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Abstract
Estrogens are female sex hormones, and the major naturally occurring estrogens are estrone (E1),
17α-estradiol (E2α), 17β-estradiol (E2β), and estriol (E3). Concentrated animal feeding
operations (CAFOs) and wastewater treatment facilities release a large amount of estrogens into
surface water. Additionally, livestock manure and biosolids, which are widely used as fertilizers,
have the potential to spread estrogens onto agricultural land. Estrogens either in surface water or
on land surface go through prevalent and complex attenuations and transformations due to biotransformation, sorption, photo-transformation, and plant uptake. Estrogens on the land surface
can be transported into surface water through various pathways such as the surface runoff. Once
estrogens get into surface water, they can impair the normal reproductive functions of aquatic
animals at low concentrations. Thus, it is quite important to estimate estrogen levels in surface
water in order to assess and mitigate the potential health risks caused by those estrogens. As a
modeling framework can help to conduct this analysis, the goal of this study is to develop a
quantitative modeling framework to simulate levels of the three most prevalent natural estrogens,
E1, E2α, and E2β, in rivers. This study first adopted a wash-off model to quantify the transport
of E1, E2α, and E2β from land to rivers by surface runoff. This study also developed a
comprehensive transformation model to quantify the transformation and attenuation of E1, E2α,
and E2β. This study then assembled these two mathematical models to develop a quantitative
modeling framework, which can be implemented by the Hydrological Simulation Program FORTRAN (HSPF), to simulate estrogen levels in rivers. Finally, this modeling framework was
applied to the South River Watershed in Virginia and the Redwood River Watershed in
Minnesota to track the fate and transport of estrogens from various sources such as wastewater
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treatment plants (WWTPs), manure and biosolids used for land application, grazing farm
animals, and septic systems. For both watersheds, a component analysis was conducted to
quantify estrogens contributed by each source and a sensitivity analysis was conducted to
investigate factors that can impact estrogen levels in rivers. The modeling results for both
watersheds indicate that storm events just after manure land application can transport a large
amount of estrogens to surface water and elevate estrogen levels. Buffer stripes are suggested in
this case to reduce the mass of estrogens that are flushed into surface water. The modeling results
for both watersheds also show that the simulated estrogen levels are sensitive to cattle grazing
time in streams, and thus fencing off rivers to keep cattle out of the water is recommended to
reduce the amount of estrogens that are directly released into streams by cattle. Additionally, the
modeling results for both watersheds show that manure used for land application release a large
amount of estrogens onto the land surface and the simulated estrogens levels are sensitive to the
manure application rate, the manure storage before land application is thus encouraged in order
to reduce the estrogen content in manure. This framework can be applied to watersheds to predict
the temporal and spatial variation of estrogens in rivers, to quantify estrogens contributed by
various sources, to investigate the factors that can lead to high estrogen levels, and to determine
the best management practices (BMPs) of controlling estrogens in surface water.
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Chapter 1

Introduction

1.1 Background

Endocrine disruptors (EDs) or endocrine disrupting chemicals (EDCs) can bind to hormone
receptors in aquatic organisms and disrupt normal hormone synthesis and metabolism (Birnbaum
& Fenton, 2003; Bhandari et al., 2015). As a result, research interest in EDs, and estrogens in
particular, has been increasing in recent years (Hutchinson & Pickford, 2002; Daston et al., 2003;
Vandenberg et al., 2012). Estrone (E1), 17β-estradiol (E2β), 17α-estradiol (E2α), estriol (E3),
and 17α-ethinyloestradiol (EE2) are the most prevalent estrogens found in the natural
environment (De Rudder et al., 2004; Soto et al., 2004; Combalbert et al., 2012; Conley et al.,
2017). The most apparent risk of estrogens is their effect on the reproductive functions of
mammals, birds, fish, reptiles, amphibians and aquatic invertebrates (Tarrant, 2005; Waring &
Harris, 2005; Lafont & Mathieu, 2007; Bhandari et al., 2015). Concentrations of E2β as low as
100 ng/L can cause a change of manifestation of the urogenital papillae in male zebrafish
gonadal growth (Brion et al., 2004). EE2 concentrations as low as 4.5 ng/L can cause
estrogenicity of male rainbow trout and promote the production of vitellogenin (VTG) mRNA
and protein for both male and female fathead minnows, trout, and Japanese medaka (Sumpter &
Jobling, 1995; Larsson et at., 1999; Kidd et al., 2007; Lei et al., 2013). In addition to fish, EE2 at
a half-maximal effective concentration (EC50) dose as low as 1.8 ng/L can also cause
feminization and sex reversal of the males of various amphibian species such as wood frogs
(Pettersson et al., 2006; Hogan et al, 2008; Berg et al., 2009; Gyllenhammar et al., 2009;
Tompsett et al., 2013; Bhandari et al., 2015). β-estradiol 17-valerate has been shown to disturb
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the normal hatching processes of Japanese medaka embryos (Lei et al., 2013). There are
inconsistencies in the literature as to which estrogens have the greatest ED potencies. For
example, Nghiem et al., 2004 reports that E1 and E2β have the largest endocrine disrupting
potency. However, Thorpe et al., 2003, Cao & Connell, 2010, and Bhandari et al., 2015 report
that EE2 is 10 times more potent than E2β for estrogen receptors (ERs) ESR1 and ESR2 and
imposes the highest level of health risks. Despite the inconsistencies as to which estrogens are
most potent, all of the literature agrees on the fact that estrogens in the environment are a threat
to aquatic health.

Estrogens exist and travel through the environment via a number of different pathways, as shown
in Figure 1.1. Livestock such as cattle, pigs, and sheep are generally considered as the major
sources of estrogens in the environment (Hanselman et al., 2003; Andaluri et al., 2012; BarteltHunt et al., 2012; Bartelt-Hunt et al., 2013). Livestock excrete estrogens during natural metabolic
processes and release them into the natural environment mainly through feces and urine (Palme
et al., 1996; Lange et al., 2002; Ying et al., 2002; Raman et al., 2004; Schoenecker et al., 2004;
Combalbert et al., 2012; Bai et al., 2015). In the U.K., the estimated average daily excretion of
E1 and E2β by a dairy cow through feces and urine is 0.306 µg and 0.140 µg, respectively
(Johnson et al., 2006). The dominant natural estrogens excreted by livestock are E2α, E2β, and
E1, even though metabolites vary between species (Soto et al., 2004; Lorenzen et al., 2005; Kjær
et al., 2007; Andaluri et al., 2012; Combalbert et al., 2012; Bartelt-Hunt et al., 2013). Poultry has
also been shown to excrete E1, E2β, and E3 (Zhang, Shi, Liu, Zhan, Dang & Bo, 2014). The
annual production of estrogens by cattle, poultry, pigs, and sheep in the U.S is about 45 - 64.9
tons, 3.44, 0.83 -1.2 tons, and 0.092 ton, respectively (Cromwell et al., 1993; Lange et al., 2002;
Andaluri et al., 2012). Additionally, steroid hormones such as E2β, E2 benzoate-progesterone,
2

E2 benzoate-testosterone, E2 benzoate- trenbolone acetate (TBA) and E2- TBA are supplied to
farm animals as growth promotants and have the potential to alter the estrogen excretion amount
(Biswas et al., 2013). Livestock excretes natural estrogens in both free and conjugated formats
(Combalbert et al., 2012; Zhang, Shi, Liu, Zhan, Dang & Bo, 2014; Zhang, Shi, Liu, Zhan &
Chen, 2014; Bai et al., 2015). These conjugated estrogens include estradiol-17-sulfate (E2-17S),
estradiol-3-sulphate (E2-3S), estrone-3-sulphate (E1-3S), estradiol-3-glucuronide (E2-3G), and
estrone-3-glucuronide (E1-3G) and can be converted into other conjugated or free estrogens
through hydrolysis and biotic transformation (Isobe et al., 2003; Combalbert et al., 2012; Bai et
al., 2015).

Industrial wastewater and domestic sewage are considered another major source of estrogens into
the environment (Standley et al., 2008; Johnson et al., 2000; Martinovic-Weigelt et al., 2013;
Schultz et al., 2013). For example, manmade drugs such as oral contraceptives that contain
synthetic estrogens such as EE2 are ingested by humans, excreted, and wind up in sewage
treatment plants (STPs) and wastewater treatment plants (WWTPs) and eventually downstream
(Crawford et al., 1990; Lai et al., 2000; Rosenfeldt & Linden, 2004). In addition to STPs and
WWTPs, feedlot effluents have the potential to contribute and transport estrogens into water
(Soto et al., 2004; Matthiessen et al., 2006; Kjær et al., 2007; Gall et al., 2011; Andaluri et al.,
2012).
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Figure 1.1 The primary pathways for the occurrence, fate, and transport of estrogens in the
natural environment.
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Estrogens are frequently detected in natural water bodies including rivers, estuaries, ponds, lakes,
coastal oceans and groundwater across the world (Wicks et al., 2004; Mansell & Drewes, 2004;
Zuo et al., 2006; Standley et al., 2008; Singh et al., 2010; Aris et al., 2014; Griffith et al., 2016).
Estrogens can enter groundwater sources via improperly managed septic systems or manure
storage systems (Fine et al., 2003; Swartz et al., 2006). Estrogens in surface water primarily
originate in domestic wastewater and feedlot effluents (Baronti et al., 2000; Jafari et al., 2009;
Song et al., 2009; Bartelt-Hunt et al., 2012). Surface waters in China have been observed to
contain some estrogens of high concentrations (Peng et al., 2008; Lei et al., 2009; Wang et al.,
2012; Yan et al., 2012; Zhang et al., 2012). For example, estrogen concentrations as high as 4100
ng/L have been measured in WWTP effluents in Beijing, China (Zhou, Zha, Xu, et al., 2012;
Zhou, Zha & Wang, 2012). Comparatively, the maximum concentrations of E1, E2β, E2α, and
E3 measured in cattle feedlot runoff for a study in Nebraska, USA, were 720 ng/L, 540 - 1250
ng/L, 1100-1360 ng/L, and 1050-2600 ng/L, respectively (Bartelt-Hunt et al., 2012). Conversely,
estrogen concentrations in rivers are usually less than 10 ng/L due to dilution and attenuation
processes (Colucci & Topp, 2002; Lee & Liu., 2002; Lucas & Jones, 2006; Cao & Connell,
2010; Dodgen et al., 2017).

Estrogens are also frequently detected in sludge from WWTPs (Mina et al., 2018). In the U.S.,
total detected estrogen concentrations have been reported up to 943 ng/g of dry solids from an
activated sludge municipal WWTP (Andaluri et al., 2012). The estrogen concentrations
measured in primary sludge are usually less than those in secondary and digested sludge (Muller
et al., 2010; Martín et al., 2012). For example, in four WWTPs in Spain, the highest
concentration of E2β in digested, secondary and primary sludge were 836 ng/g-dry weight (DW),
38 ng/g-DW and 25.4 ng/g-DW, respectively, and the highest concentration of E3 in digested,
5

secondary and primary sludge were 35.2 ng/g-DW, 23.4 ng/g-DW and 12.3 ng/g-DW,
respectively (Martín et al., 2012). Concentrations of E1, E2β, E3 and EE2 in sludge from two
STPs in Paris were detected at 5 ± 2 to 43 ± 10 ng/g-DW, 3 ± 1to 10 ± 8 ng/g-DW, 2 ± 2 ng/gDW, and less than 3 to 5 ± 6 ng/g-DW, respectively (Muller et al., 2010). The highest
concentration of E1, E2β, E3 and EE2 detected in sludge from six STPs in China were 13.4 ng/gDW, 12.3 ng/g-DW, 1.5 ng/g-DW and 5.4 ng/g-DW, respectively (Huang et al., 2014).

