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ABSTRACT

Agriculture is an integral part of Canada’s economy, making 1.6% of the
country’s GDP. In Manitoba, swine production contributed nearly 1.4 billion dollars in
revenue from 8.4 million pigs sold to the market. Liquid swine manure is widely used as
fertilizer in the province. However, there are risks with the use of liquid swine manure as
fertilizer because liquid swine manure can contain organic contaminants, such as
antibiotics and steroidal hormones. Globally, there is evidence of increased soil and
freshwater contamination from antibiotics and estrogens, resulting in the increased
presence of antibiotic-resistant genes and estrogen-related physiological disruptions,
respectively. In the Canadian Prairies, a majority of the annual runoff occurs during the
brief snowmelt period, when runoff occurs over frozen soils. Temporal changes in the
transport of antibiotics and estrogens during this important hydrological period are not

well understood but are critical to understanding the fate of these organic contaminants.

This thesis quantified the dissolved concentration and load of a 1) steroidal
hormone, 17B-estradiol, and 2) antibiotic, sulfamethoxazole, in snowmelt from an
agricultural field with a history of manure application under different manure
management practices (i.e., no manure applied, manure applied on the sub-surface, and
manure applied on the surface) over the snowmelt period. Research experiments in
chapter 2 used two components (a field study during snowmelt and a laboratory
simulation with flooded intact soil cores collected from the manured field) to quantify the
dissolved 17B-estradiol in flood water and pore water for the laboratory simulation and
snowmelt for the field study. Chapter 3 quantified the dissolved sulfamethoxazole in
snowmelt in the same field study as chapter 2.
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17B-estradiol (mean laboratory pore water concentration = 1.65 + 1.2 pg/L; mean
laboratory flood water concentration = 0.488 + 0.58 pg/L; and mean field snowmelt
concentration = 0.0619 + 0.048 ng/L) and sulfamethoxazole (0.0345 £+ 0.066 pug/L) were
detected in all water samples, although there were no significant differences in the
concentrations measured among the different manure application methods. 17B-estradiol
concentrations varied between the laboratory and the field, with higher concentrations
measured in the laboratory simulation. Pore water concentrations of 17p-estradiol from
the laboratory study significantly increased over time, corresponding with changes in pH.
In contrast, there was no significant change in the field snowmelt concentrations
measured over time for both 17B-estradiol and sulfamethoxazole. The mean cumulative
load of 17B-estradiol (6.91 £ 3.7 ng/m?) and sulfamethoxazole (4.12 = 3.6 ng/m?)
approximates the magnitude of 17B-estradiol and sulfamethoxazole that could be
mobilized from manured fields during snowmelt. There was a significant increase in
cumulative load over time for both 173-estradiol and sulfamethoxazole, suggesting that
the load is driven by the snowmelt volume rather than concentration. Furthermore, the
17B-estradiol load from plots with manure applied on the sub-surface was significantly
larger than the surface application of manure and no manure application. This thesis
provides preliminary insights to improve current manure management practices in the

Canadian Prairies to include organic contaminants.
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Chapter 1: General Introduction

1.1 Agriculture in the Canadian Prairies

Agriculture is one of the largest industries in Canada, making 1.6% of the
country’s GDP in 2021 (Government of Canada, 2022). In Manitoba, livestock
production, and in particular swine operations, are increasingly important components of
the agriculture industry, with nearly 8.4 million pigs sold for close to $1.4 billion in 2021
(Government of Manitoba, 2022). Veterinary pharmaceuticals, such as steroids and
antibiotics, are frequently used to improve the efficiency and overall health of livestock.
Steroidal hormones are naturally occurring biological compounds, but synthetic steroidal
hormones can be added to feeds to improve growth rates of animals (Adeel et al., 2017).
Antibiotics are critical for preventing and treating bacterial infections (Sarmah et al.,
2006), but they are also found to help improve animal growth rates (Cromwell, 2002;
Holman and Chénier, 2015). Steroidal hormones and antibiotics are often detected in
manure, as well as surface waters and soils (Kumar et al., 2005; Khanal et al., 2006; Kim
et al., 2011). It is estimated that nearly 90% of the total worldwide estrogen found in
surface waters originated from livestock manure (Khanal et al, 2006). Antibiotics are not
fully metabolized when administered to animals and up to 90% of the antibiotics detected
in manure are excreted in their non-metabolized form (Kumar et al., 2005; Kim et al.,
2011). With the potential for high levels of contaminants being released into the
environment, the use of steroidal hormones and antibiotics should be carefully monitored
to prevent environmental contamination. Furthermore, understanding the fate of

veterinary pharmaceuticals is critical for protecting ecosystem and human health.



Manure is frequently used to improve soil fertility by recycling nutrients and
building organic matter on agricultural fields (Kumar et al., 2005). However, long-term
manure use is frequently related to the release of excess nutrients and organic
contaminants into the environment (Dolliver and Gupta, 2008; Kuchta et al., 2009;
Conde-Cid et al., 2020; Havens et al., 2020). With a large swine population in Manitoba,
nearly 2.1 kg of liquid swine manure is produced annually (Hofmann, 2001). Manitoba
frequently uses liquid swine manure as fertilizer on agricultural fields, but liquid swine
manure is known to be one of the major sources of estrogens in the environment (Odinga
et al., 2022). Additionally, the prolonged use of liquid swine manure is more likely to
result in higher levels of antibiotic-resistant genes found in soils relative to other types of

manures (Wu et al., 2022).

To mitigate some of the environmental impacts of manure use on agricultural
fields, manure management practices have been put in place. In most of Canada, manure
application occurs during the fall before the winter months, to prepare for seeding that
occurs in the spring. The application of manure in the period just before the growing
season would be ideal to reduce the loss of steroidal hormones and pharmaceuticals in
snowmelt runoff compared to application just before winter (Song et al., 2010). However,
fall application is ideal for many farms because there are limited options for overwinter
storage of manure and there is a narrow window that farmers can apply manure onto their
fields (Liu et al., 2018). The application of manure after the snowmelt flooding would
also delay the seeding of crops, increasing the chances of damages to crops caused by
insects, heat, and/ or weed competition (Government of Manitoba, 2023). Soil

compaction may also occur due to the use of heavy machinery (i.e., manure application)



on wet soils, causing more damage to the field and decreasing farming efficiency (The
Prairie Province’s Committee on Livestock Development and Manure Management,

2004).

The method of manure application is critical for mitigating the losses of
contaminants into the environment. Sub-surface application of manure can significantly
reduce concentrations of contaminants lost into the environment. A study comparing
chisel plowing and surface application of liquid swine manure on silt-loam soil showed
there was a significant difference in the concentration of chlortetracycline and tylosin
released into the environment after snow and rain runoff events (Dolliver and Gupta,
2008). In another study comparing the difference between surface application and
incorporation of solid cattle manure on the Prairies, higher sulfamethazine concentrations
were detected in runoff collected from plots with manure applied on the surface
(Amarakoon et al., 2014). Furthermore, sub-surface manure application is seen to be
better suited in reducing the odour for both solid and liquid manure (Agnew et al., 2010)
and in reducing the volatilization of ammonia (Huijsmans et al., 2001) compared to the
surface application of manure. Although the sub-surface application of manure has many
positive aspects, studies also show that sub-surface application of manure tends to result
in higher rates of soil erosion due to the disturbance of the top layer of agricultural soils,
compared to surface application of manure (Maguire et al., 2011). In the context of
mitigating contaminant losses into the environment, sub-surface application of manure

would be the preferred method, especially during runoff events.

1.2 Snowmelt



The Canadian Prairies are cold and frozen for many months of the year, which
introduces unique challenges when examining the introduction of contaminants into the
environment. In the Steinbach region of Manitoba, the annual precipitation is 580.5 mm
of which approximately 107.1 mm falls as snow (based on 1981 — 2010 climate normals;
Environment Canada, 2023). Although the relative proportion of snow to rain is relatively
small, snowmelt contributes up to 80% of the annual water runoff (Liu et al., 2019a). The
spring snowmelt period typically lasts approximately 2 weeks, during which there is an
elevated loss of contaminants (Dolliver and Gupta, 2008; Kuchta et al., 2009; Liu et al.,
2019b; Havens et al., 2020). Both antibiotics and hormones degrade slowly during winter
months, due to colder temperatures (Amarakoon et al., 2016; Dolliver and Gupta, 2008;
Havens et al., 2020). This is concerning because the breakdown of some organic
contaminants can reduce the toxicity of the compounds (Khanal et al., 2006), and if these
contaminants are persisting in soils, any dispersal into the environment and accumulation
could be detrimental. With the delayed degradation that may be occurring in the winter,
the fall application of manure may be increasing the likelihood of soils acting as

reservoirs for organic contaminants.

Current manure management practices, which are effective in reducing water and
soil contamination with nutrients (nitrogen and phosphorus) may not have the same effect
on a wider range of organic contaminants. Therefore, understanding the transport
potential of organic contaminants over the snowmelt period when there is an elevated
release of contaminants would be critical in creating changes and/or additions to current

agricultural practices to mitigate the losses of contaminants into the environment.



1.3 Steroidal Hormones and Antibiotics from Livestock practices

The persistence of organic contaminants (e.g., steroidal hormones and antibiotics)
in soils is related to the soil pH, soil type and structure, and soil organic matter content
(Conde-Cit et al., 2020). The contaminant’s physico-chemical properties, such as the
contaminant’s solubility in water (Conde-Cid et al., 2020), polarity, and molecular
structure (Semple et al., 2003) are other important factors to consider when understanding
the persistence of organic contaminants in soils. This thesis focuses on one steroidal
hormone (17f-estradiol) and one antibiotic (sulfamethoxazole), and their physico-

chemical properties are summarized in Table 1.1.



