7
Sulfadimethoxine (SDM) 25.7 102+ 9
Sulfamethazine (SMZ) 6.35 96 +13
Chlorotetracycline (CTC) 63.2 917

Table C2. Mass to charge (m/z) of the parent ion and daughter ions for target analytes

o Parent lon Qualifier Quantifier
Antibiotic (m/2) Daughter lon  Daughter lon
(m/z) (m/z)
Tylosin (TYL) 916.0 772.0 174.0
Pirlimycin (PYL) 411.0 363.0 112.0
Tetracycline (TC) 445.2 154.0 410.0
Erythromycin (ERY) 734.6 576.5 158.2
Oxytetracycline (OTC) 461.6 443.0 426.0
Sulfadimethoxine (SDM) 311.2 92.1 156.1
Sulfamethazine (SMZ2) 279.0 156.0 186.0
Chlorotetracycline (CTC) 479.1 153.9 443.9
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C2 Field Plot Design and Lysimeter Placement

down Net to
gradient slit

30 cm

90 cm

Subsurface
Injection

Random
Placement

Buffer Strip * 30 cm
|

Manure Injection 1
Slit i

v y—|

I~ Lysimeter

90 cm

Surface
Application

Figure C1. Schematic showing the basic design for Subsurface Injection (top) and Surface
Application (bottom) runoff plots along with their respective lysimeter installation schemes. The
center photograph shows soil structure development in the A and B horizons. Note: Control Plots
were designed and sampled in an identical manner to the Surface Application plots.
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C3 Lysimeter Sampling Details
Simulation Period
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Figure C2. Lysimeter sampling regiment for field rainfall simulations in space (30 and 90 cm
depths) and time (1 hour before, 0.5 hours into, and 1 hour after rainfall simulations).

C4 Behavior of Veterinary Antibiotics in Control Plots

In the presence of preferential flow, solute transport was similar between control and
experimental plots for the most mobile VAs (Sulfonamides: SDM and SMZ; Figure C3). After
only 7 days of equilibration with the soil matrix, newly introduced VVAs behaved similarly to
compounds introduced in previous growing seasons. This shows that mobile compounds are still

susceptible to preferential flow despite long term persistence in the soil matrix (e.g., > 6 months).
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Figure C3. The change in concentration of sulfanomides (SMZ and SDM) versus the estimated
fraction of preferential flow from lysimeter samples. Open circles represent samples taken from
control plots, whereas filled circles represent those taken from plots where antibiotic-spiked
manure was applied. Only samples with non-zero AC were included.

112