Estrogens also exist widely in surface water sediments. A study measuring estrogen
concentrations in sediments from 3 rivers in Tianjin, China found that the concentrations of E1,
E2β, E3, and EE2 ranged from 0.98 to 21.6 ng/g-DW, below detection limit to 9.70 ng/g-DW,
below detection limit to 7.29 ng/g-DW, and below detection limit to 9.26 ng/g-DW, respectively
(Lei et al., 2009). The highest detected concentrations of E1, E2β, and EE2 in water sediments
from Xiamen Bay, China were 7.38 ng/g, 2.35 ng/g, and 2.18 ng/g, respectively (Zhang et al.,
2009). The highest detected concentrations of E1, E2β, E3, and EE2 in Dianchi Lake sediments
were 13.2 ± 3.8 ng/g-W, 5.5 ± 2.3 ng/g-DW, 2.6 ± 2.5 ng/g-DW, and 2.5 ± 2.3 ng/g-DW,
respectively (Huang et al., 2013).

Overall, the presence of estrogens in detectable concentrations in the environment and the variety
of risks associated with them underscores the need for appropriate ways to best manage the
release of estrogenic compounds.

1.2 Motivation and Objectives

In order to minimize the potential risks caused by estrogens to aquatic animals, it is quite
important to assess variation patterns of estrogens in the surface water in order to mitigate the
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potential health risks caused by those estrogens in aquatic environments and determine the best
management practices (BMPs) for estrogen. Even though several studies tried to explore the
distribution patterns of estrogens, they all have some limitations. On-site measurement studies
usually cannot obtain enough data points to draw a whole picture for estrogen distribution
characteristics (Conley et al., 2017). Most measurements of estrogens are conducted in the
influents and effluents of WWTPs, as well as the surface runoff from the agricultural land, which
are not the living environments of aquatic animals (Atkinson et al., 2012; Gall et al., 2014; Gall
et al., 2015). Most measurements of estrogens in the living environments of aquatic animals such
as rivers and streams are sporadic, making it difficult to quantify the spatial and temporal
variations of estrogens (Soto et al., 2004; Bradley et al., 2009). In addition, the estrogen levels in
surface waters are usually quite low, or even below the detection limits, and are thus hard to be
accurately measured (Bradley et al., 2009).

Modeling work can effectively help to understand the variation of estrogens in the natural water
bodies at low costs. However, most of such studies did not work on multiple estrogens due to the
complex interconversion and transformation of estrogens (Johnson, 2010). E1 usually works as
an intermediate of E2α and E2β attenuation (Colucci & Topp, 2002; Steiner et al., 2010). Zheng
et al., 2012 also observed reversible conversions between E2α and E1, and between E2β and E1.
Additionally, E2β is identified as a degradation product of E2α (Lee & Liu, 2002; Robinson et
al., 2017). Those processes make the pattern of estrogen levels in streams really complicated. For
example, one on-site study conducted in Minnesota tried to measure the attenuation rates of E1
and E2β in Redwood River. However, they observed an increase rather than a decrease of E1
levels, which is caused by the conversion of E2β into E1 (Writer et al., 2011). Thus more studies
are still needed to address these issues.
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Taking the issues listed above, a study to investigate both the spatial and temporal estrogen
distributions integrating their excretion, transport, interconversion, and attenuation processes is
thus necessary for a better understanding of estrogens. The goal of this study is to develop a
quantitative framework to simulate estrogen levels in rivers on a watershed scale integrating
these excretion, transport, interconversion, and attenuation processes. This framework is aimed
at tracking the fate and transport of estrogens from various sources such as human actives,
agricultural activities and other possible sources. This framework can be used to characterize the
temporal and spatial variation of estrogens in streams, to explore the impacts of the
interconversions on their levels in waters, and to investigate the factors that can lead to high
estrogen levels and cause potential health risks to aquatic animals.

1.3 Outline of the Dissertation

The research presented here explains the rationale and methodology of developing a complete
model framework to track the fate and transport of estrogens. This dissertation consists of eight
chapters. Chapter 1 introduces the hazardous, generation and occurrence of estrogens in surface
water and states the motivation and objectives. Chapter 2 reviews the literature related to
attenuation and transport of estrogens. Chapter 3 presents the mathematical model to track the
attenuation and transformation of estrogens in the natural environment. Chapter 4 presents the
mathematical model to track the transport of estrogens from land to surface water by surface
runoff. Chapter 5 presents the development of the model framework to track the fate and
transport of estrogens on a water scale integrating their generation, attenuation/transformation,
and transport using Hydrological Simulation Program – FORTRAN (HSPF) program. Chapter 6
provides an application of the model framework to a single estrogen, E2β, in the South River
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Watershed, Virginia. Chapter 7 provides an application of an application of the model
framework to multiple estrogens, E1, E2α, and E2β, in the Redwood River Watershed,
Minnesota. Chapter 8 discusses the conclusions and recommendations for future research.
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Chapter 2

Literature Review

2.1 Attenuation and Transformation Process

2.1.1 Adsorption

Estrogens can quickly sorb to soil and the apparent sorption equilibrium is observed to reach
within a few hours (Lee et al., 2003). Estrogen sorption behaviors are determined by both their
physicochemical properties and the soil or sorbent type (Ying et al., 2002; Casey et al., 2003;
D'Alessio et al., 2014). In soils, estrogen adsorption rates increase with higher moisture content
and temperature (Colucci et al., 2001). Additionally, estrogens typically have both low water
solubilities and low Kow values, meaning that they are hydrophobic and have a high potential to
bind to sediments in water (Nghiem et al., 2004). Yu et al., 2004 and Brett et al., 2014 observed
that 80 - 90% of E1 and EE2 can be adsorbed to suspended solids within one day and reach a
steady-state within ten days. In addition to solid particles, estrogens can also be adsorbed to
humic acids (HAs) in water (Chowdhury et al., 2011). Guo et al., 2018 also observed that the
sorption of EE2 onto sediments is affected by rhamnolipidic biosurfactants. The presence of
saline compounds such as NaCl induces flocculation and aggregation, which can promote
sorption processes (Lai et al., 2000; De Mes et al., 2005). Estrogen sorption capacity is also
positively related to total organic carbon (TOC) content as the sorption occurs through hydrogen
bonding reactions between organic carbon and estrogen compounds (Lai, et al., 2000; Nghiem et
al., 2004; D'Alessio et al., 2014).

The Freundlich sorption isotherm (Equation 2.1) is commonly used to describe the adsorption of
estrogens to soils and sediments (Casey et al., 2005; Bai et al., 2015):
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S𝑒 = 𝐾𝑓 𝐶𝑒 𝑁

(2.1)

where Ce and Se are aqueous and solid concentrations at equilibrium, respectively, N is a
dimensionless constant, and Kf is the Freundlich’s constant. When N = 1, the sorption is a linear
process, and Kf equals Kd, which is the partition coefficient; when N > 1, the sorption is a nonlinear process; and when N < 1, the sorption process is limited (Lai et al., 2000; Bai et al., 2015).
Many studies observed that the sorption of estrogens follows a non-linear pattern (Lai et al.,
2000; Casey et a., 2003; Yu et al., 2004). However, some studies have found the linear model to
accurately describe the estrogen sorption process (Casey et al., 2003; Casey et al., 2005).
Typically, a larger octanol-water partition coefficient (Kow) and a larger Kf indicate more
significant sorption to particles. Casey et al., 2005 and Andaluri et al., 2012 observed log Kow
ranges for E2α, E2β, and E1 of 3.4-4.0, 2.59-3.29, 2.82-3.32, respectively and a log Kow for 17αdihydroeuilin of about 6.21. The similar log Kow-values indicate that E1 and E2β have similar
water solubility and therefore, similar parameter values for sorption (Jürgens et al., 2002).

2.1.2 Biotransformation

Estrogens can be chemically degraded or transformed via microbial interactions in a process
known as biotransformation in both soils and water (Colucci et al., 2001; Mashtare et al., 2013).
Historically, estrogens have often been observed to biotransform rapidly without an observed lag
phase, even at very low concentrations (Colucci & Topp, 2002; Lee et al., 2003). Estrogens can
be biotransformed by microbes under aerobic, anoxic, and anaerobic conditions in both soils and
water (Colucci et al., 2001; De Mes et al., 2005; Mashtare et al., 2013). Usually, estrogen
biotransformation rates and efficiencies under aerobic conditions are usually much higher than
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those under anaerobic conditions (Lee & Liu., 2002; De Mes et al., 2005; Carr et al., 2011;
Robinson et al., 2016). In the natural environment, aerobic biotransformation of estrogens is
usually much greater than anaerobic biotransformation (Bradley et al., 2009). In addition to
oxygen availability, biotransformation rates are also affected by estrogen properties, the initial
estrogen concentration, temperature, moisture content, and biological activity in a particular
environment (Zheng et al., 2012; Stadler & Love, 2016). The biological activity, which is
assessed via biomass concentration and organic matter measurements, is the most important
factor affecting the biotransformation rate (Lee & Liu., 2002; Xuan et al., 2008; Robinson et al.,
2016). Zheng et al., 2012 observed the largest estrogen decay rate to occur at 35°C, at which
temperature the biological activity was the greatest. The biotransformation rate also increases
with higher moisture content (Xuan et al., 2008). At present, most studies on biotransformation
of estrogens focus on WWTP processes. In a WWTP in Japan, Ermawati et al., 2007 reported
that anaerobic biological treatment removed 80% of hormones while aerobic biological treatment
removed up to 95% of hormones from the wastewater. The actual biotransformation rates and
efficiencies in natural water are assumed to be lower than those measured in WWTPs due to
lower microbial densities. It is also worth noting that biotransformation in sediments occurs
mainly via combined biotransformation and sorption processes since the microbes that
biotransform the estrogens also grow and attach to sediment surfaces (Bradley et al., 2009;
Robinson et al., 2016).

Elucidation of the pathways for estrogen biotransformation reveals that many estrogen
compounds are readily interconverted into other estrogenic compounds. Colucci & Topp, 2002
and Lee & Liu., 2002 investigated the biotransformation pathways of free estrogens and
determined that E1 is an intermediate of E2β biotransformation. They observed that
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microorganisms first convert E2β into E1 and then further degrade E1 into CO2 or other polar
compounds (Fan et al., 2007; D'Alessio et al., 2014; Huang et al., 2016). E1-3S, E3, 16αhydroxyE1, 2-methoxyestradiol, 2-methoxyE1 and a lactone are also identified as
biotransformation products of E2β (Goeppert et al, 2014). E3 is also identified as a
biotransformation metabolite of E1 and E2α (Xuan et al., 2008; Li et al., 2013). However, these
metabolites are unstable and can be further degraded by microorganisms (Lee & Liu., 2002). As
a result of the frequent conversion of E2β to E1 during biotransformation, E2β typically exhibits
higher biotransformation rates than E1 under the same conditions (Jürgens et al., 2002; Casey et
al., 2005; Zheng et al., 2012). Under anaerobic conditions, E1, E2β, and E2α have also been
observed to biotransform into one another (Mansell et al., 2011; Zheng et al., 2012). Under both
aerobic and anaerobic conditions, Robinson et al., 2016 observed that E2α can be biotransformed
into E1, E2β, and E3. Overall, pathways for estrogen biotransformation are complex due to the
various intermediates and final products that depend on many factors.