Table 1.1: Physico-chemical properties of 17p-estradiol and sulfamethoxazole.

17B-estradiol Sulfamethoxazole

OH N-O

Structure |
()i

0o
Molecular Formula C1gH2409 C10H11N303S
Molecular Weight (g/mol) 270.4 253.3
Koc (mL/g) 36217 219¢
logK o 3.04° 0.89¢
pKa 10.6° 1.6,5.7°

“Barron et al., 2009
dLin and Gan, 2011
¢Adesanya et al., 2021

*Hildebrand et al., 2006

References ®Adeel etal, 2017




1.3.1 17p-estradiol

There is a specific concern about the environmental fate of 17B-estradiol due to its
relative abundance in livestock manure (Raman et al., 2004), its relative persistence in
soils (Colucci et al., 2001), and its relative potency compared to other types of estrogens
(Khanal et al., 2006). 17B-estradiol is a naturally occurring estrogen that is released by
males and females but is predominantly used in the growth and development of females
(Adeel et al., 2017). It is relatively small (270.4 g/mol), hydrophobic, and non-volatile
(Hanselman et al., 2003). Under environmental pH (7 — 8), 17p-estradiol acts as a weak
acid, with a pK, of 10.6 (Hanselman et al., 2003; Adeel et al., 2017). 17B-estradiol is
neutral in acidic and neutral environments and negatively charged in alkaline
environments (Adeel et al., 2017). Furthermore, 17B-estradiol has a high affinity for soil
particles rather than the aqueous phase, especially in soils with high humic content due to
its relatively high organic-carbon partition coefficient, Koc (Hildebrand et al., 2006; Sun

et al., 2000).

Estrogens are excreted in livestock waste in high concentrations, which can end
up in surface waters. High levels of estrogens have been shown to detrimentally affect
aquatic species and humans (Adeel et al., 2017; Odinga et al., 2022). Fish are particularly
sensitive to any exposure to estrogens, and there is evidence of the feminization of fish
(e.g., Danio rerio and Oryzias latipes) and reduced spawning (e.g., Pimephales promelas;
Ojoghoro et al., 2021). Human studies show that chronic and elevated exposure to
exogenous estrogens and endocrine-disrupting compounds have been linked to prostate
cancer (Prins, 2008; Prins et al., 2014) and breast cancer (Liang and Shang, 2013;

Lecomte et al., 2017).



1.3.2 Sulfamethoxazole

Sulfamethoxazole is also a contaminant of concern because of its relative use and
administration to livestock in the province of Manitoba. It is administered to livestock in
tandem with trimethoprim as a synergistic pair of antibiotics for swine to treat urinary
tract, respiratory, and gastrointestinal tract infections (Straub et al., 2016). However, this
thesis will focus on sulfamethoxazole because of its relative concentration in
sulfamethoxazole: trimethoprim (i.e., 5:1). Sulfamethoxazole was also more frequently
detected in liquid swine manure more than any type of manure, such as cattle, poultry, or
mixed manure (Wu et al., 2022). Sulfamethoxazole is part of the sulfonamide family of
bacteriostatic antibiotics (Sarmah et al., 2006). Sulfonamides are a wide-spectrum
antibiotic, targeting a majority of gram-positive and many gram-negative organisms.
Sulfonamides act as a competitive inhibitor of the p-aminobenzoic acid in the folic acid
metabolism cycle, which inhibits the multiplication of bacteria (Sarmah et al., 2006;
Conde-Cid et al., 2020). This makes sulfonamides effective in preventing bacterial
infections among livestock herds. Sulfamethoxazole is relatively small (253.3 g/mol) and
relatively hydrophobic; thus, it has a higher affinity for the soil organic matter fraction
(Barron et al., 2009). However, it is relatively mobile because of its small size and

polarity in environmental pH’s (Sarmabh et al., 2006; Adesanya et al., 2021).

Antibiotics (including sulfamethoxazole) detected in the environment are linked
to the increased presence of antibiotic-resistant genes (Di Cesare et al., 2015; Yue et al.,
2021; Wu et al., 2022). This has resulted in decreased efficacy of antibiotic therapy in
humans and animals, which reduces the possible treatments applicable for bacterial

infections (Kumar et al., 2005; CCA, 2019). In Canada, an estimated 26 % of bacterial



infections were resistant to first-line antibiotics in 2019, which could increase up to 40 %
by 2050 (CCA, 2019). At that rate, it could reduce Canada’s GDP by up to 396 billion

dollars and a total of nearly 396 000 lives would be lost in 2050 (CCA, 2019). Therefore,
it is critical to mitigate the dispersal of antibiotics into the environment to reduce the rise

of antibiotic resistance in pathogenic bacteria.
1.4 Objectives

The overall objective of this study was to better understand the temporal changes of
concentrations and loads of organic contaminants in snowmelt conditions on the
Canadian Prairies. The specific objective was to quantify the dissolved concentration and
load of (i) 17pB-estradiol in a laboratory simulation and a field study (Chapter 2) and (ii)
sulfamethoxazole in a field study (Chapter 3) in snowmelt from agricultural fields that
have a history of manure application under three manure application methods (i.e., no

manure applied, manure applied on the sub-surface, and manure applied on the surface).
1.5 Thesis Outline

This thesis is prepared in a manuscript style in accordance with the University of
Winnipeg Graduate Studies guidelines. There are two standalone manuscripts (chapters 2
and 3):

Chapter 2: The fate of 17B-estradiol in snowmelt from a field with a history of manure
application: a laboratory simulation and field study; and
Chapter 3: The fate of dissolved sulfamethoxazole during spring-thaw snowmelt in a

field with a history of manure application.
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Chapter 2: The fate of 17p-estradiol in snowmelt from a field
with a history of manure application: a laboratory simulation
and field study

2.1 Abstract

Estrogens are naturally occurring biological compounds and can be detected in
human and livestock waste. Liquid swine manure is widely used as fertilizer in the
Canadian Prairies on agricultural fields. Studies have shown that most estrogens in the
environment come from agricultural fields, resulting in a high risk of soil and freshwater
contamination. In the Prairies, a majority of the annual runoff occurs during the brief
snowmelt period, when soils are frozen. Controls on the transport of estrogens during this
important hydrological period are not well understood but are critical to understanding
the fate of estrogens. This study quantified the concentration and load of 17-estradiol in
snowmelt from an agricultural field with a long history of manure application under
different manure management practices (i.e., no manure applied, manure applied on the
sub-surface, and manure applied on the surface), using two components: a laboratory
simulation with flooded intact soil cores and a field study during snowmelt.
Concentrations of 17B-estradiol varied between the laboratory and the field, with higher
concentrations measured in the laboratory simulation (mean laboratory pore water
concentration = 1.65 + 1.2 pg/L; mean laboratory flood water concentration = 0.488 +
0.58 pg/L; and mean field snowmelt concentration = 0.0619 + 0.048 pg/L). There were
no significant differences among manure management practices. Laboratory pore water
concentrations significantly increased over time, corresponding with changes in pH. In

contrast, there was no significant change in the field snowmelt concentrations over time.
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The mean cumulative load from the field study (6.91 + 3.7 ng/m?) approximates the
magnitude of 17B-estradiol that could be mobilized from manured fields during
snowmelt, and the load from plots with manure applied on the sub-surface was
significantly larger than in other manure management practices. This study provides
preliminary insights to improve current manure management practices in the Canadian

Prairies.

2.2 Introduction

Estrogens are naturally occurring biological compounds that play an essential role
in animal and human physiology. In recent years, studies have shown that estrogens can
cause detrimental effects on humans and animals when exposed to an excess of estrogens
(Liang and Shang, 2013; Arnold et al., 2014; Adeel et al., 2017; Lee Pow et al., 2017;
Odinga et al., 2022). For example, the excess presence of natural and synthetic estrogens
present in the environment has caused the feminization of male fish, resulting in low
sperm count, and altering of the reproductive system (Arnold et al., 2014) or disrupting
the formation of secondary sexual characteristics in fish (Lee Pow et al., 2017). In
humans, increased exposure to estrogens has resulted in an increased formation of
cancerous cells (Liang and Shang, 2013), including increased breast cancer risk in
women (Moore et al., 2016). In agricultural systems, 17p-estradiol is a concern because it
is an abundant contaminant in livestock manure (Raman et al., 2004) and is relatively
persistent in soils (Colucci et al., 2001). While 17B-estradiol contamination can come
from human waste (e.g., via the use of birth control; Adeel et al., 2017), the introduction
of 17B-estradiol in the environment is dominated by agricultural practices, especially via

the use of manure on agricultural fields (Combalbert and Hernandez-Raquet, 2010).
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The concentrations and types of hormones of concern in agricultural areas are
dependent on the dominant management practices in the region. In the province of
Manitoba, Canada, swine production has dramatically increased in size and economic
importance to an estimated 8.4 million pigs sold in 2021 (Government of Manitoba,
2022). As a result, the large production and use of manure on agricultural fields have
caused a lot of interest in manure management to mitigate contaminant residues in soils
and losses into waterbodies, resulting in harmful side effects. Current agricultural
practices place an emphasis on the 4R of nutrient management (i.e., right source, right
rate, right time, and right place), to improve the productivity and practicality of
agricultural practices along with the efficiency and environmental protection (Johnston
and Bruulsema, 2014). There are many ways that 4R can be implemented for a variety of
nutrients (e.g., Government of Manitoba, 2007; Reid et al., 2019) and perhaps these
recommendations and regulations could be applied in the context of organic

contaminants.