Some studies have also elucidated the mechanisms for some estrogen biotransformations. Lee &
Liu., 2002 reported that E2β biotransformation by sewage bacteria appeared to initiate at the
hydroxy group at C-17 (ring D) of the molecule while Bradley et al., 2009 and Yu et al., 2013
observed that biotransformation of estrogens involves cleavage of the molecule’s A-ring. Yu et
al., 2013 proposed four microbial degradation pathways for E2β: 1) hydroxylation of the A-ring
at C-4; 2) hydroxylation of the saturated ring; 3) dehydration of D-ring at C-17; and 4)
dehydrogenation of D-ring at C-17. Likewise, Yu et al., 2013 also proposed five microbial
degradation pathways for EE2: 1) A-ring C-2 hydroxylation; 2) A-ring 3-OH conversion to 3keto; 3) B-ring C-6 hydroxylation; 4) D-ring C-17 conversion to keto; and 5) conjugation of
EE2.
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In addition to free estrogens, biotransformation also involves conjugated estrogens, which are
estrogen that conjugated with glucuronide and/or sulfate groups, are converted into other
conjugated or free estrogens through hydrolysis and biotic transformations (Combalbert et al.,
2012; Bai et al., 2015). Bai et al., 2013 observed that E2-17S can be hydrolyzed into mono-E217S (OH-E2-17S) and di-hydroxy E2-17S (diOH-E2- 17S). In agricultural soils in New Zealand,
Scherr et al., 2008 and Scherr et al., 2009 observed that E2-3S is first converted into E2β and E13S and then converted into E1 with the catalysis of arylsulphatase. Similarly, E2-3G is first
converted into E1-3G and then converted into E1 and E2β. D'ascenzo et al., 2003 assessed
biotransformation of conjugated estrogens in Italy and concluded that the deconjugation process
is prevalent in sewage transport. Generally, the deconjugation rate is affected by the initial
conjugated estrogen concentration and the conjugate moiety and sulfate conjugated estrogens are
more resistant than glucuronide ones (Gomes et al., 2009; Bai et al., 2013). As a primarily biotic
process, the deconjugation rate is also affected by temperature with the highest deconjugation
rate observed at about 35°C (Scherr et al., 2008; Scherr et al., 2009; Zheng et al., 2013). In
addition to the transformation of conjugated estrogens into free estrogens, free estrogens are also
converted into conjugated formats (Shrestha et al., 2012). Goeppert et al., 2015 first proposed
that microbes can convert E2β into E1 followed by E1 into E1-3S and later verified the assertion
(Goeppert et al., 2017). In general, conjugated estrogens are more recalcitrant to biodegradation
than free estrogens (Goeppert et al., 2015; Ben et al., 2017). Figure 2.1 summarizes some of the
observed pathways for estrogen biotransformation reported in the literature.
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Figure 2.1 Observed pathways for estrogen biotransformation as reported in previous studies.
Fungi have also been shown to effectively biotransform estrogenic compounds. For example,
Cajthaml et al., 2009 determined eight ligninolytic fungal strains including Irpex lacteus 617/93,
Bjerkandera adusta 606/93, Phanerochaete chrysosporium ME 446, Phanerochaete magnoliae
CCBAS 134/I, Pleurotus ostreatus 3004 CCBAS 278, Trametes versicolor 167/93, Pycnoporus
cinnabarinus CCBAS 595, and Dichomitus squalens CCBAS 750 can effectively degrade EE2.
Blánquez & Guieysse, 2008 also observed Trametes versicolor to be effective in removing E2β
and EE2. The enzymes contained in fungi may play an important role in the estrogen
biotransformation process, as they can reduce their estrogenic potencies. For example, Suzuki et
al., 2003 and Tamagawa et al., 2006 found ligninolytic enzymes from white rot fungi to be
effective in removing the estrogenic potencies of E1, E2β, and EE2.
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2.1.3 Photo-transformation

Photo-transformation processes, whereby a compound is transformed via a direct or indirect
transfer of light energy, can also play an important role in estrogen removal in sunlit
environments (Lin et al., 2005; Qu et al., 2012; Chen et al., 2013). Direct photo-transformation
occurs when photons of a specific energy are absorbed by a compound and its impact depends on
both the light absorption rate and the reaction quantum yield of the excited state of the compound
(Whidbey et al, 2012). Indirect photo-transformation occurs when free radicals are produced
from photosensitizers such as natural organic substances and mediate the photo-transformation
reactions (Chowdhury et al., 2010). Indirect photo-transformation is generally thought to play a
more important role than direct photo-transformation in estrogen degradation (Caupos et al.,
2011; Writer et al., 2011). For example, Caupos et al., 2011 observed 60% removal of E1 via
indirect photo-transformation. Conversely, Chowdhury et al., 2010 observed 67% removal of E1
via direct photo-transformation, which indicates that direct photo-transformation was more
important than indirect photo-transformation for degradation of E1. Photo-transformation of
estrogenic compounds is dependent on the available wavelengths of light energy and their
specific light absorbances at those wavelengths.

The potential pathways of photo-transformation of estrogens have also been investigated.
Whidbey et al., 2012 observed that E1, E2β, and EE2 generate inactive products of the phenol
moiety through indirect photo-transformation and E2β and EE2 also generate inactive
compounds through direct photo-transformation. Conversely, Whidbey et al, 2012 observed the
generation of other estrogenically potent compounds during direct photo-transformation of E1,
which were primarily identified as lumiE1. Leech et al., 2009 postulates that indirect photo16

transformation of E2β is caused by reactive oxygen species (ROS) formed by phototransformation with dissolved organic carbon (DOC) (Leech et al., 2009; Caupos et al., 2011):

E2β + O2 + hv → Products + ROS

ROS + E2β → Products

Photo-transformation of estrogens generates photo-products that are related to the hydroxylation
of estrogens (Mazellier et al., 2008; Puma et al. 2010; Caupos et al., 2011; Chen et al., 2013).
Mazellier et al., 2008 observed more than nine primary and secondary products of phototransformation of E2β and EE2, which correspond with hydroxylated phenolic- or quinone-type
compounds. Caupos et al., 2011 identified one direct photo-transformation product of E1 and
four other DOC photo-induced (indirect) transformation products. They identified the major
degradation product of E1 as an isomer of E1. During their observed photo-transformation of E1,
the steroid moiety changed, but the aromatic moiety remained intact. In a study of phototransformation of E2β, Chowdhury et al., 2011 inferred that the aliphatic rings of the compound
were resistant to degradation while the aromatic ring was easily broken. Figure 2.2 presents some
of the pertinent photo-transformation metabolites of estrogens.
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Figure 2.2 The major identified metabolites of estrogen photo-transformation reported in the
literature.
Estrogen photo-transformation is also impacted by the presence of other chemical compounds in
a system. For example, dissolved organic carbon, Fe3+, TiO2, H2O2, and HA can greatly enhance
estrogen photo-transformation rates and efficiencies by generating OH·, a ROC that reacts with
estrogens (Rosenfeldt & Linden, 2004; Feng et al., 2005; Leech et al., 2009; Chowdhury et al.,
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2010; Puma et al., 2010; Chowdhury et al., 2011). However, Chowdhury et al., 2011 observed
inhibition of E2β photo-transformation at HA concentrations higher than 8 mg/L. Feng et al.,
2005 hypothesized a photo-transformation pathway for E1 due to OH radicals: first, reactions
between OH radicals and E1 are initiated at the aromatic ring; second, the ring is cleaved off; and
third, the organic molecule is mineralized.

Estrogen photo-transformation rates are also largely dependent on physical experimental
conditions. The photo-transformation rate typically decreases when the initial concentration of an
estrogen is high (Chowdhury et al., 2010; Chowdhury et al, 2011; Chen et al., 2013). Estrogen
photo-transformation rates are also affected by pH and are typically greatest at a pH of 7 (Leech
et al., 2009; Chowdhury et al., 2010; Chowdhury et al., 2011). The photo-transformation rate of
E2β in alkaline conditions is slower than that in acidic conditions, while the rates of E1 and E3 in
acidic conditions are slower than those in alkaline conditions (Chowdhury et al., 2010;
Chowdhury et al., 2011; Chen et al., 2013). Light intensity is another factor impacting both
photo-transformation rate and efficiency (Leech et al., 2009). Chowdhury et al., 2010 and
Chowdhury et al., 2011 observed that the photo-transformation rate is proportional to light
intensity for E1 and proportional to the square root of light intensity for E2β. The turbidity of
water, which affects the light penetration, can also affect the photo-transformation rate of
estrogens (Chowdhury et al., 2011). Maximum estrogen photo-transformation is greatest under
full sunlight with UV-B (290-320 nm) typically occurs at the water surface and decreases with
depth (Leech et al., 2009). Indirect photo-transformation via ROS generated by UV-A (320–400
nm) and visible light (400–720 nm) predominates in deep water (Leech et al., 2009). Puma et al.,
2010 observed more rapid degradation of E1, E2β, EE2, and E3 via UVC (100–280 nm)
wavelengths than UVA (315–400 nm) wavelengths.
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2.2.4 Vegetation Uptake

Figure 2.3 Vegetation uptake of estrogens.
Estrogens released into soils and streams can be assimilated by vegetation. Currently, there are
few studies focusing on vegetation uptake of estrogens. Sabourin et al., 2012 performed an
assessment in Canada on the vegetative uptake of estrogens and did not find detectable estrogen
concentrations in sweet corn, carrots, tomatoes or potatoes. However, the accumulated estrogens
may still be present at concentrations that are below the detection limit. Card et al., 2012
observed that E1 and E2β can be effectively transported to root tissues of maize seedlings from
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autoclaved hydroponic solutions originally containing 2µM E1 or E2β. They detected both E1
and E2β in root tissues, but E2β was only detected in shoot tissues, indicating that the plant
enzymes can promote estrogen transformation. They also reported half-lives for E1 and E2β of
1.44 days and 1.26 days via maize seedlings uptake, respectively. Bircher et al., 2015 found that
poplars can rapidly absorb E2β and EE2 from aqueous solutions and transform them into E1 and
E3. Imai et al., 2007 reported that in Japan, portulaca oleracea can effectively remove E2β and
other phenolic estrogenic compounds from water. They indicated that the removal ability of
portulaca was unaffected by E2β concentrations below 250 µM, sunlight, temperatures ranging
from 15°C to 30°C, or pH ranging from 4 to 7 (Imai et al., 2007). In summary, estrogens are
first absorbed by the roots through passive and active transport processes and travel upward to
the shoots and other parts of the plant, as depicted in Figure 2.3 (Collins et al., 2006; Adeel et al.,
2017). Some of the organic compounds assimilated by vegetation can be further degraded by
plant metabolisms, but others are photo-transformed on the surface of leaves (Collins et al.,
2006).