The hydrological regime in the Canadian Prairies is dominated by spring
snowmelt, and up to 80% of the annual runoff occurs during this time period and
snowmelt can result in flooding (Liu et al., 2019). The prolonged snowmelt periods result
in a) transport of nutrients and contaminants routed rapidly to streams via surface flow
over frozen ground and b) a prolonged period of flooded soils (Meyer and Wania, 2008).
There has been considerable work done on nutrient transport during the snowmelt period
(e.g., Costa et al., 2018; Wilson et al., 2019) in which influxes of nutrients are released
into the environment during the snowmelt period because of the high solubility in water

and the dispersion of negatively charged soil particles increasing the mobilization (due to
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the repulsion) of small, negatively charged nutrients such as phosphorus and nitrate.
Relatively less work has focused on organic contaminants (e.g., Dolliver and Gupta,
2008; Kuchta et al., 2009; Havens et al., 2020) and among these studies, two main
findings emerged: 1) organic contaminants are detected in surface waters, and 2) similar
to nutrients, elevated concentrations of organic contaminants are detected in surface
water during the snowmelt period. However, the temporal changes in the organic
contaminant concentrations and loadings to surface water during the snowmelt period are

not well understood.

Therefore, to better understand the transport of 17p-estradiol in snowmelt from
manure-amended agricultural fields into surface waters, this study aimed to quantify the
concentration and load of 17B-estradiol in snowmelt from plots that have a history of
manure application and freshly amended with different liquid swine manure application
methods (i.e., no manure applied, manure applied on the surface, and manure applied in
the sub-surface). The study’s hypotheses are 1) the 17B-estradiol concentration and load
in snowmelt will depend on the method of manure application, and 2) the concentration

and load of 17B-estradiol will change over the snowmelt period.

2.3 Materials and Methods

The laboratory simulation and field study share similar methods; thus, Figure 2.1
is a flow chart that depicts the overall steps, including the shared and differing steps. In
the fall of 2021, 12 plots were set up in an agricultural field in south-eastern Manitoba,
Canada (49° 32’ 5" N, 96° 51'5" W), that has a history of manure application. The soil in

this area is described as Osborne series and classified as Rego Humic Glysol. The soil
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texture is Clay, with a pH of 7.9 and organic matter content of 7.1 %. The plots were 3 m
x 1 m in size with 0.6 m alleys between the plots. To minimize spatial variation, a
randomized complete block design was used, with four replicate plots and three
treatments applied within each block: liquid swine applied on the surface of the field (i.e.,
surface applied), liquid swine manure applied on the sub-surface of the field (i.e., 15 cm
below the top of the soil), or no manure added (i.e., control; Figure 2.2). The manure
(~2% solid content) was manually applied at an even distribution throughout the plot to
ensure equal saturation for each plot at an application rate of 170 000 L/ha, following

manure application rate practices from the producer.
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Figure 2.1: Flowchart of methods for the laboratory simulation and field study. The
methods that are the same for the laboratory simulation and the field study are inside the
solid box.
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Figure 2.2: Schematic of the plot design in the field with the three treatments: sub-
surface application (circles), surface application (black), no manure applied (white).
Manure was applied at a rate of 170 000 L/ha on the surface and 15 cm into the sub-
surface.

21



2.3.1 Laboratory simulation of snowmelt
2.3.1.1 Column sampling and preparation

Single intact soil cores (15 cm) were collected using 30 cm x 9.9 cm PVC pipes
from within the boundaries of each plot and secured the bottom of the pipes with a lid.
The columns were then transported to the University of Winnipeg immediately after
collection and placed in a cooler at 4°C for the remainder of sampling to simulate

snowmelt temperature conditions.

Two 0.15 pm Rhizon MOM samplers (Rhizosphere Research Products) were
placed in the columns approximately 45 © away from each other, 5 cm below the top of
the soil through pre-drilled holes in the PVC pipes and were sealed using silicone
(LePage Construction Adhesive) to prevent leakages. The base of the columns was also
sealed using caps and silicone. The columns were kept at room temperature for 24 hrs to

dry and cure the silicone, then promptly returned the columns into the cooler set at 4°C.
2.3.1.2 Water sampling

To simulate snowmelt flooding, approximately 700 mL Milli-Q water
(Synergy® Water Purification System, Millipore Sigma; 18 MQ c¢m) was added up to get
a 10 cm water head above the soil column, which was re-filled after each sampling day to
maintain a water head of 10 cm. The overlaying water on the soil surface (hereafter
“flood water) and the water from the soil pore (hereafter “pore water””) were collected
every 3" day, starting on the day of flooding (day 0) up to day 21 for a total of 7
sampling days. Approximately 30 mL of pore water was collected by pulling the syringe

attached to the Rhizon MOM sampler about 16 hours before the sampling day to account
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for the slow flow rate. Flood water (30 mL) was collected with syringes and then filtered
using a 0.45 um syringe filters. The pH was measured for each water sample
(Fisherbrand Accumet AB15 pH meter, Thermo Fisher Scientific). The water samples

were kept in a cooler at 4°C until analysis.
2.3.2 Field study

Runoff boxes made with high-density polyethylene puckboards supported with
wooden frames (1.2 m x 0.9 m x 0.6 m) were placed 15 cm into the soil surface in the fall
0f 2021 to collect the snow over the winter for each plot as described in Figure 2.2. From
March 19 — April 5, 2022, snowmelt samples were collected every day (between 12 pm —
2 pm) when the temperature was above 0 °C and liquid snowmelt was present in the
plots. The average maximum temperature on sampling days was 4.2 °C, and the total
precipitation over this period was 10.3 mm, including rain on days 3 and 7. The snowmelt
was collected using a pump (Mastercraft 12V Rubber Impeller Transfer Pump, LEO
Group Pump, Co., LTD.) attached to a hose with one end covered with a screen filter to
avoid collecting large particles. The total snowmelt volume from each plot was recorded,
and a 250 mL subsample from each plot was collected. Over the period of the snowmelt,
there were 10 days when liquid snowmelt was available for collection. The samples were
stored in a cooler and immediately transported to the University of Winnipeg, where the
samples were immediately filtered with 0.45 um filter papers (Metricel ® Membrane
Filter, 47 mm, Pall Corporation) using a vacuum filtration system (Millipore Sigma,
Sigma-Aldrich Co. LLC.). Samples over two sampling days were combined to ensure

there was a sufficient mass of 17B-estradiol present for analysis.
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2.3.3 Solid phase extraction and reconstitution

The methods for sample preparation and analysis were based on the methods from
Amarakoon et al. (2014) and adapted to fit this research. Each pore water and flood water
sample from the laboratory simulation was spiked with 50 uL of 200 ppm deuterated
17B-estradiol (Sigma-Aldrich Co. LLC.) as the internal standard to measure analytical
method efficiency. Similarly, all the field study samples were spiked with 25 puL of 1000
ppb deuterated 17B-estradiol (Sigma-Aldrich Co. LLC.). All water samples were pre-
concentrated using solid-phase extraction (SPE) using SPE Restek Hydrophilic
Lipophilic Balance (HLB) cartridges (6 mg of sorbent, 3 mL; Oasis Waters). The HLB
cartridges were conditioned with 3 ml MeOH followed by 3 mL of Milli-Q, and the
samples were passed through a vacuum at a flow rate of 1 mL/ min. Once the samples
were passed through, the cartridges were rinsed with 3 mL Milli-Q to remove excess salts
and allowed to dry for 1 min under vacuum. The samples were stored at -20°C until they

were transferred, 24 hr before elution, to a refrigerator at 4°C.

The samples were eluted using 3 mL of MeOH, allowing gravity to pull the
samples through the HLB cartridges. The eluates were dried to completeness using a
45°C water bath and a nitrogen evaporator (OA-SYS Heating system and N-Evap 111,
Organomation Associates, Inc.) using a gentle stream of Ultrapure N> (Praxiar Canada
Inc.). For reconstitution, 1 mL of 50/50 (v/v) MeOH:Milli-Q was added to the laboratory
simulation samples and used a vortex to reconstitute the samples. The field samples were
reconstituted with 0.5 mL of 50/50 (v/v) MeOH:Milli-Q. All samples were syringe-

filtered into 2 mL amber glass vials (Chromatographic Specialties Inc.). The samples
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were stored at -20 °C until analysis (approximately 1.5 weeks) to prevent possible

decomposition during this period.
2.3.4 Liquid chromatography-tandem mass spectrometry (LC-MS/MS)

A methanol stock solution of 17B-estradiol was made and used to create a
calibration curve. The methanol stock solution was diluted to 0.1, 1, 5, 10, 50, and 100
ug/L in 50/50 (v/v) MeOH:Milli-Q as the calibration curve for quantitative assessments

of the data.

Chromatography was performed with an Agilent 1260 Infinity Il UHPLC (Agilent
Technologies, Inc.). Separation was performed using an Agilent Eclipse Plus Cig column
(2.1 mm x 50 mm, 1.8 um dp) coupled to an Agilent Eclipse Plus Cig guard column (2.1
mm x 5 mm) at 42 °C at 0.3 mL/min. The optimization injection volume was 2 uL. and
the injection volume during analysis was 10 pL. Mobile phase A was Milli-Q water, and
mobile phase B was acetonitrile. Gradient elution was performed as follows: 0 - 2.00 min
linear ramp from 5% to 95% B, 2.01 - 4.00 hold at 95% B, 4.01 - 5.00 linear ramp from
95% to 5% B, followed by re-equilibration from 5.01 - 8.00 min at 5% B. The columns
were flushed with 5% B for 20 min upon completion of all analytical runs, followed by

25 min of 100% B for column storage.

Qualitative assessment and quantification were performed through multiple
reaction monitoring on a mass spectrometer (Agilent 6470 triple quadrupole, Agilent
Technologies, Inc.) in negative electrospray ionization mode, a capillary voltage of 4000
V, and a source temperature of 300°C. Nitrogen was used for desolvation, drying gas, and

nebulization: desolvation and drying gas were set at a flow rate of 11 L/min, and
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nebulization at 15 psi. The collision gas was set to a flow rate of 16.8 L/min using
ultrapure nitrogen. The MS1 and MS2 heaters were set at 100°C. The method limit of
detection was 0.0274 ng/L, and the method limit of quantification was 0.0457 pg/L. The
percent recovery was 101.2 + 14.7 %. Linearity for 17p-estradiol throughout the 7-point

calibration range was R? > 0.99.
2.3.5 Statistical analysis

The laboratory simulation and snowmelt field data were analyzed separately.
Furthermore, the pore water and flood water from the simulation study were also
analyzed separately. However, the following calculations and analyses were performed
for both the laboratory simulation and snowmelt field data. A two-sample t-test was
performed to test the difference between the pore water and flood water 17-estradiol
concentration. Repeated measures ANOVA was run to test the effects of liquid swine
manure application method and sampling day on the concentrations of 17B-estradiol at a
significance level of 0.05. The model had manure application method and sampling day
as the fixed effects, with the plot (i.e., replicate) as the random effect, and the day as the
repeating effect. The concentration was log transformed to meet normality assumptions

for analysis.

The load was calculated by multiplying the 17B-estradiol concentration of the
sample with the corresponding snowmelt volume of each plot. The cumulative load for
each plot was then calculated by taking the sum of the load measured for each sampling

day, summarized as:

Cumulative Load; = ¥j_,(VC); (D),
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where V is the snowmelt volume, C is the concentration of 17p-estradiol, i is the plot, and
J is the sampling day with n number of days. ANOVA was used to test the effects of the
manure application method and sampling day on the load of 17B-estradiol. The data were
log transformed to meet the normality assumptions for ANOVA. One-way ANOVA was
used to test the effects of the manure application method on the final cumulative load of

17B-estradiol. The data was also log transformed to meet normality assumptions.

The weighted 17p-estradiol concentration (Cw); from each plot of the field study was

calculated by:

(cumulative load);

(E}lej)i

(Cw); = ),

where (cumulative load); is the calculated cumulative load for each plot (equation 1)

and (Z;’l=1 I/})l is the sum of the snowmelt volume over the entire sampling period (n)

from each individual plot (i), where j is the sampling day. The weighted concentration
was calculated to account for any effect of the snowmelt volume of each individual plot
due to the high variability of the snowmelt volume. A Pearson correlation test was used
to determine if there was a correlation between the weighted 17f-estradiol concentration
and the total volume of water collected from each plot in order to eliminate the possibility
of a dilution effect occurring on the 17-estradiol concentration. One-way ANOVA was
also used to test for the effects of the manure application methods on the weighted

concentration of 173-estradiol for the final day of sampling.

To account for any changes to pore water and flood water pH in the laboratory
study, repeated measures analysis was used to test the effects of liquid swine manure

application methods and sampling date on the pore water and flood water pH. The
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manure application method and sampling date are the fixed effects, the replicates are the
random factor, and the day is the repeating factory. To test if there is a relationship
between 17p-estradiol concentration and pH, a Pearson correlation test was performed. R

(version 4.2.2, R Development Core Team, 2022) was used for all statistical analyses.

2.4 Results

2.4.1 Laboratory simulation of snowmelt

There was a significant difference between the 173-estradiol concentrations in
pore water compared to flood water (t137;0.05 = 7.294, p < 0.0001; Figure 2.3). As such,
further analysis of pore water and flood water was treated separately in subsequent

analysis.

28



6.0 . .
—_
=
e—
o0
=
p ®
& 4.0
<
E ¢ .
= ® L
5]
Q9
=
o
(9]
e
© 2.0
—
Z
(0]
|
[emX
-
0.0

Pore Water Flood Water

Figure 2.3: The concentrations of 17f-estradiol (ug/L) in pore water and flood water
across the liquid swine manure application methods and over the entire sampling period.
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The mean concentration of 17B-estradiol in pore water was 1.647 + 1.22 ng/L.
There was no significant effect of liquid swine manure application method on the 17f3-
estradiol concentrations in pore water (F2;0.05 = 0.2752, p = 0.765, Table 2.1), but there
was a significant difference in the 17B-estradiol concentrations over time (Fs; 0.05 = 2.776,
p=0.0318, Table 2.1); the mean concentration generally increased over time, and day 21
had a significantly higher concentration compared with day 1. In the flood water, the
mean concentration of 173-estradiol was 0.488 + 0.58 pg/L. Similar to pore water, there
was no significant effect of manure application method on the 173-estradiol
concentration (F2; 005 = 2.581, p = 0.130, Table 2.1), but there was a significant difference
in 17B-estradiol concentrations over time (Fe. 0.05 = 4.150, p = 0.0020, Table 2.1). The
concentrations increased to a maximum on day 10, and then decreased to a minimum on
day 21, although the only significant difference in concentrations was between day 10

and day 21.
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Table 2.1: The least-square means and standard error of the 17B-estradiol concentrations
(ng/L) and pH in pore water and flood water for the treatments (i.e., control, sub-surface
applied, and surface applied liquid swine manure (LSM)) and the sampling days (i.e., 0,
3,7,10, 14, 17, and 21) for the laboratory simulation of snowmelt. Significant results are
bolded.

Treatment Concentration (pg/L) pH
Pore Water Flood Water Pore Water Flood Water
Application method
Control 1.21+029 0.219+0.071 7.74 = 0.072 7.61=0.14
Sub-Surface Applied LSM 1.06 £ 025 0.507+0.16 7.64+0.071 746 +0.14
Surface Applied LSM 1.35+0.33 0.195 £ 0.064 7.58+0.073 746 +0.14
Sampling day
0 067023 b 0.190+0.076 ab 7.37+0.081b 717x011b
3 1.09 £ 0.24 ab 0.327+0.091 ab 7.75 £0.059 ab 7.96=0.089 a
7 1.09 £ 0.24 ab 0.270 £ 0.081 ab 7.59 £0.059 ab 7.39%0.091 ab
10 1.18=0.25 ab 0.573+0.16a 7.59 +0.057 ab 7.41+0.089 ab
14 1.63+0.34 ab 0416 £0.12 ab 7.86=0.057a 7.58+0.089 ab
17 - 0.230 % 0.064 ab - 7.43 £0.089 ab
21 1.98=042a 0.141 £0.039b 7.78 £ 0.057 ab 7.62+0.089 ab
p-value
Application method 0.7656 0.13008 0.321 0.662
Sampling day 0.0318 0.00204 <0.0001 <0.0001
Application method: Sampling day 0.3502 0.40995 0.532 0.988
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The mean cumulative load of 17B-estradiol was 0.154 £ 0.0032 mg/m? for the
final day of 21-day snowmelt simulation period. There was no significant difference in

17B-estradiol concentrations based on the liquid swine manure application method (F2; 0.0

=0.013, p=0.987).

There was a change in pH over time for pore water (Fs; 0.05s = 21.16, p < 0.0001;
Table 2.1) and flood water (F¢;0.05 = 16.68, p < 0.0001; Table 2.1), but there was no
significant effect of liquid swine manure application method on the pH for pore water (F»;
005 =1.289, p=0.3217; Table 2.1) and flood water (F2;0.05 = 0.4643, p = 0.6429; Table
2.1). There was a positive linear relationship between pH and 17p-estradiol concentration
in pore water (160, 0.05 = 0.5777, p < 0.0001; Figure 2.4). In contrast, there was no
relationship between pH and 17f-estradiol concentration in flood water (174, 0.05 = -

0.1957, p = 0.0924; Figure 2.4).
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Figure 2.4: Scatterplot of 17B-estradiol concentrations (pug/L) in (A) pore water (rs0; 0.05 =
0.5777, p <0.0001) and (B) flood water (r73;0.05s = -0.1957, p = 0.0924) compared to pH

in a laboratory simulation.
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2.4.2 Field study

The mean concentration of 17B-estradiol over the entire sampling period among
the treatments was 0.0619 + 0.048 png/L and did not vary among the treatments (i.e.,
liquid swine manure application method; F»;0.05 =0.791, p = 0.485; Figure 2.5a) nor was
there a significant difference in the concentrations among sampling days (F4; 005 =1.93, p