2.2 Transport of Estrogens from Land to Surface Water

Widespread manure and biosolids land application processes allow the estrogens present in
manure to contaminant soils (Lorenzen et al., 2004; Khanal et al., 2006; Shargil et al., 2015).
About 50% of estrogens are sorbed in the top 10 cm of soils and can persist for at least 4 months
following land application (Sangsupan et al., 2006; Langdon et al., 2014). Following land
application, estrogens can then be transported into nearby water bodies during hydrological
events and through advection (Manshell et al., 2011; Chambers et al., 2014). Surface runoff
during rainfalls is a major mechanism in the transport of estrogens from land to water. The
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highest estrogen concentrations are usually detected during the first storm event following an
animal manure land application (Shore, 2009; Gall et al., 2011). Subsurface tile drains installed
in agricultural land where manure is applied receive particularly high loads of estrogens during
storm events (Kjær et al., 2007; Gall et al., 2014). In addition to surface runoff, irrigation can
promote the transport of estrogens from soils to water (Durán–Álvarez et al., 2014). Preferential
flow and pronounced macropore flow are also important mechanisms in the transport of
estrogens from soils to aquatic environments (Sangsupan et al., 2006; Kjær et al., 2007).
Additionally, feedlot runoff can also directly deliver estrogens in farm animal wastes into
streams and rivers (Soto et al., 2004; Mansell et al., 2011). Estrogens can also filter through soils
and enter groundwater (Khanal et al., 2006). D'Alessio et al., 2014 observed rapid transport of
estrogens in soils with large particles, limited fines contents, and low total organic carbon (TOC)
contents. The transport rate of estrogens is also affected by vegetation cover and tillage (Jenkins
et al., 2008; Dutta et al., 2010). However, the effects of these factors on the transport behaviors
of estrogens are unclear.

2.3 Modeling Estrogen Attenuation

Models can be used to describe and predict the attenuation of estrogens in the environment.
Casey et al., 2005, Goeppert et al., 2014, and Bai et al., 2015 have found that the attenuation of
estrogens resulting from individual processes can be described as a pseudo-first-order kinetic
model as below:

𝑑𝐶
𝑑𝑡

= 𝑘𝐶

(2.2)

and
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𝑘 = 𝑘𝑠𝑜𝑟𝑝 + 𝑘𝑏𝑖𝑜 + 𝑘𝑢𝑝𝑡 + 𝑘𝑑𝑖𝑟𝑒𝑐𝑡 + 𝑘𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡

(2.3)

where C0 is the initial concentration (ng/L), k is the lumped first-order sorption rate, ksorp, kbio,
kupt, kdirect, kindirect are the first-order decay rates via sorption, biotransformation, plant uptake,
direct photo-transformation, and indirect photo-transformation, respectively (day-1), C is estrogen
concentrations (ng/L), and t is time (day).

Although the pseudo-first-order kinetics model can closely simulate the attenuation process of
estrogens at low concentrations, it is not accurate to describe the complex attenuation of
estrogens that includes the interconversion processes between estrogenic compounds. Colucci &
Topp, 2002 and Steiner et al., 2010 further modified the pseudo-first-order kinetic model by
assuming that E1 is a major intermediate of E2β degradation and that the conversion of E2β to
E1 is irreversible. Therefore, the concentration of E1 at a certain time is determined by both the
E2β βtransformation rate and the E1 attenuation rate, as shown in Equation 2.4:

𝑑𝐶𝐸1
𝑑𝑡

= −𝑘𝐸1 𝐶𝐸1 + 𝑘𝐸2 𝐶𝐸2

(2.4)

where kE1 is the first-order attenuation rate of E1 (day-1), kE2 is the first-order attenuation
(conversion) rate of E2β (day-1), and CE1 and CE2 are concentrations of E1 and E2β, respectively.
Although this model includes the conversion of E2β to E1 during the attenuation process, it has
several limitations. First, this model assumes that all of the E2β degrades into E1 before further
degradation. Second, it assumes that the conversion of E2β to E1 is irreversible and does not
consider the conversion process of E1 to E2β. Third, this model does not include E2α. To
address these issues, Zheng et al. 2012 further developed the attenuation model of estrogens to
describe the reversible conversion process among E2α, E2β, and E1 as follows:
23

𝑑𝐶𝐸2𝛼
𝑑𝑡

𝑑𝐶𝐸2𝛽
𝑑𝑡

𝑑𝐶𝐸1
𝑑𝑡

= −𝑘𝐸2𝛼,𝐸1 𝐶𝐸2𝛼 + 𝑘𝐸1,𝐸2𝛼 𝐶𝐸1

(2.5)

= −𝑘𝐸2𝛽,𝐸1 𝐶𝐸2𝛽 + 𝑘𝐸1,𝐸2𝛽 𝐶𝐸1

(2.6)

= 𝑘𝐸2𝛼,𝐸1 𝐶𝐸2𝛼 + 𝑘𝐸2𝛽,𝐸1 𝐶𝐸2𝛽 − 𝑘𝐸1,𝐸2𝛼 𝐶𝐸1 − 𝑘𝐸1,𝐸2𝛽 𝐶𝐸1

(2.7)

where CE2α, CE2β, and CE1 are the initial concentration or mass of E2α, E2β (µg), respectively,
kE2α,E1 is the transformation rate of E2α to E1(day-1), kE2β,E1 is the transformation rate of E2β to
E1 (day-1), kE1,E2α is the transformation rate of E1 to E2α (day-1), kE1,E2β is the transformation rate
of E1 to E2β (day-1), and t is time (days). Compared to Colucci & Topp’s model, Zheng’s model
includes more estrogen categories and describes more complex attenuation processes. However,
it also has limitations. As shown in Figure 2.2, the estrogen transformation and interconversion
processes are more complex than those described by Zheng’s model. Zheng’s model fails to
include the degradation processes other than the interconversion between E1, E2α, and E2β.
Therefore, the model results in a constant total mass of E1, E2α, and E2β, but the measured data
shows a decrease in the total mass of the three estrogens due to attenuation and conversion into
other compounds (Zheng et al. 2012). Despite these limitations, Zheng’s model provides the
methodology for further model development by including the interconversion processes for a
greater number of estrogens than previously described. However, a further mathematical model
is still needed to address the complex transformation of estrogens.
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2.4 Modeling Estrogen Transport from Land to Surface Water

Estrogen transport in the environment can also be described via modeling. Jones et al., 2014a
derived a one-dimensional diffusion model to estimate the mass of the metabolite trenbolone
acetate (TBA) leaching from manure due to irrigation:

4𝐷

𝐿(𝑡) = (𝜋𝑓 )1/2 𝜑𝐶𝑤 𝑡1/2

(2.8)

where L(t) is the area-normalized mass leached (ng/cm2), Cw is the aqueous equilibrium
concentration (ng/cm3) in manure, D is the steroid diffusivity (cm2/s), f is the dissolved fraction
of TBA metabolites (unitless), φ is the porosity (unitless), and t is the exposure contact time (s).
Jones et al., 2014b then further modified this model to estimate the TBA concentration in
irrigation runoff:

4𝐷 1/2

𝐶𝑟 = 𝐴𝑀𝑆𝑉 −1 (𝜋𝑓 )

𝜑𝐶𝑚 (

1
𝜑
+𝐾𝐷
1−𝜑

)𝑡1/2

(2.9)

where Cr is irrigation runoff concentration of TBA (ng/L), A is the interfacial manure/water
surface area (cm2/kg- DW), M is the manure mass excreted onto the land surface (kg-DW/AU), S
is the stocking density (AU/ha), V is the applied irrigation volume (L/ha), Cm is the total mass of
17α-TBOH in manure (ng/g-DW), t is the total manure/water contact time (s), and KD is the
manure/water equilibrium partitioning coefficient (cm3/g). Although these two models were
developed for TBAs, they can be adapted for estrogens since TBAs and estrogens are chemically
similar. However, those models are complicated and involve multiple parameters. Thus those
modeling can be hardly applied to large-scale watersheds.
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Lee et al., 2015 developed a model to describe a more complex transport mechanism. This model
assumes that the estrogens are classified into adsorbed and dissolved estrogens. The adsorbed
and dissolved estrogen masses can be calculated by the Freundlich sorption isotherm, as shown
in Equation 2.1 (Bai et al., 2015). The dissolved estrogens are transported through surface runoff,
percolate through, and become available in soil water. The dissolved estrogens mass can be
calculated using the equation below (Lee et al., 2015):

𝑄

𝑀𝑤 = (𝑃 )𝐶𝑒

(2.10)

where Mw is the dissolved estrogen mass transported from land to water, P is the rainfall depth
(mm), and Q is the discharge in units of mm. The adsorbed estrogens are transported via soil
transport and can be calculated using the equation below (Lee et al., 2015):

𝑀𝑠 =

11.8
𝐴

(𝑉𝑡 𝑞𝑡 )0.56 𝐾𝐿𝑠 𝐶𝑆𝑝 𝑆𝑒 𝜌/100

(2.11)

Where Ms is the adsorbed estrogen mass transported from land to water, K, LS, C, and Sp are the
standard soil erodibility, topographic, cover, and supporting practice factors, respectively, A is
the field area (ha), Vt is the runoff volume (m2), qt is the peak runoff (m2/s), and ρ is the soil bulk
density (g/cm). This considers the sorption of estrogens and assumes that the adsorption is
occurring at a steady state. However, those models are also complicated and involve multiple
parameters. Thus those modeling can be hardly applied to large-scale watersheds.

Compared to those complicated models, an empirical relationship developed by Gall et al., 2015
is simple. The model is expressed as:
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𝑀 = 𝑎𝑄 𝑏

(2.12)

where M is the estrogens mass transported by surface runoff (µg), Q is the discharge (L/min),
and a and b are unitless constants. Gall et al., 2015 reported values of a ranging from 0.562 to
0.955, and values of b ranging from 0.92 to 0.98 for E1.

The empirical model simplifies the transport of estrogens from land to water by discharge and
does not consider the realistic and complex transport mechanisms of estrogens. Compared to
other models, this model involves fewer parameters and can be easily adapted to large-scale
modeling for estrogens, and are thus more applicable to large-scale modeling. However, this
model does not consider the impact of the total estrogen mass on land. The estrogen mass storage
on land during storm events can greatly impact the mass transported by the surface runoff and
the large mass transported by surface runoff is observed during the first storm event just after the
manure land application (Gall et al., 2014). Additionally, a widely used wash-off model has not
been adapted to estrogens. Thus, further studies are needed to explore simple transport models
for estrogens.
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Chapter 3

Attenuation and Transformation of Estrogen

3.1 Development of the Comprehensive Transformation Model

The attenuation and transformation process of estrogens is complex. E1 is a prevalent
biodegradation intermediate of E2β and E2α during attenuation and degradation, and E1 is then
further degraded into other polar compounds by microorganisms, such as E3 and EE2 (Fan et al.,
2007; D'Alessio et al., 2014; Robinson et al., 2017). Reversible conversions between E2α and
E1, and between E2β and E1 are also observed (Zheng et al. 2012). Additionally, E2β is
identified as a degradation product of E2α, whereas E2α is not identified as a major degradation
metabolite of E2β by bacteria (Lee & Liu, 2002; Robinson et al., 2017). Thus, the degradation
and transformation of E1, E2α, and E2β can be described through four processes: first-order
reversible conversion between E1 and E2α, as well as between E1 and E2β; the irreversible
transformation of E2α into E2β; and irreversible degradation of E1 into other compounds. The
complex interconversion and degradation processes depicted by this model is illustrated in
Figure 3.1.
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Figure 3.1 The kinetics and mechanism of the attenuation and degradation of estrogens.
The transformation and degradation of E1, E2α, and E2β can be described by the three first-order
equations as below:

𝑑𝐶𝐴
𝑑𝑡

𝑑𝐶𝐵
𝑑𝑡

𝑑𝐶𝑐
𝑑𝑡

= −(𝑘1 + 𝑘3 )𝐶𝐴 + 𝑘−1 𝐶𝐵

(3.1)

= 𝑘1 𝐶𝐴 − (𝑘−1 + 𝑘−2 + 𝑘4 )𝐶𝐵 + 𝑘2 𝐶𝑐

(3.2)

= 𝑘3 𝐶𝐴 + 𝑘−2 𝐶𝐵 − 𝑘2 𝐶𝑐

(3.3)
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where CA, CB, and CC are the concentrations of E2α, E1, and E2β, respectively, t is time, k1 is the
transformation rate constant of E2α to E1, k-1 is the transformation rate constant of E1 to E2α, k2
is the transformation rate constant of E2β to E1, k-2 is the transformation rate constant of E1 to
E2β, k3 is the transformation rate constant of E2α to E2β, and k4 is the transformation rate of E1
to other compounds.