=0.131; Figure 2.5b). The maximum concentration of 17B-estradiol observed was 0.191

ng/L.
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Figure 2.5: Boxplot of the concentrations (ug/L) of 17B-estradiol dissolved in snowmelt
collected from field plots manured in the fall of 2021 among A) three treatments (i.e.,
control, sub-surface applied, and surface applied liquid swine manure) and B) over the

sampling period collected from March to April 2022.
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There was a steady increase in the load over time (F4,0.05 = 12.29, p <0.0001),
although the magnitude of the load introduced is not as large in the later dates. There is

no significant relationship between the weighted 173-estradiol concentration and the

snowmelt volumes (19.0.05 = -0.0764, p = 0.8233), nor was there a significant difference in

the weighted concentration of 17B-estradiol (F2;0.05 = 1.32, p = 0.319; Figure 2.6a). The
mean total cumulative load of 17B-estradiol was 6.91 £ 3.7 ng/m? for the snowmelt
period, although the range was large [1.35 ng/m? — 14.9 ng/m?], and there was a
significant difference between 17f-estradiol cumulative load collected from plots with
different liquid swine manure application methods (F2; .05 = 6.35, p = 0.00304; Figure
2.6b). Manure applied on the sub-surface of the plots showed a higher cumulative load

compared to the plots without manure or manure applied on the surface.
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Figure 2.6: Boxplot of A) weighted 17B-estradiol concentration (ug/L) and B) 17f3-
estradiol cumulative load (ng/m?) dissolved in snowmelt collected in March — April 2022,
from field plots manured in the fall of 2021 with three different methods: no liquid swine
manure applied (control), in the sub-surface, and on the surface.
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2.5 Discussion

2.5.1 Transport and fate of 17[-estradiol

This study aimed to quantify the concentration and load of 17-estradiol dissolved
in snowmelt from a laboratory simulation and a field study. There were detectable
concentrations of 17B-estradiol present in all treatments for the flood water and pore
water in the laboratory simulation, as well as in the snowmelt collected from the field
study. However, there was no significant difference between manure-applied treatments
and no manure-applied control on the 17B-estradiol concentrations, suggesting that the
study site had ample reservoirs of 17B-estradiol. The soil in the region that the snowmelt
samples were taken from in this study belongs to the Osborne series and is classified as
Rego Humic Gleysol (MAFRI, 2010), which is characterized by high clay and humic
content. There is evidence that 17B-estradiol is sorbed onto soils that have high clay and
humic materials present in the soil (Hildebrand et al., 2006; Sun et al., 2006) because of
the strong n-m interactions between the phenolic rings on the 17B-estradiol with the
organic matter in the soil (Yamamoto et al., 2003). Furthermore, 17B-estradiol has a
relatively high K4 and Ko, resulting in a higher affinity for the soil colloids compared to
the aqueous phase due to its hydrophobicity (Bavumiragira et al., 2022). The reservoir of
17B-estradiol is likely from the history of manure application in this field, and therefore
the fresh manure application during the study year did not change the background
concentrations. However, with an estimated 21 billion kg of liquid swine manure
produced annually in Manitoba (Hofmann, 2001), there is a large risk for 17p-estradiol

transport off-site from manured agricultural lands.
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The presence of 17B-estradiol in both the pore water and flood water indicates the
possibility of groundwater and surface water contamination, respectively. It is especially
important to focus on the 17B-estradiol present in the pore water because this laboratory
study showed that the average 17-estradiol concentration found in pore water was nearly
110% greater than the average 17B-estradiol concentration in flood water during the lab
simulation. Contaminants that are sorbed onto the soil colloidal fractions have been
shown to be released into the pore water first, followed by the diffusion of contaminants
into the flood water (Christou et al., 2017), resulting in the large disparity between the
pore water and flood water concentrations. Furthermore, the 17B-estradiol concentration
found in pore water increased significantly over time, with the highest concentration
measured on the final day of sampling. Hydrophobic contaminants are more likely to be
released in bulk at the latter end of the snowmelt period due to increased snow density
and improved capacity for particles of contaminants passing through the snowpack (i.e.,
filtering capacity) preventing the elution of hydrophobic contaminants into meltwater
(Meyer and Wania, 2008), possibly explaining the peak of 17B3-estradiol concentration in

the pore water observed on the final day of sampling.

Another possible explanation for the mobilization of 17B-estradiol into surface
waters can be explained through the water pH. The laboratory simulation showed a slight
alkalinization (pH increased by 0.41) of the pore water over the sampling period.
Contrary to the expected acidification of alkaline soils in flooded conditions, others also
observed an increase in pH in manured alkaline soils (Amarawansha et al., 2015). The
laboratory simulation suggests that changes in the soil water pH over the course of

snowmelt flooding can alter the chemistry of the subsurface environment and an increase
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in pH increases the concentration of 17p-estradiol released into the environment. Under a
laboratory experiment measuring the solubility of 17B-estradiol in acidic, neutral, and
alkaline solutions (pH was 4, 7, and 10, respectively), Shareef et al. (2006) showed that
17B-estradiol solubility increased as pH increased. The pKa of 17B-estradiol is about 10
(Prater et al., 2016; Adeel et al., 2017; Dai et al., 2021), and as the pH approaches 10, the
H found on the phenolic group of 17B-estradiol will gradually start to dissociate (Tong et
al., 2019; Dai et al., 2021), explaining the solubility of 17B-estradiol in more alkaline
conditions. However, the pH in this study ranged between 7 — 8, so the pH alone may not
be enough to explain the mobilization of 17B-estradiol from the soil particles into the
aqueous phase. 17B-estradiol has been observed to form complexes with dissolved
organic matter in humic soils, which increases its susceptibility to being desorbed from
soils (Duran-Alvarez et al., 2014). The desorption of 17B-estradiol may also be a result of
the weaker hydrophobic interactions between 17p-estradiol and the soil dispersion with
the introduction of water into the soils as the water forms hydrogen bonds with the soil

(Van Emmerick et al., 2003).

The lab simulation was meant to be used as a predictor of the transport
mechanisms occurring in the field, and the two components were fundamentally different
in two ways. The first difference is that in the field study, the soil was frozen at the start
of the snowmelt period and gradually thawed over time (whereas the soil in the lab
simulation remained at a constant temperature). This resulted in less interaction between
the snowmelt and soil particles in the field, which is reflected in the lower 17B-estradiol
concentrations measured in the field snowmelt. The second difference is that pore water

measurements were not easily accessible in the field study; thus, there are no
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measurements from the field study preventing the theorization of mechanisms possibly
resulting in the release of 17B-estradiol into the snowmelt from the soil. Therefore, this
study combined laboratory and field techniques, the laboratory simulation of snowmelt to
closely study the 17-estradiol in both pore water and flood water to potentially identify
mechanisms that can contribute to the release of 17p-estradiol from the soil colloidal
fraction. The field study allowed for the assessment of cumulative loads of 173-estradiol
in real-world conditions, which could not be performed in the laboratory simulation due
to study conditions. The assessment of cumulative loads is critical, especially in the

context of offloading from agricultural fields into surface waters.

Contrary to what was observed in the laboratory simulation, there was no
observable trend in the 17B-estradiol concentration over time in the field study, perhaps
due to the high degree of day-to-day variability of snowmelt volume among samples.
Despite not seeing an increase in 17B-estradiol concentrations over time, there is an
increase in cumulative load over time as the snowmelt progresses. Maximum volumes
were observed on day 3 (up to 40 L), then decreasing to as low as 8.8 L by the final
sampling day. Thus, there is a sharp increase in the cumulative load on the third day,
followed by an increase in load over time, although at a slower rate. This suggests that
snowmelt volume is what is driving the pattern rather than the 17-estradiol
concentration. While the soil was likely to be partially frozen on days 3 to 5, there was
sufficient interaction between the soil and the snowmelt, mobilizing some of the 17[3-
estradiol. Since snowmelt is driving the load of 17B-estradiol introduced in surface water,
management practices that retain water on the landscape could be more beneficial than

changing the manure application technique (especially in long-term manured fields).
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There was a difference in cumulative load (measured on day 17) among
application methods, such that plots that had liquid swine manure applied on the sub-
surface had a significantly larger cumulative load than in plots that had manure applied
on the surface or no manure applied at all, although there were no significant differences
in either cumulative snowmelt volume, unweighted 17B-estradiol concentration, or
volume weighted 17-estradiol concentration among treatments. While the differences in
concentrations for the field study were not significant, the median weighted and
unweighted concentrations were higher in snowmelt collected from plots with manure
applied on the sub-surface, which is consistent with the 17p-estradiol concentrations
measured in the flood water from the laboratory simulation. Estrogen degradation was
reported to be slower under cold, anaerobic conditions (Colucci and Topp, 2001; Ying
and Kookana, 2005; Zhang et al., 2020), possibly due to delayed metabolic functions of
bacterial species that break down estrogenic compounds (Zhang et al., 2020). Thus, the
higher load of 17B-estradiol in the snowmelt collected from plots with manure applied in
the sub-surface could be due to the preservation of 173-estradiol in the sub-surface from
the manure application in the fall. The sub-surface application of manure might increase
the persistence of 17f3-estradiol from manured agricultural fields and therefore will need
to be assessed in future studies to develop manure management strategies that will also
reduce offsite transport potential of manure-borne organic contaminants like 173-

estradiol.
2.5.2 Implications

Many studies have shown that relatively low concentrations of 17f3-estradiol can

result in devastating side effects on the health of aquatic life and humans. For example,
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clearhead ice fish embryos (Protosalanx hylocranius) exposed to 17p-estradiol
concentrations as low as 0.05 ng/L ~ 0.2 ng/L showed congenital deformations and a
delay in hatching (Odinga et al., 2022). Other studies have shown the introduction of
17B-estradiol into aquatic ecosystems has resulted in the feminization of male fish
(Arnold et al., 2014) and reduced reproductive capacity and hampered the development
of secondary sexual characteristics of Japanese medaka (Oryzias latipes; Lee Pow et al.,
2017). In humans, exposure to non-endogenous estrogens has been linked to the creation
of cancerous cells (Liang and Shang, 2013). There is evidence that range of
concentrations (0.1 — 45 500 ng/L) of 17B-estradiol observed in surface waters globally
have impacts on humans and aquatic wildlife (Odinga et al., 2022). This study shows that
there is a greater possibility for the transport of 17p-estradiol into surface waters as a
result of snowmelt runoff ending up in surface waters. Thus, mitigating the daily release
of 17p-estradiol during snowmelt and the loading to surface waters over time will help
reduce the direct impact 17B-estradiol has on animals and humans, especially in regions

that have large animal production and are heavily manured.