This model assumes that the transformation and degradation of the estrogens occur in stable
environments and conditions, such as oxygen supply, temperature, and biomass. Additionally,
this model assumes that the transformation rate of estrogens is only affected by the estrogen
concentrations and the rate constants. This model also assumes that the rate constants are
independent of estrogen concentrations. Equations 3.1 to 3.3 can be solved by a mathematical
approach such as the Laplace Transform. In this study, a matrix method was employed to solve
this system of ordinary differential equations (ODEs) (Holt, 2012).

Eqs. 3.1 to 3.3 can be rewritten as a matrix format:

𝑑𝐶𝐴
𝑑𝑡
𝑑𝐶𝐵
𝑑𝑡
𝑑𝐶𝑐

−𝑘1 − 𝑘3
= ( 𝑘1
𝑘3

𝑘−1
−(𝑘−1 + 𝑘−2 + 𝑘4 )
𝑘−2

0
𝐶𝐴
𝐶𝐴
𝑘2 ) × (𝐶𝐵 ) = 𝑀1 × (𝐶𝐵 )
𝐶𝐴
𝐶𝐴
−𝑘2

(3.4)

( 𝑑𝑡 )

The eigenvalues of the matrix M1 can be calculated using the equation below:

𝑘1 + 𝑘3 − 𝜆
−𝑘1
|
−𝑘3

−𝑘−1
(𝑘−1 + 𝑘−2 + 𝑘4 ) − 𝜆
−𝑘−2

0
−𝑘2 | = 0
𝑘2 − 𝜆
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(3.5)

The characteristics polynomial of the matrix M1 was calculated as below:

𝜆3 − (𝑘1 + 𝑘−1 + 𝑘−2 + 𝑘2 + 𝑘3 + 𝑘4 )𝜆2 + (𝑘1 𝑘2 + 𝑘1 𝑘−2 + 𝑘1 𝑘4 + 𝑘2 𝑘3 + 𝑘3 𝑘−1 + 𝑘3 𝑘−2 +
𝑘3 𝑘4 + 𝑘−1 𝑘2 +𝑘4 𝑘2 )𝜆 − (𝑘1 𝑘4 𝑘2 + 𝑘4 𝑘2 𝑘3 ) = 0

(3.6)

The roots of Equation 3.6 are the eigenvalues of the matrix M1:

𝛼

𝑎

𝑎𝑟𝑐𝑐𝑜𝑠 1.5
𝛽

3

3

𝜆1 = − + 2√𝛽cos[

]

(3.7)

𝛼

𝑎𝑟𝑐𝑐𝑜𝑠 1.5 +2𝜋
𝛽

𝑎

𝜆2 = − 3 + 2√𝛽cos[

3

]

(3.8)

]

(3.9)

𝛼

𝑎𝑟𝑐𝑐𝑜𝑠 1.5 −2𝜋
𝛽

𝑎

𝜆3 = − 3 + 2√𝛽cos[

3

Where,

𝑎 = −(𝑘1 + 𝑘−1 + 𝑘2 + 𝑘−2 + 𝑘3 + 𝑘4 )

(3.10)

𝑏 = 𝑘1 𝑘2 + 𝑘1 𝑘−2 + 𝑘1 𝑘4 + 𝑘2 𝑘3 + 𝑘3 𝑘−1 + 𝑘3 𝑘−2 + 𝑘3 𝑘4 + 𝑘−1 𝑘2 +𝑘4 𝑘2

(3.11)

𝑐 = −(𝑘1 𝑘4 𝑘2 + 𝑘4 𝑘2 𝑘3 )

(3.12)

𝛼=−

𝛽=

𝑎2
9

(𝑎3 )
27

𝑐

−2+

𝑎𝑏

(3.13)

6

𝑏

−3

(3.14)
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M1 can be converted into the following equations:

(𝑘1 + 𝑘3 − 𝜆)𝑥 − 𝑘−1 𝑦 = 0

(3.15)

−𝑘1 𝑥 + (𝑘−1 + 𝑘−2 + 𝑘4 − 𝜆)𝑦 − 𝑘2 𝑧 = 0

(3.16)

𝑘3 𝑥 − 𝑘−2 𝑦 + (𝑘2 − 𝜆)𝑧 = 0

(3.17)

According to Equations 3.15 to 3.17, the relations of x, y, and z can be described by the
following equations:

𝑦𝑖 =

𝑧𝑖 =

𝑘1 +𝑘3 −𝜆𝑖
𝑘−1

× 𝑥𝑖

(3.18)

𝑘−2 (𝑘1 −𝜆1 )+𝑘−1 𝑘3 +𝑘−2 𝑘3
𝑘−1 (𝑘2 −𝜆1 )

× 𝑥𝑖

(3.19)

where, i = 1,2, and 3.

The initial concentrations of E2α, E1 and E2β are imposed as CA0, CB0, and CC0 at t = 0, x, y and
z can be solved by the matrix below:

1

1

1

(𝑘1 +𝑘3 −𝜆1 )

(𝑘1 +𝑘3 −𝜆2 )

(𝑘1 +𝑘3 −𝜆3 )

𝑘−1
𝑘−2 (𝑘1 −𝜆1 )

𝑘−1
𝑘−2 (𝑘1 −𝜆2 )

𝑘−1
|
𝑘−2 (𝑘1 −𝜆3 )

( 𝑘−1 (𝑘2 −𝜆1 )

𝑘−1 (𝑘2 −𝜆2 )

𝑘−1 (𝑘2 −𝜆3 )

𝐶𝐴0
𝐶𝐵0
𝐶𝐶0

(3.20)
)

By row reduction, the solutions of x1, x2, and x3 were calculated to be:
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𝑥1 = (𝑘

𝐶𝐶0 𝑘−1 (𝑘2 −𝜆1 )(𝑘2 −𝜆2 )(𝑘2 −𝜆3 )
𝐶𝐵0 𝑘−1 (𝜆1 −𝑘2 )
+
(𝜆3 −𝜆1 )(𝜆1 −𝜆2 )
2 𝑘−2 −𝑘1 𝑘−2 −𝑘−1 𝑘3 −𝑘−2 𝑘3 )(𝜆3 −𝜆1 )(𝜆1 −𝜆2 )

+ 𝐶𝐴0 [1 −

(𝑘1 +𝑘3 −𝜆1 )(𝜆1 −𝑘2 )
(𝜆1 −𝜆2 )(𝜆3 −𝜆1 )

(𝑘2 −𝜆2 )(𝑘2 −𝜆3 )(𝑘1 𝑘−2 −𝑘−2 𝜆1 +𝑘−1 𝑘3 +𝑘−2 𝑘3 )
(𝜆1 −𝜆2 )(𝜆3 −𝜆1 )(𝑘2 𝑘−2 −𝑘1 𝑘−2 −𝑘−1 𝑘3 −𝑘−2 𝑘3 )

𝑥2 = (𝑘

]

(3.21)

𝐶𝐶0 𝑘−1 (𝑘2 −𝜆1 )(𝑘2 −𝜆2 )(𝑘2 −𝜆3 )
2 𝑘−2 −𝑘1 𝑘−2 −𝑘−1 𝑘3 −𝑘−2 𝑘3 )(𝜆1 −𝜆2 )(𝜆2 −𝜆3 )

𝐶

(𝜆 −𝑘 )

𝑘

𝐶𝐴0 (𝑘2 −𝜆2 )
[(𝑘1
1 −𝜆2 )(𝜆2 −𝜆3 )

+ (𝜆𝐵0−𝜆−1)(𝜆2 −𝜆2 ) + (𝜆
2

3

1

2

+ 𝑘3 − 𝜆1 ) −

(𝑘1 𝑘−2 −𝑘−2 𝜆1 +𝑘−1 𝑘3 +𝑘−2 𝑘3 )(𝑘2 −𝜆3 )
(𝑘2 𝑘−2 −𝑘1 𝑘−2 −𝑘−1 𝑘3 −𝑘−2 𝑘3 )

𝑥3 = (𝑘

−

]

(3.22)

𝐶𝐶0 𝑘−1 (𝑘2 −𝜆1 )(𝑘2 −𝜆2 )(𝑘2 −𝜆3 )
2 𝑘−2 −𝑘1 𝑘−2 −𝑘−1 𝑘3 −𝑘−2 𝑘3 )(𝜆3 −𝜆1 )(𝜆2 −𝜆3 )

𝐶

(𝑘 −𝜆 )

𝑘

𝐶𝐴0 (𝑘2 −𝜆3 )
[(𝑘1
3 −𝜆1 )(𝜆2 −𝜆3 )

− (𝜆𝐵0−𝜆−1)(𝜆2 −𝜆3 ) + (𝜆
3

1

2

3

+ 𝑘3 − 𝜆1 ) −

(𝑘 𝑘−2 −𝑘−2 𝜆1 +𝑘−1 𝑘3 +𝑘−2 𝑘3 )
]
2 𝑘−2 −𝑘1 𝑘−2 −𝑘−1 𝑘3 −𝑘−2 𝑘3 )

(𝑘2 − 𝜆2 ) (𝑘1

(3.23)

Finally, the mass of E2α, E1, and E2β can be expressed as follows:

𝐶𝐴 = 𝑥1 𝑒𝑥𝑝(−𝜆1 𝑡) + 𝑥2 𝑒𝑥𝑝(−𝜆2 𝑡) + 𝑥3 𝑒𝑥𝑝(−𝜆3 𝑡)

𝐶𝐵 =

𝐶𝑐 =

𝑘1 +𝑘3 −𝜆1
𝑘−1

𝑥1 𝑒𝑥𝑝(−𝜆1 𝑡) +

𝑘−2 (𝑘1 −𝜆1 )+𝑘−1 𝑘3 +𝑘−2 𝑘3
𝑘−1 (𝑘2 −𝜆1 )

𝑘−2 (𝑘1 −𝜆2 )+𝑘−1 𝑘3 +𝑘−2 𝑘3
𝑘−1 (𝑘2 −𝜆2 )

𝑘1 +𝑘3 −𝜆2
𝑘−1

𝑥2 𝑒𝑥𝑝(−𝜆2 𝑡) +

𝑥1 𝑒𝑥𝑝(−𝜆1 𝑡) +

(3.24)

𝑘1 +𝑘3 −𝜆3
𝑘−1

𝑥3 𝑒𝑥𝑝(−𝜆3 𝑡)

𝑘−2 (𝑘1 −𝜆2 )+𝑘−1 𝑘3 +𝑘−2 𝑘3
𝑘−1 (𝑘2 −𝜆2 )

(3.25)

𝑥2 𝑒𝑥𝑝(−𝜆2 𝑡) +

𝑥3 𝑒𝑥𝑝(−𝜆3 𝑡)

(3.26)

3.2 Model Validation and Determination of Parameter Values

In order to validate the general application of this model, the model was applied to data
measured under various experimental conditions, which are summarized in Table 3.1. Those
additional datasets include estrogen levels measured both in anaerobic and aerobic conditions as
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well as in aqueous solutions and solids with various initial estrogen concentrations. The
simultaneous transformation and degradation processes among various estrogens make it
difficult to directly measure the values of rate constants in the Equations 3.24 to 3.26. Instead,
those rate values can be estimated by optimizing the fit of the predicted values to the measured
data. The measured estrogen concentrations reported by previous studies were fitted to the model
in order to derive the values of the attenuation and conversion rates used in the model.
Table 3.1 The data used to verify the general application of the model.