Typically, manure management practices, such as incorporating surface-applied
manure shortly after application (Amarakoon et al., 2014), is the first step taken to reduce
the introduction of organic contaminants into the environment. However, as observed
here, there was no significant difference in the 17f3-estradiol concentration dissolved in
snowmelt among the different manure application methods. Sub-surface application or
incorporation may also not be enough as a recommendation as this study showed sub-
surface application increased the cumulative load of 17B-estradiol introduced into the

environment. Thus, in tandem with manure application methods, other management

43



practices should also be considered to mitigate losses of contaminants into water. For
example, snowmelt volume is one of the biggest drivers of 17p-estradiol loads into the
environment, but snowmelt volume is highly variable and is primarily controlled by
climactic factors, rather than specific management practices (Meyer and Wania, 2008;
Pomeroy et al., 2010). Recommendations should consider regulating the drainage of
snowmelt to mitigate the losses of 17B-estradiol into surface water and groundwater.
Some suggestions have been to increase the surface roughness (i.e., modifying the topsoil
through tillage to reduce the movement of particles in the soil) to reduce the runoff
volume of snowmelt (Dolliver and Gupta, 2008; Wilson et al., 2019). Additionally, given
the trend towards higher 17B-estradiol concentrations in the sub-surface treatment, the
implications of tile drainage (i.e., increasing the mobility of shallow groundwater which
may have higher levels of contamination) should be carefully considered in manured
fields. A better understanding of transport mechanisms occurring during snowmelt (a
critical hydrological period) of organic contaminants like 17-estradiol would be
important in suggesting better recommendations on mitigating contaminant losses into

surface and pore waters.

2.6 Conclusion

This study had detectable concentrations of 17p-estradiol in all manure
application methods (i.e., surface, sub-surface, or no manure application) in the field and
lab simulation. However, there were no differences in the 173-estradiol concentrations in
snowmelt collected from the different plots, suggesting that an agricultural field that is
heavily manured has the potential for 17p-estradiol transport. This lab simulation and

field study provides a preliminary look into possible mechanisms responsible for the
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transport of 17B-estradiol into surface waters. The lab simulation showed an increase in
pH during the flooding which may be related to the desorption 17B-estradiol from the soil
into the pore water, mobilizing 17f-estradiol into the aqueous phase. This study also
shows that snowmelt volume drives the 17B-estradiol load in environmental conditions.
In the plots with manure applied on the sub-surface, there was a significantly larger load
of 17B-estradiol released, likely due to the delayed degradation of estrogenic compounds
under anaerobic conditions. Therefore, management practices should focus on retaining
snowmelt on the landscape and using appropriate manure application techniques,
especially on long-term manured fields. The 17p-estradiol in surface waters from
agricultural runoff has been shown to detrimentally affect human and aquatic species’
physiology. The results from this study will help develop manure management practices
by providing insights on 17B-estradiol concentrations in snowmelt in the Canadian
Prairies, thus mitigating the losses of 17f3-estradiol into surface and groundwaters. This
study’s data will help to develop/ improve predictive models of contaminant transport

under prairie conditions.
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Chapter 3: The fate of dissolved sulfamethoxazole during
spring-thaw snowmelt in a field with a history of manure
application.

3.1 Abstract

The fate of sulfamethoxazole (SMX) in Prairie agroecosystems during snowmelt
is not well understood. This study aims to provide the first estimates of concentrations
and loads of SMX in snowmelt in a field with a history of manure application. The mean
concentration of SMX throughout the snowmelt period was 0.0345 + 0.066 ng/L. The
SMX cumulative load was 3.81 + 3.4 pg/L with a range of 1.03 — 12.8 pug/L. Both the
concentration and load were not influenced by the method of manure application (i.e.,

surface applied versus sub-surface applied).
3.2 Introduction

Sulfamethoxazole (SMX) is a broad-spectrum sulfonamide antibiotic used to treat
bacterial infections in livestock operations (Kim et al., 2011). SMX is not completely
metabolized by livestock, and up to 90% of SMX is excreted in manure as its original
form (Kim et al., 2011). Application of liquid swine manure (LSM) has been found to
lead to higher concentrations of both SMX and antibiotic-resistant genes (ARG) in the
soil compared with manure from other animals (Yue et al., 2021). This is especially
concerning when the dissipation of sulfonamides has been shown to be slower in prairie
wetlands (Cessna et al., 2020). Given the high rates of LSM use on agricultural fields in
Manitoba, there is a pressing concern to understand SMX fate in the prairie environment

and to develop management practices specific to this cold agricultural region. The
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hydrological regime on Canadian Prairies is dominated by the spring snowmelt, which
contributes up to 80% of the annual water runoff (Liu et al., 2018). Snowmelt can result
in an extended period of flooding on agricultural fields and can potentially mobilize
contaminants from soils to flood waters. While considerable attention has been given to
the fate of nutrients during snowmelt (e.g., Costa et al., 2018), antibiotics have received
less research. Furthermore, manure management efforts have primarily focused on
preventing nutrient pollution in surface water (Liu et al., 2018). Research conducted
during the growing season suggested incorporating surface-applied manure shortly after
application can minimize the introduction of antibiotics into aquatic environments during
rainstorms (Amarakoon et al., 2014). Comparable work has not been done during
snowmelt when prolonged flooding and runoff present an increased risk of antibiotic

transport.

This study aimed to quantify the concentrations and loads of SMX in a field with a
history of manure application during snowmelt under different LSM management
practices (no LSM applied, LSM applied on the surface, and LSM applied to the
subsurface of soil). We hypothesized: 1) SMX concentrations and loads will depend on
the LSM application methods, and 2) the concentrations and loads of SMX will increase

as snowmelt progresses when there is increased contact between snowmelt water and soil.

3.3 Materials and Methods

3.3.1 Experimental design and field sampling

In the fall of 2021, 12 plots were established in an agricultural field that routinely

receives manure applications based on the nutrient requirements and the soil test
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phosphorus levels in southeastern Manitoba, Canada (49° 32" 5" N, 96° 51'5"” W). The
soil at this site belongs to the Osborne series and is classified as Rego Humic Gleysol.
The soil texture is Clay, with a pH of 7.9 and organic matter content of 7.1%. We used a
randomized complete block design with four replicate plots, where three treatments were
applied to each block: LSM spread on the surface of the plot using small pails to evenly
distribute the manure to ensure the accuracy of the manure rate (i.e., surface applied),
LSM applied 15 cm into the soil, using a hoe to dig narrow trenches 15 cm deep which
were then re-covered with soil (i.e., sub-surface applied), or no LSM applied (i.e.,
control). The LSM (~2% solid content) was applied with an even distribution at an
application rate of 170 000 L/ha, the manure application rate practiced by the producer in
that year. The plots were 3 m x 1 m in size, with a 0.6 m alley between plots. Runoff
boxes made of high-density polyethylene puckboard supported by wooden frames (1.2 m
x 0.9 m x 0.6 m) were placed 15 cm into the soil surface to collect snow over the winter

for each plot.

From March 19 to April 5, 2022, snowmelt samples were collected on days when
the temperature was above 0 °C (between 12 pm and 2 pm), and liquid water was present
on the surface of the soil. The average maximum temperature on sampling days was
4.2 °C, and the total precipitation over this period was 10.3 mm, including rain on days 3
and 7. Over the snowmelt period, there were 10 days where there was meltwater to
collect. Floodwater in each runoff box was pumped out with a handheld water pump, and
the total snowmelt volume per runoff box (i.e., replicate) was recorded, and a 250 mL
subsample was taken from each plot. Samples were composited over two sampling days

to ensure a sufficient mass of SMX for analysis from each subsample.
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3.3.2 Sample preparation

The samples were pre-concentrated using solid-phase extraction (SPE). SPE
Restek Hydrophilic Lipophilic Balance (HLB) cartridges (6 mg of sorbent, 3 mL; Oasis
Waters) were conditioned, and the samples were passed through the HLB cartridges with
a vacuum at a flow rate of 1 mL/min. Once all samples were pulled through the HLB
cartridges, the cartridges were rinsed with 3 mL ultrapure water (Milli-Q; 18 MQ cm) to
remove excess salts and allowed to dry for 1 min under vacuum. The samples were stored

at -20°C until they were transferred, 24 hr before elution, to a refrigerator at 4°C.