ID
Z-1

Initial
E2α
conc.
5×106
ng/L

Initial
E2β
conc.

Initial
E1
conc.

Oxygen
condition

Tem.
(°C)

0

0

Anaerobic

35

Medium
Aqueous solutions mixed
with dairy lagoon water
Aqueous solutions mixed
with dairy lagoon water
Aqueous solutions mixed
with dairy lagoon water
Aqueous solutions mixed
with dairy lagoon water
Aqueous solutions mixed
with dairy lagoon water
Aqueous solutions mixed
with dairy lagoon water

Reference
Zheng et al. 2012

Z-2

0

5×106
ng/L

0

Anaerobic

35

Z-3

0

0

5×106
ng/L

Anaerobic

35

Z-4

5×103
ng/L

0

0

Anaerobic

35

Z-5

0

5×103
ng/L

0

Anaerobic

35

Z-6

0

0

5×103
ng/L

Anaerobic

35

M-1

5×104
ng/L

0

0

Aerobic

21 ± 2

Coloma soil

Mashtare et al., 2013

Zheng et al. 2012
Zheng et al. 2012
Zheng et al. 2012
Zheng et al. 2012
Zheng et al. 2012

4

M-2

0

5×10
ng/L

0

Aerobic

21 ± 2

Coloma soil

Mashtare et al., 2013

M-3

5×104
ng/L

0

0

Aerobic

21 ± 2

Drummer soil

Mashtare et al., 2013

M-4

0

5×104
ng/L

0

Aerobic

21 ± 2

Drummer soil

Mashtare et al., 2013

0

0

Aerobic

20 ± 2

0

0

Anaerobic

20 ± 2

0

0

Aerobic

20 ± 2

0

0

Anaerobic

20 ± 2

1.1 ng/g

24 ng/g

Aerobic

6-60

R-1
R-2
R-3
R-4
B-1

106
ng/L
106
ng/L
106
ng/L
106
ng/L
0

34

Taunton River water loam
Taunton River water loam
Weweantic River water sand
Weweantic River water sand
Cattle manure

Robinson et al., 2017
Robinson et al., 2017
Robinson et al., 2017
Robinson et al., 2017
Bartelt-Hunt et al.,
2012

Table 3.2 The values of degradation/transformation rates derived from the measured data

ID

Transformation/Degradation rate (day-1)
k1
0.41 ±
0.0030
0.041 ±
0.0014
0.074 ±
0.0024
0.18 ±
0.00050
0.050 ±
0.0060
0.026 ±
0.0040

k-1
0.44 ±
0.00050
0.012 ±
0.00025
0.013 ±
0.00015
0.12 ±
0.00050
0.028 ±
0.00030
0.015 ±
0.0011

k2
0.075 ±
0.00050
1.3 ±
0.0050
1.12 ±
0.0050
3.0 ±
0.0050
2.2 ±
0.0050
0.52 ±
0.013

M-1

2.5 ± 0.050

2.1 ± 0.20

5.3 ± 0.31

6.7 ± 0.25

M-2

2.7 ± 0.24

1.09 ±
0.049

2.52 ±
0.057

1.30 ± 0.22

M-3

3.50 ±
0.090

2.9 ± 0.28

5.9 ± 0.55

7.9 ± 1.85

M-4

2.6 ± 0.050

3.1 ± 0.16

3.4 ± 0.015

1.6 ± 0.065

0.087 ±
0.005
0.059 ±
0.013
0.0089 ±
0.00035
0.0075 ±
0.00042
0.078 ±
0.0010

0.055 ±
0.017
0.13 ±
0.010
0.00047 ±
0.00040
9.6E-07 ±
5.0E-08
0.0021 ±
0.0011

0.12 ±
0.0060
0.11 ±
0.0098
0.010 ±
0.00015
0.0080 ±
1.0E-04
0.0036 ±
0.0040

0.032 ±
0.012
0.024 ±
0.015
0.0037 ±
0.0014
4.01E-08 ±
0.00
0.0052 ±
5.0E-0.5

Z-1
Z-2
Z-3
Z-4
Z-5
Z-6

R-1
R-2
R-3
R-4
B-1

k-2
0.045 ±
0.0014
0.37 ±
0.0010
0.24 ±
0.0055
1.8 ± 0.025
0.92 ±
0.015
0.23 ±
0.012

r2

k3
0.011 ±
0.00010
0.026 ±
0.0015
0.015 ±
0.0036
0.018 ±
0.00085
0.050 ±
0.0013
0.048 ±
0.0052
0.011 ±
0.00065
0.071 ±
0.0075

k4
0.0086 ±
0.00022
0.013 ±
0.00010
0.0060 ±
0.00015
0.018 ±
0.0018
0.019 ±
0.00030
0.013 ±
0.00055
0.22±
0.0050
0.18 ±
0.00025

0.70 ± 0.10

1.1 ± 0.443

0.98

0.10 ±
0.0030
0.0042 ±
0.00080
0.0046 ±
0.00060
0.0024 ±
0.000065
0.0026 ±
0.00012
0.0014 ±
0.00035

0.98 ±
0.00025

0.96

1.7 ± 0.245

0.94

0.24 ±
0.036
0.046 ±
0.013
0.020 ±
0.00050
0.049 ±
0.0045

0.92
0.94
0.99
0.95
0.93
0.96
0.98
0.97

0.96
0.99
0.96
0.84

The transformation and degradation rate constants estimated by each dataset are summarized in
Table 3.2. The r2-values for most of the datasets are high, while the r2-value for data measured in
cattle manure is lower than others. As only one dataset measured in cattle manure was used, and
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the low r2-value for data in solid formats may be random. Despite the relatively low r2-value for
the dataset B-1, the model fits the data well for estrogen transformation under both anaerobic and
aerobic conditions as well as in aqueous solutions and solids. The rate constants vary greatly
under these different experimental conditions, showing that the transformation and degradation
rates change with the environment. This proves that the CTM developed in this study can be
applied to estrogen transformation and interconversion in various environments and conditions.
Based on the assumption of the model, the datasets Z-1 to Z-6 are expected to derive the same
rate constant as they were measured at identical experimental conditions, and datasets Z-2, Z-3,
Z-5, and Z-6 induced comparable rate constants.

However, datasets Z-1 and Z-4, which use E2α as the source of estrogen, induce rate constants
which are distinct from those of other datasets. This result may be explained by the fact that E2α
has additional degradation and transformation pathways that are not investigated in this model.
These additional degradation pathways have little impact on the model results when E2α is at
relatively low concentrations compared to E1 and E2β. Conversely, these additional pathways
are significant when E2α has a relatively larger concentration. The values of k1 and k2 are larger
than other rate constants, which is consistent with the observed rapid transformation of E2α and
E2β into E1. The relatively smaller values of k-1 and k-2 than those of k1 and k2 show that the
transformation of E1 into E2α and E2β is not as significant as their corresponding reverse
processes. This agrees with the fact that the biodegradation process of E2α and E2β can be
estimated using the simple pseudo-first-order kinetics when E1 is at low concentrations. Small
values of k3 imply that the transformation of E2α to E2β is not as significant as that of E2α to E1.
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The modeling results with the derived rate constants for each set of data by Zheng et al., 2012 are
shown in Figure 3.2. The solid line represents the simulation results by the comprehensive
transformation model developed in this study, and the dashed line represents the simulation
results by the reversible transformation model adapted by Zheng et al., 2012. The difference
between the simulating results of these two models is not significant at the initial stage.
However, the reversible transformation model tends to overestimate the estrogen concentrations
at later stages. The difference between the two models is apparent for the total estrogens. The
reversible transformation model results in a constant total mass of E1, E2α, and E2β over time,
while the comprehensive transformation model produces more accurate simulation results for the
decreasing total mass by inducing the further degradation of E1 into other compounds. Overall,
the comprehensive transformation model generates more precise prediction results for
biodegradation of estrogens under anaerobic conditions.
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Figure 3.2 The simulation results from the comprehensive transformation model (solid line) and
the reversible transformation model by Zheng et al., 2012 (dashed line). Symbols represent
measured data by Zheng et al., 2012 with IDs of Z-1 to Z-6: ○- E1+E2α+E2β, ◊---E2β, □--E2α, Δ---E1.
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However, the optimization of the model-fitting method can induce the overfitting problem. In
order to avoid the overfitting issue, a leave-one-out cross-validation (LOOCV) was employed to
evaluate the prediction ability of the comprehensive transformation model (Friedman et al.,
2001; James et al., 2013). In the LOOCV, one of the datasets reported by Zheng et al., 2012 was
used as the validating data, while the others were considered as calibrating data. The calibrating
data was used to fit the model in order to get the largest modeling fitting accuracy, and the
validating data was used to evaluate the performance of the model with the derived model
parameters. The average rate constants obtained for 5 calibrating datasets were then applied to
the validating dataset to estimate the prediction accuracy. The prediction ability for each
validating dataset was evaluated using the normalized mean square error (NMSE):

𝑁𝑀𝑆𝐸 =

𝑛 ∑𝑛
𝑖=1(𝑦𝑖 −𝑥𝑖 )

(3.27)

𝑛
∑𝑛
𝑖=1 𝑥𝑖 ×∑𝑖=1 𝑦𝑖

where xi is the measured value, yi is the simulated value, and n is the number of the data points in
the validating data set.