The samples were eluted with 3 mL of MeOH, allowing gravity to pull the
samples through the HLB cartridges, followed by drying the samples to completeness
using a 45°C water bath and a nitrogen evaporator (OA-SYS Heating system and N-Evap
111, Organomation Associates, Inc.) with a gentle stream of Ultrapure N2 (Praxiar
Canada Inc.). The samples were reconstituted with 50/50 (v/v) MeOH: Milli-Q to 0.5 mL.
Finally, the samples were filtered using a 0.22 pm syringe filter (Resteck) into 2 mL
amber glass vials (Chromatographic Specialties Inc.). The samples were stored at -20 °C

until analysis.
3.3.3 Liquid chromatography tandem mass spectrometry (LC-MS/MS)

Chromatography was performed with an Agilent 1260 Infinity [l UHPLC (Agilent
Technologies), with separation using an Agilent Eclipse Plus C18 column (2.1 mm x 50
mm, 1.8 um dp) coupled to an Agilent Eclipse Plus C18 guard column (2.1 mm x 5 mm)
at 42 °C at 0.3 mL/min. The injection volumes were 2 pL. during optimization and 10 pL

during analysis. Mobile phase A was Milli-Q water, and mobile phase B was MeOH.
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Gradient elution was performed as follows: 0 - 2.00 min linear ramp from 5% to 95% B,
2.01 - 4.00 min hold at 95% B, 4.01-5.00 linear ramp from 95% to 5% B, followed by
reequilibration from 5.01- 8.00 min at 5% B. Qualitative assessment and quantification
were performed through multiple reaction monitoring (MRM) on an Agilent 6470 triple
quadrupole mass spectrometer in positive electrospray ionization mode (ESI+), a
capillary voltage of 4000 V, and a source temperature of 300°C. Nitrogen was used for
desolvation and drying gas at 11 L/min, and for nebulization at 15 psi. Ultrapure nitrogen
was used as collision gas at a flow of rate 16.8 L/min. The MS1 and MS2 heaters were
set at 100°C. The samples were spiked with deuterated SMX (Sigma-Aldrich) as the
internal standard. The method limit of detection 0.0094 pg/L, and the method limit of
quantification was 0.015 pg/L. The percent recovery of the method for SMX was 73.0 +

38%. The linearity was R? = 0.9999.
3.3.4 Statistical analysis

A repeated measures analysis was used to test the effects of manure application
method and sampling day on SMX concentration. The treatment and sampling day were
fixed effects, with block as a random effect, and the sampling day was the repeated

factor.

The cumulative load of SMX was calculated by multiplying the SMX
concentration by the mean daily snowmelt volume to account for high variance in
snowmelt volume among replicates. A one-way ANOVA was used to test the effects of
manure application method on the cumulative load of SMX. The data were log-
transformed when residuals were not normally distributed. All statistical analyses were

performed in R (version 4.2.2, R Development Core Team, 2022).
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3.4 Results

The mean SMX concentration over the entire sampling period of all treatments
was 0.0345 + 0.066 ug/L and did not vary significantly among treatments (i.e., LSM
application method; F-calculated =0.223, p = 0.805; Table 3.1) or sampling days
(F=1.023, p=0.410; Table 3.1). The maximum concentration introduced into the
environment was 0.36 pg/L. Snowmelt volumes collected were highly variable among
plots (i.e., replicates), as is expected on the prairies where wind redistribution of snow is
widespread (Costa et al., 2018). The volumes also varied throughout the sampling period;
the maximum volumes generally occurred on day 3 (37.1 + 6.5 L) and went as low as 8.8
L by the final sampling day. The mean cumulative load of SMX was 4.12 + 3.6 ng/m?2 for
the 17-day snowmelt period, with a range of 1.03 — 12.8 ng/m2 , and there was no
significant difference among the manure application method (F=0.241, p = 0.787; Table

3.1).
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Table 3.1: The least square mean concentration (ug/L) and cumulative load (ng/m?) with
the standard error (in brackets) of sulfamethoxazole in snowmelt for the treatments
(control, sub-surface applied, and surface applied liquid swine manure (LSM)) and the
sampling day (1, 3, 5, 13, 17).

Treatment Concentration Cumulative load
ng/L ng/m?
Application method
Control 0.028 (0.013) 1.06 (0.32)
Sub-Surface Applied LSM 0.040 (0.014) 1.40 (0.43)
Surface Applied LSM 0.030 (0.013) 1.36 (0.42)
Sampling day
1 0.011 (0.017) -
3 0.054 (0.018) -
5 0.038 (0.018) -
13 0.053 (0.018) -
17 0.0077 (0.017) -
p - value
Application method 0.805 0.787
Sampling day 0.410 -
Application method: sampling day 0.719 -
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3.5 Discussion

Sulfonamides pose a risk to the ecosystem health of freshwaters and are also
linked to the rise in antibiotic resistance in environmental bacteria (Yue et al., 2021), but
research on SMX transport dynamics from agricultural soils is limited. In the Canadian
Prairies, where most runoff comes during snowmelt, this study provides baseline data on

the behaviour of this contaminant during snowmelt.

There were no significant differences in SMX concentration among the two
manure application methods or the control treatments where LSM was not applied in Fall
2021 (Table 3.1). The presence of SMX in the snowmelt from control plots could be due
to the long history of manure application at this site with elevated residual SMX levels.
This also meant that there were no significant differences in the cumulative loads among
treatments, although there was a peak in cumulative load during days 3 — 5 of the
sampling period, coincident with the largest volume of snow (Figure 3.1). While it was
likely that the soil was still partially frozen on days 3 to 5, there was sufficient contact
between the snowmelt water and the shallow soil to mobilize some SMX (Costa et al.,
2018). This suggests that a high risk of transport of SMX into surface waters occurs when

the snowmelt volume is highest.
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Figure 3.1: Boxplot of the cumulative load (ng/m?) of sulfamethoxazole in snowmelt
during the snowmelt period in three different treatments: A) control, B) sub-surface
applied liquid swine manure, and C) surface applied liquid swine manure applied in the
fall of 2021. The samples were collected over 17 days in the spring of 2022.
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The concentration of SMX required for chronic ecotoxicity in aquatic species ranges
from 5.3 — 253 000 pug/L (Straub et al., 2016). The concentrations of SMX in the
snowmelt were below those levels, but the mean cumulative load of 4.12 ng/m2 still
poses a risk to aquatic systems, considering the widespread land application of manure
(Liu et al. 2018). Another risk of SMX pollution in aquatic systems is the possibility of
increasing antibiotic-resistant bacteria. The prolonged application of swine manure has
been shown to result in higher levels of ARGs relative to other types of livestock manure
(Wu et al., 2022). Thus, even if SMX concentrations in snowmelt are below
ecotoxicological levels, there are environmental risks associated with snowmelt-induced

loading in prairie environments.

Snowmelt volume primarily drives the cumulative load of SMX over the snowmelt
period since there were no significant differences in SMX concentrations among
treatments or days. The cumulative load continued to increase until the end of the
snowmelt, albeit at a slower rate in the last four days (Figure 3.1). Management practices
that hold snowmelt runoff on the land (Liu et al., 2018) may help to mitigate the risk of
SMX pollution in streams and lakes. Future research should investigate the efficacy of

such management options, which may also mitigate nutrient pollution (Liu et al., 2018).

3.6 Conclusion

Mitigating the transport of antibiotics into soils and surface waters is important to
reduce adverse impacts on the ecosystem and human health. This study is among the first
to quantify SMX in snowmelt water from manure-amended agricultural land under field

conditions, and as such, provides data on possible concentrations (up to 0.36 pg/L) and
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load (1.03 — 12.8 ng/m2). This research will guide future research in this understudied
area of antimicrobial transport in the Canadian Prairies to assist multifaceted approaches

to manure management for sustainable livestock cropping systems.
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Chapter 4: General Discussion

Veterinary pharmaceuticals such as antibiotics and steroids are frequently
administered to livestock to improve animal health by preventing the spread of infectious
diseases (Sarmah et al., 2006; Kim et al., 2011) or to improve growth and feeding rates
(Adeel et al., 2017). These pharmaceuticals are ultimately introduced into the
environment as it is excreted in manure and applied to agricultural fields (Adeel et al.,
2017). There is elevated use of liquid swine manure in the province because Manitoba is
the largest pork producers in the country (Government of Manitoba, 2022). When manure
is applied to agricultural fields, there is an increased risk of contaminants being
introduced into the environment, especially during the snowmelt period. The snowmelt
period is a critical time in the Canadian Prairies because there is inflated nutrient release
into the environment due to prolonged flooding and runoff over frozen soils, which
reduce contaminant retention (Costa et al, 2018; Liu et al., 2019). There is also evidence
of increased concentration of organic contaminants being released into the environment
during/ shortly after the snowmelt period. There were elevated concentrations of
chlortetracycline and tylosin in snowmelt collected from plots that had manure applied on
the surface in Wisconsin, USA (Dolliver and Gupta, 2008). Similarly, Kuchta et al.
(2009) showed elevated concentrations of lincomycin in snowmelt collected from a basin
that originated from plots with liquid swine manure injected into the soil near Riverhusrt,
Saskatchewan. Another study showed that elevated concentrations of estrogens were
detected in surface waters from field plots that were amended with composted manure
from dairy and beef cattle, especially after snowmelt events occurred in Wisconsin, USA

(Havens et al., 2020). Despite the elevated concentrations of organic contaminants
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measured in surface waters, the temporal changes in organic contaminant release during
snowmelt and loading to surface waters during the snowmelt period is not well

understood.
4.1 Relevant Findings

In Chapter 2, there were detectable concentrations of 17f-estradiol present in the
laboratory simulation. The concentrations measured changed over time and the largest
concentration of 17B-estradiol in pore water was measured on the final day (day 21) of
sampling. There is evidence that hydrophobic contaminants like 17B-estradiol, in neutral
pH, resulting in a bulk release at the end of the snowmelt period due to the filtering
capacity of snow (i.e., how many particles of contaminants can pass through the
snowpack) improving over time, which is what initially slows the release of hydrophobic
contaminants until the end of the snowmelt period (Meyer and Wania, 2008). There was
also an increase in 17B-estradiol concentration as the laboratory pore water pH became
more alkaline, suggesting that a change in pH influences the desorption of 17f-estradiol
from the soil into the aqueous phase. In our study region, the pH was between 7 — §,
suggesting that the deprotonation of 17B-estradiol (and thus the mobilization into the
aqueous phase as more 17f3-estradiol becomes negatively charged repelled by the
negative charges in the soil) in more alkaline environments is only a partial driver of the
desorption occurring since a majority of deprotonation for 17p-estradiol occurs at pH
greater than 10.6. The weaker hydrogen bonds between 17f-estradiol and the soil may be
broken as the water is introduced into the system, resulting in the water binding with the
soil more effectively than the 17B-estradiol (Van Emmerick et al., 2003). Another

mechanism affecting the release of 17B-estradiol into the aqueous phase may be the
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complexation of 17B-estradiol with dissolved organic matter, which increases its

susceptibility to being desorbed from soils (Duran-Alvarez et al., 2014).