The process was repeated 6 times until each dataset was used as the validating data. The
configuration of the LOOCV is illustrated in Figure 3.3. The prediction ability of the
comprehensive transformation model can be estimated by the average value of the NMSE for
each validating dataset.
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Figure 3.3 The LOO cross-validation used in the study.
The results for the LOOCV for data by Zheng et al., 2012 are summarized in Table 3.3. The
overall averaged values of NMSE and r2 of all the datasets are 0.201 and 0.776, respectively.
These values show that the prediction performance of the comprehensive transformation model
is acceptable. However, lower r2-values of LOOCV than those in Table 3.2 imply that rate
constants derived from each dataset varied, rather than staying constant as was expected by the
model assumption. The variation of the rate constants at constant experiment conditions and
environments may be caused by the uncertainty of the data measurement. Additionally,
transformation and degradation rates may be impacted by the estrogen concentrations in the
natural environment; these rates are not constants. However, the clear relationship between the
transformation rates and the estrogen concentrations cannot be quantified by known
mathematical models. Additionally, E2α and E2β have additional transformation and degradation
processes which are not described in this comprehensive transformation model (Lee & Liu,
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2002; Robinson et al., 2017). For example, E2α can be transformed into E3 in both aerobic and
anaerobic conditions, and E2β can be transformed into E3, 16α-hydroxyestone, 2methoxyestrone, and 2-methoxyestradiol under aerobic conditions (Lee & Liu, 2002; Robinson
et al., 2017). Even though the transformation of E2α and E2β into E1 are dominant, these
additional transformations can nonetheless induce uncertainties. These additional transformation
and degradation processes can be estimated by adding more first-order processes into the model.
The analytical solution of the model with more degradation and transformation processes can be
derived using the method set up in Section 3.1. The complexity of the solution can be greatly
increased by adding new parameters. However, the complex system of OED equations can be
easily and quickly calculated by numerical computing programs such as Matlab® and Python.
Table 3.3 The leave-one-out cross-validation prediction accuracy for each validating dataset.
Calibrating data
Validating data
1, 2, 3, 4, 5
6
1, 2, 3, 4, 6
5
1, 2, 3, 5, 6
4
1, 2, 4, 5, 6
3
1, 3, 4, 5, 6
2
2, 3, 4, 5, 6
1
Average

NMSE
0.234
0.123
0.077
0.410
0.235
0.129
0.201

r2
0.712
0.729
0.903
0.691
0.786
0.837
0.776

3.3 Importance of the Model Parameters

This comprehensive transformation model involves multiple attenuation and conversion rates,
which cause difficulties in the application to real cases. Thus, analysis of the importance or
significance of those attenuation and conversion rates can indicate the weight of those rate
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constants. Correlations, which represent the statistical relationship and association between two
random variables, were calculated. The importance or the significance of the parameters to the
model results were analyzed using the random forests model. The random forests model is a
substantial modification of bagging, which is a technique for reducing the variance of an
estimated prediction function. This statistical analytical technique builds a large collection of decorrelated trees and then averages them. Random forests model also use the out-of-bag (OOB)
samples to measure the prediction strength of each variable in a model. When a tree is grown, the
OOB samples are passed down the tree, and the prediction accuracy is recorded. Then the values
for each variable are randomly permuted in the OOB samples, and the accuracy is again
computed. In this way, the random forests model can estimate and rank the percentage of the
variable importance in model prediction (Friedman et al., 2001; James et al., 2013).

The correlations between the model parameters were analyzed, and the correlation between
parameters are shown as a matrix in Figure 3.4. In Figure 3.4, large dark blue circles represent
large positive correlations, large red circles represent large negative correlations, and small
circles in light colors represent small correlations. For all three estrogens, large positive
correlations are observed between k1 and k-1, and between k2 and k-2, which are paired reversible
rate constants. Large positive correlations are also observed between the initial concentration of
the target estrogen and the simulating results, which are denoted by Ct in Figure 3.4. In addition
to the initial concentrations, E2α and E2β are also greatly impacted by the transformation rate
from E2β to E1, and from E2α to E1. The matrix also shows that the correlation between rate
constants and the time is not zero as the model assumes. Instead, they show a weak negative
relation, implying that those rates may decrease with time and with lower estrogen
concentrations in the solution.
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Figure 3.4 The correlation matrix for estrogens. (1) to (3) are the matrices for E2α, E2β, and
E1, respectively. Large circles represent large correlations, and small circles represent small
correlations. The colors denote the positive or negative correlation, with red corresponding to
negative correlations and blue corresponding to positive correlations. E2α, E2β, and E1 in (1) to
(3) represent the initial normalized concentrations of E2α, E2β, and E1, respectively. Ct
represents the simulated estrogen concentrations with time.
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The random forests model was performed using Python to analyze and compare the importance
and significance of parameters, including time, initial concentrations, and transformation rates,
which are listed in Tables 3.1 and 3.2. In the random forests algorithm, trees are developed using
random sub-datasets, and the parameter importance analyzed by this method is random. In order
to reduce the variation, a large tree number of 1000 was used. The analyzing results for each
kind of estrogen are listed in Figure 3.5 in order of decreasing importance. In this analysis, a
large portion of data was measured using E2α as the starting compounds, causing bias to the
results. As a result, a large importance of CE2α,0, k1, and k-1 of the simulation for E2β and E1 may
be a result of overestimation. Figure 3.5 shows that time and initial concentrations are significant
in the concentration estimation for all three estrogens. The results also show that the
transformation rate of E1 to other compounds is not as significant as other transformation
processes in estrogen estimation. This indicates that the further degradation processes of E1 to
other compounds can be ignored and the model can be simplified when E2α or E2β works as the
only target compound. In general, a large data size is essential to generate accurate analytical
results in statistics. However, the data size used in this study is not large enough and may cause
uncertainties in this parameter-importance analysis.
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Figure 3.5 The importance of the parameters in the comprehensive transformation model for
E2α, E2β, and E1 calculated using the random forests model. CE2α,0, CE2β,0 and CE1,0 in (1) to (3)
represent the initial normalized concentrations of E2α, E2β, and E1, respectively. Ct represents
the simulated estrogen concentrations with time.
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Chapter 4

Transport of Estrogens by Surface Runoff

4.1 Development of Transport Models by Surface Runoff

Estrogens contained in manure can get access to surface water following land application. One
important transport pathway of estrogens from agricultural land into the water environment is
through surface runoff during storm events (Kjær et al., 2007; Jenkins et al., 2008; Dutta et al.,
2010; Gall et al., 2011). Studies have proven that the estrogen mass transported by storm events
is highly related to the rainfall amount (Yang et al., 2012; Jones et al., 2014a). Rainfall events of
high intensities usually induce large estrogen mass loads into water (Kjær et al., 2007; Dutta et
al., 2010; Gall et al., 2011).

The wash-off model, which has been widely used for transport of chemicals by surface runoff, is
adapted to track the transport of estrogens following rainfall events (Shaw et al., 2009; Hossain
et al., 2011):

𝑑𝑆
𝑑𝑄

= −𝑘𝑤 𝑆

(4.1)

Where S is the total mass of estrogen on land during the storm events (ng), kw is the wash-off
coefficient (min L-1), and Q is the surface runoff (L min-1).

Integrating Equation 4.1 yields:

𝑀 = 𝑆[1 − exp(−𝑘𝑤 × 𝑄)]

(4.2)
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where M is the total mass of estrogens flushed from the land surface by surface runoff during
storm events.

In addition to the wash-off model, an empirical model has been used to estimate the mass of
hormones exported during rainfall events (Jones et al., 2014a; Gall et al., 2015):

𝑀 = 𝑐(𝑆𝑄)𝑑

(4.3)

where c and d are dimensionless constants.

4.2 Determination of Parameter Values

The data reported by Yang et al., 2012 was used to evaluate the performance and determine the
parameter values of the wash-off and empirical models in this study. Yang et al., 2012 assessed
the potential for runoff of hormones and sterols, including androgens, estrogens, and
progestogens from three adjacent agricultural test plots (Plots 1, 2 and 3). The area of each plot
was 6 m2 and the soil types of the study area were mainly classified as Vona loamy sand and
Vona sandy loam. Yang’s study modeled four identical precipitation events with the intensity of
65 mm of one-hour duration 5 days before the biosolids application, as well as 1 day, 8 days and
35 days after the application. From each plot, the runoff rates and the hormone mass loads in
surface water flow during artificial events on Day 1, Day 8 and Day 35 were measured and
recorded. Even though these artificial precipitations were of the same intensity, the measured
surface flow rate greatly varied due to the variation of antecedent moisture content (AMC). The
variations of AMC on these three days were caused by the interference of the natural storm
events and the effects of the previous artificial events. In this study, the mass loads of E1, E2β,
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and E2α in surface water flow reported on Days 1 and 8 were used to quantify key model
parameters, and the mass loads Day 35 was used to validate the models.

The Soil Conservation Service (SCS) rainfall-runoff model was used to estimate surface runoff
during the simulated storm events (NRCS, 2010):

𝑄=

2540
−25.4)]2
𝐶𝑁
2540
𝐼+0.8(
−25.4)
𝐶𝑁

[𝐼−0.2(

× 𝐴 × 10

(4.4)

where I is the measured rainfall intensity (cm/min), Q is the surface runoff (L/min), A is the land
area of the agricultural land (m2), and CN is the curve number, a parameter used in hydrology to
predict direct runoff, and CN is a function of the soil type, hydrologic conditions, land use and
the soil treatment. The CN values were determined by fitting the SCS model to the measured
flow rate curve.

The measured and simulated flow rates using the SCS model are illustrated in Figure 4.1, and the
derived CN values are summarized in Table 4.1. Low r2-values for Day 1 indicates that the SCS
model fails to catch the low flows and has a better performance for high flows. Besides, as
shown in Figure 4.1, the measured flow rates on Day 8 from Plot 1 showed a sudden decrease
after 25 minutes, and this observation cannot be explained by the SCS model. However, the SCS
model overall effectively simulates the measured flow rate during the artificial rainfall events
with r2-values higher than 0.90 in most cases.
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Figure 4.1 Simulated and measured surface runoff at three plots on Days 1, 8 and 35: the
squares, circles, and triangles denote the measured surface runoff at Plot 1, Plot 2 and Plot 3,
respectively; the short-dashed, dashed, and solid lines denote the surface runoff simulated using
Equation 4.4 at Plot 1, Plot 2 and Plot 3, respectively. [Data from Yang et al., 2012].

Table 4.1 The CN Values Estimated by Model Fit. n = not reported.
Day
Day 1
Day 8
Day 35

Plot 1
49
78
86

Plot 2
58
67
87

Plot 3
58
66
--

The calculated total masses of three estrogens on the agricultural land over time using the model
developed by Zheng et al., 2012. The calculated masse are shown in Figure 4.2. The mass of E1
decreases after the biosolids land application, while the masses of E2α and E2β increase as a
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result of the E1 transformation. Finally, equilibrium is reached among the three estrogens as they
approach a steady state.

Figure 4.2 The calculated mass of estrogens at each plot after land application of biosolids
using the model described by Eqs. S4 to S10 with interconversion of E1, E2α, and E2β.
Model coefficients kw, c, and d were estimated by linear regression using the measured data. For
the wash-off model, Equation 4.2 can be rewritten as follows:

𝑀

𝐿𝑛 (1 − 𝑆 ) = −𝑘𝑤 𝑄

(4.5)

For the empirical model, Equation 4.3 can be rewritten as follows:

𝐿𝑛(𝑀) = 𝑑𝐿𝑛(𝑄𝑆) + 𝐿𝑛(𝑐)

(4.6)

50

A linear regression analysis was performed using the measured mass loads, measured surface
runoff and the calculated mass storage on Days 1 and 8. The results and regression equations are
summarized in Figure 4.3. Although the linear regression of the wash-off model has poor
performance for E2α with a low r2-value of 0.136, the linear regression shows good overall
performance with r2-values higher than 0.80 for E1 and E2β. The parameters derived and
collected as described above are summarized in Table 4.2. Based calculation results, kw-values
are constant for these three estrogens, varying from 0.00015 to 0.00021 min/L, while the
magnitudes of c and d values change drastically for these three estrogens.