In Chapters 2 and 3, there were no significant differences in the concentrations
measured in snowmelt based on the different manure application methods. Rather, 173-
estradiol and sulfamethoxazole concentrations were detected in all the plots despite the
manure application method (i.e., unamended, on the surface, and below the surface). This
is consistent with our laboratory simulation and other studies reported that were able to
detect the presence of organic contaminants in surface waters from agricultural fields
introduced through snowmelt, regardless of manure management (Dolliver and Gupta,
2008; Kuchta et al., 2009; Havens et al., 2020). This suggests that our most recent
manure application in the fall of 2021 did not significantly affect the contaminant
concentrations present in the snowmelt water regardless of the manure application
method. This also suggests that fields with a long history of manure application may have
contaminants present at detectable concentrations (i.e., there are contaminant
concentrations measured in snowmelt from unamended plots). The degradation of organic
contaminants typically slows down in cold, anaerobic conditions, compared to aerobic
conditions, especially for estrogenic compounds (Colucci and Topp, 2001; Ying and
Kookana, 2005; Zhang et al., 2020) and sulfonamides (Awad et al., 2013; Conde-Cid et
al., 2020; Adesanya et al., 2021). The cold, anaerobic conditions likely explain the

persistence of these organic compounds in the environment after manure application.

When considering the effect of organic contaminants on surface waters, it is
important to quantify the cumulative load over the whole snowmelt period, as this

represents what will be introduced into the aquatic environments. For both 17B-estradiol
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and sulfamethoxazole, the snowmelt volume was the most important factor in
determining the cumulative load; thus, managing snowmelt runoff from agricultural fields
may be important in reducing loads of 17p-estradiol and sulfamethoxazole into surface
waters. The cumulative load of 17B-estradiol collected from plots with manure applied on
the sub-surface was significantly higher than from plots with manure applied on the
surface or no manure applied at all. In contrast, there was no significant difference in the
cumulative load of sulfamethoxazole among different manure application methods.
Although there is no significant relationship between snowmelt volume and the manure
amendments or a significant difference in 17p-estradiol concentration among manure
amendments, there are slightly elevated concentrations of 17p-estradiol in plots with
manure applied in the sub-surface in both the field study snowmelt and the flood water of
the laboratory simulation, suggesting that the elevated cumulative load of 173-estradiol
found in plots with manure applied in the subsurface might be due to its slowed
degradation in cold, anaerobic conditions (Colucci and Topp, 2001; Ying and Kookana,

2005; Zhang et al., 2020).
4.2 Implications and Recommendations

The agricultural industry is one of the most important industries in Canada,
making up 1.6 % of the gross domestic product (approximately $ 31.9 billion) in 2021
and employing nearly 241 500 Canadians (Government of Canada, 2022). However,
agricultural practices, especially livestock farming, come with risks to the environment.
Many studies show that although many contaminants introduced into surface waters can
come from multiple sources, runoff from agricultural fields is one of the main sources of

contamination (Hanselman et al., 2003; Raman et al., 2004; Kumar et al., 2005;
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Burkholder et al., 2007; Combalbert and Hernandez-Raquet, 2010; Adeel et al., 2017).
The prolonged use of manure introduces antibiotics and steroids into the environment,
resulting in the higher presence of antibiotic-resistant genes (ARGs) in bacteria found in
soil (Yue et al., 2021; Wu et al., 2022) and estrogen-related toxicity in some aquatic
species and humans (Liang and Shiang, 2013; Odinga et al., 2022), respectively. There is
particular interest in mitigating antibiotic release into the environment as ARGs result in
antibiotic resistance in animals and humans. Antibiotic resistance is becoming
increasingly problematic, especially when approximately 26% of bacterial infections

reported in Canada in 2018 were resistant to at least one first-line antibiotic (CCA, 2019).

In current agricultural practices, there is an emphasis on the 4R of nutrient
management to improve the practicality and efficiency of agricultural practices while
improving environmental protection (Johnston and Bruulsema, 2014). The 4R of nutrient
management is described as the right source, right rate, right time, and right place and are
specific to nutrient management, but based on the results from this thesis and future
research quantifying organic contaminants in the prairie agroecosystem, the fundamentals
of 4R can be updated in the context of organic contaminants. Endocrine-disrupting
compounds and antibiotics are consistently detected in runoff from heavily manured
fields (Dolliver and Gupta, 2008; Kuchta et al., 2009; Havens et al., 2020), thus perhaps
applying manure with reduced concentrations of these contaminants will overall reduce
the loading of these contaminants into the environment. In North America, antibiotics can
be used to improve growth rates of animals (Cromwell, 2002; Holman and Chénier
2015), so an overall improvement of antibiotic stewardship (i.e., better-targeted use of

antibiotics) in North America would mitigate antibiotic resistance in livestock and ARGs
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in soil bacteria. Composting of manure in optimal conditions have also been shown to
boost the degradation of estrogens (Abdellah, et al., 2020; Sun et al., 2022) and
antibiotics (Amarakoon et al., 2016). In Chapters 2 and 3, there is evidence that snowmelt
volume is the driver for cumulative load; thus, a recommendation that can be applied on
the field would be to increase surface roughness through tillage to improve the water-
holding capacity of fields (especially in fields that have an incline and are more likely to
release snowmelt runoff into surface waters; Hansen et al., 2000). However, Manitoba
implements conservation or no-tillage practices to reduce soil erosion, so using crop
stubble is potentially another effective way of increasing surface roughness. Maintaining
higher/ more crop residue is more effective with retaining snow on fields compared to
lower/ no crop residue, especially when used with conservation and no-tillage practices
(Liu and Lobb, 2021). Due to the large variation in soil types, regional weather, and
compounds of concern, recommendations that are suggested must be specific to the

region’s conditions.

These results should be interpreted cautiously and in the context of limitations of
study design. In Chapter 2, the field samples were analyzed as composites, which
potentially masked some temporal effects in 17B3-estradiol concentrations. Performing a
field study without compositing the samples could provide more insight into which stage
of snowmelt is 17B-estradiol most likely to be released. It would also be beneficial to
measure the concentrations of 17B-estradiol in pore water in the field study and the
laboratory simulation provided an estimate of the release of 17B-estradiol into the soil

solution.
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An important conclusion of Chapter 3 is that the mechanisms for the release of
sulfamethoxazole are not well understood: thus, a study examining the sorption of
sulfamethoxazole in clay soils would be important in determining what is causing its
release into snowmelt. Similar to Chapter 2, measuring the concentration of
sulfamethoxazole dissolved in pore water in a field study would be important in
determining its release into the pore water, which will give insight into the diffusion of
sulfamethoxazole into flood water from pore water that causes an increase the risk for

off-site transport.

Furthermore, measuring the concentration of 17f-estradiol and sulfamethoxazole
in the liquid swine manure will provide insight into the starting concentrations of the
contaminants before manure application, putting the concentrations measured after
snowmelt into the context of what was originally present in the manure. Measuring the
concentrations of these contaminants in the soils amended with different manure
application methods, before and after the manure application, will provide more
information on the persistence of these contaminants in soils with high clay and humic

content.

This thesis helps to understand the transport potential of 173-estradiol and
sulfamethoxazole in snowmelt from long-term manured fields into surface waters. This
thesis provides important data (i.e., initial values of 17B-estradiol and sulfamethoxazole
concentrations in snowmelt in the Canadian Prairies) and can be used to help improve the
predictability of contaminant transport models under prairie conditions. The data from
this thesis can also guide future research in this understudied field, with the aim of

assisting policy makers in improving multi-faceted approaches to manure management.

69



4.3 Conclusions

[1] 17B-estradiol and sulfamethoxazole were detected in snowmelt regardless of manure
application method, suggesting agricultural fields that have a long-term manure history

have the potential for transport of 17p-estradiol and sulfamethoxazole.

[2] Laboratory pore water 17f3-estradiol concentrations changed over time in relation to
changes to pH, and the prolonged flooding of soils caused the mobilization of 17f-

estradiol from soil into the aqueous phase.

[3] Snowmelt volumes drive the cumulative load of 17p-estradiol and sulfamethoxazole;
thus, retaining snowmelt volumes on the field is important in mitigating losses into

surface waters.

[4] Field plots with manure applied on the sub-surface showed higher cumulative loads
for 17B-estradiol, possibly due to the delayed degradation of estrogenic compounds under

cold, anaerobic conditions.
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