Figure 4.3 Linear regression to determine values of parameters kw, c, and d of three estrogenic
compounds using Equations 4.5 and 4.6.
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Table 4.2 Parameters Values for the Wash-off and Exponential Models
Parameter
kw,E1
kw,E2α
kw,E2β
cE1
cE2α
cE2β
dE1
dE2α
dE2β

Unit
min/L
min/L
min/L
-

Value
0.00015
0.00021
0.00016
1.2E-8
0.0053
0.00012
1.8
0.64
1.0

Source
by model calibration
by model calibration
by model calibration
by model calibration
by model calibration
by model calibration
by model calibration
by model calibration
by model calibration

The derived coefficients were applied to the wash-off and empirical models to estimate the mass
loads of three estrogens from three plots on Day 35 to validate and evaluate the predicted
performance of the two models. A comparison of the estimated and measured mass loads of E1,
E2α, and E2β by the two models is summarized in Table 4.3. The empirical model shows higher
r2-values for E1 and E2β than the wash-off model, and the wash-off model shows a higher r2value for E2α than the empirical model. The r2-values for E1 and E2β of both the models are
higher than 0.90, which indicates that both models are better at predicting the mass loads of E1
and E2β than E2α. The comparable r2-values show that the empirical and wash-off models have
similar abilities for estimating the mass loads for the three estrogens.
Table 4.3 The coefficient of determination (r2) for the measured and estimated mass load of three
estrogens by two models from three plots on Day 35.
Estrogen Empirical model and observed data Wash-off model and observed data
E1
0.95
0.91
E2β
0.94
0.93
E2α
0.64
0.74
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4.3 Evaluation and Comparison of the Two Models

To evaluate the overall performance of the two models during the whole study period, the
simulated mass loads and the measured values on Day 1, Day 8, and Day 35 are illustrated in
Figure 4.4. Simulated results of both models match the measured values during rainfall events.
On Days 1 and 35 with low flows, the difference between the simulated results of the two models
is not significant. Conversely, the difference between the simulation results of the two models is
larger on Day 8 with high flows, especially for E1 and E2α. The comparison of the two models is
illustrated in Figure 4.5. In general, a greater overlap between the fitted line and the 45° line
indicates a better performance. All of the fitted lines for the wash-off model for all three
estrogens are closer to the 45° line than those of the empirical model. Thus, for this specific case,
the wash-off model shows a better performance in predicting the mass loads of E1, E2α, and E2β
than the empirical model.
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Figure 4.4 Simulated and measured mass loads of estrogens during rainfall events from three
plots: the squares, circles, and triangles denote the measured mass loads on Days 1, 8 and 35,
respectively; the solid and dashed lines denote the mass loads simulated by the empirical and
wash-off model, respectively. [Data from Yang et al., 2012].

54

Figure 4.5 Comparison of the performance of the empirical and the wash-off models for the
three estrogenic compounds.
A statistical analysis was conducted to evaluate the performance of the empirical model and the
wash-off model on the transport of estrogens during rainfall events. The numerical difference
between the modeled and measured estrogen mass loads was calculated first, then the difference
between these two models was analyzed. P-values for the difference between the simulated and
the measured masses are summarized in the first two columns in Table 4.4. The empirical model
has the highest P-value for E2β and the lowest P-value for E2α. The wash-off model has the
highest P-value for E1 and the lowest P-value for E2α. The P-values for the difference between
the simulation results of these two models are summarized in the third column in Table 4.4. As
shown in Table 4.4, the P-value is low for E2β and E2α, indicating that there is a large statistical
difference in the performance between the two models for E2β and E2α. Both the wash-off and
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empirical models had large variations from the true values, resulting in large differences between
these two models. The numerical accuracy of these two models depends on the parameters used
in this study. For example, the actual attenuation rate of estrogens varies with the environment as
it is affected by several factors, such as the temperature, estrogen concentrations and solar
radiation (Bradley et al., 2009; Chowdhury et al., 2011). However, the attenuation rates of three
estrogens were assumed to be constant in this study. In addition, model coefficients are sensitive
to the environment such as soil properties, and the accuracy of the model coefficient estimation
may be impaired by the sparse data used in this study. Furthermore, the actual interconversion of
estrogens involves other estrogens rather than just the three investigated in this study, such as the
conjugated estrogens, and thus may be more complicated than hypothesized in this study (Bai et
al., 2015).
Table 4.4 P-values for two-tailed paired t-test for the empirical model results and the measured
values, the wash-off model results and the measured values, and the empirical model results and
the wash-off model results (α = 0.05).
Estrogen
E1
E2β
E2α

Empirical model and observed
data
0.798
0.937
0.103

Wash-off model and observed
data
0.246
0.116
0.0699

Two
models
0.478
0.000439
0.00309

In general, both models do well in estimating the estrogen loads exported by surface runoff from
agricultural land. Compared to the empirical model, the wash-off model performs better when
applied to this specific case. Additionally, the wash-off model is more compatible with
hydrological modeling software such as HSPF for large-scale application of estrogen modeling
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(Zhao & Lung, 2017). In general, the performances of the wash-off and empirical models can be
affected by several factors, such as the estrogen type, data quality, and surface flow rates. Thus
this comparison of results only applies to this specific study and a more general conclusion
comparing these two models requires additional studies.
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Chapter 5

Development a Model Framework to Track the Fate

and Transport of Estrogens on a Watershed Scale
5.1 The HSPF Model

Figure 5.1 The HSPF modeling frame to track the fate and transport of estrogens.
The modeling of estrogens on a watershed scale can be accomplished by the HSPF (Hydrological
Simulation Program—Fortran). The execution of HSPF can be accomplished through Better
Assessment Science Integrating Point and Non-point Sources (BASINS). BASINS integrates the
Geographical Information System (GIS), data analysis and modeling system to create watershedbased analysis and is mainly composed of the GIS interface, WinHSPF, and WDMUtil (US
EPA, 2015). To accomplish the modeling work for estrogens, the GIS interface can be used to
select the watershed, download the hydrology data, delineate the watershed and prepare input
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files for HSPF. WDMUtil is then used to input meteorological data, flow rate data and estrogen
loads. HSPF is used for the hydrological calibration and estrogen analysis. The HSPF modeling
frame to track the fate and transport of estrogens is depicted in Figure 5.1. HSPF utilizes a
buildup-wash off model to estimate substance levels in rivers (US EPA, 2015). This model
assumes that substance accumulates on the land surface during dry periods and can be flushed
into rivers by surface runoff during storm events. To accomplish the modeling, HSPF requires
users to provide substance monthly accumulation rates, the monthly storage limit, the rate of
surface runoff which will remove 90% of stored estrogens on land per hour, and the decay rate in
water. The monthly accumulation rates are the daily loads of estrogens to land surface from nonpoint sources in a unit area. The monthly storage limit is the amount of estrogens that can be
accumulated within one month without the interference of surface runoff. The amount of
estrogens that are directly released into rivers are loaded into the HSPF using the “Point
Sources” module.

5.2 Estrogen Load Estimations

Livestock, poultry, biosolids, septic systems, and WWTPs are considered as primary sources of
estrogens within a watershed. Solid manure produced by livestock and poultry during
confinement is collected for land application (USDA NRCS, 1995). Livestock and poultry
manure produced during grazing can be either deposited onto pastureland or directly released
into streams (Lucas & Jones, 2006; Shappell et al., 2016). In addition to livestock manure,
biosolids are also used for land application within the study area and thus work as an additional
source of estrogens (Lorenzen et al., 2004). Additionally, septic systems can release human
feces, which contains estrogens, to the natural environment (Swartz et al., 2006). Failed septic
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systems can release human wastes to land and straight pipes can directly release estrogens into
streams (Virginia Department of Environmental Quality, 2009). WWTPs are also considered as
sources of estrogens. Among the estrogen sources described above, sources releasing estrogens
onto land are considered as nonpoint sources and the mass loads to land surface are simulated by
the HSPF using the daily accumulation rates and monthly storage limit, whereas those directly
releasing estrogens into streams are considered as point sources and the mass loads directly into
rivers are simulated by the HSPF using the “Point Sources” module.

5.2.1 Estrogen Loads from Domesticated Animals

Estrogen loads from the manure land application are estimated by multiplying the manure
application rate by the estrogen content in manure. Estrogen loads to cropland through land
application were calculated using the equation below:

𝐿𝑁1 =

𝑅𝑀𝐶 𝐶𝑀 𝐹𝐶

(5.1)

𝐷

where LN1 is the daily estrogen load to cropland through manure application, RMC is the annual
manure/litter application rate to cropland, CM is the estrogen content in manure, FC is the fraction
of manure applied to cropland in a certain month, and D is the number of days in that month.

Estrogen loads to pasture land include those through land application and those directly released
by grazing animals. Direct estrogen deposition onto pastureland by grazing animals is quantified
by multiplying the daily estrogen production of livestock or poultry by the time fraction that
livestock or poultry spent on pastureland. Estrogen loads to pastureland from cattle were
calculated using the equation below:
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𝐿𝑁2 =

𝑅𝑀𝑃 𝐶𝑀 𝐹𝑃 +𝑃𝐸𝑎 𝑇𝑃 𝐷

(5.2)

𝐷

where LN2 is the daily estrogen load to pastureland from domesticated animals, RMP is the annual
manure/litter application rate to pastureland; FP is the fraction of manure applied to pastureland
in a certain month, P is the population of livestock or poultry, Tp is the fraction of time spent by
cows grazing on pastureland, and Ea is the daily estrogen excretion per animal. The daily
estrogen excretion by livestock is calculated using the equation below:

𝐸𝑎 = 𝑊𝑆𝑐 𝐶

(5.3)

where W is the daily fresh manure/litter production per animal, Sc is the solid content of fresh
waste, and C is the estrogen content in solid waste.

Cattle grazing on the pastureland have the chance to get access to streams and excrete wastes
directly into streams. Direct estrogen deposition into streams is estimated by multiplying the
daily estrogen production of livestock or poultry by the time fraction that livestock or poultry
spent in streams and the faction of estrogen that can be desorbed from manure and released into
streams. Thus the estrogen loads from the cattle wastes directly excreted into streams were
calculated using the equation below:

𝐿𝑃1 = 𝑃𝐸𝑎 𝑇𝑠 𝑓

(5.4)

where LP1 is the daily estrogen load into streams from cattle manure which is directly excreted
into streams, Ts is the fraction of time spent by cows in streams, and f is the faction of estrogen
that can be desorbed from manure and released into streams.
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5.2.2 Estrogen Loads from Septic Systems

Loads of estrogen from the failed septic system and straight pipes are calculated by multiplying
the number of households with failed septic systems/straights pipes by the number of people per
household and the estrogen excretion amount per human. The household and population data can
be obtained from the U.S. Census Bureau (USCB). The housing units within a watershed can be
estimated using the Arc geographic information system (ArcGIS) tools.

The daily loads of estrogen from failed septic systems were calculated using the equation below:

𝐿𝑁3 = 𝑓𝑓 × (𝑃𝐹 × 𝐸𝐹 + 𝑃𝑀 × 𝐸𝑀 )

(5.5)

where LN3 is the daily estrogen load to land from failed septic systems, ff is failing rate of septic
systems, PF is the population of females within the study area, PM is the population of males
within the study area, EF is the daily estrogen excretion by a female human, and EM is the daily
estrogen excretion by a male human.

The daily loads of estrogen from straight pipes were calculated using the equation below:

𝐿𝑃2 = 𝑓𝑠 × (𝑃𝐹 × 𝐸𝐹 + 𝑃𝑀 × 𝐸𝑀 )

(5.6)

where LP2 is the daily estrogen load to rivers from straight pipes, fs is the fraction of housing
units that use straight pipes.

62

5.2.3 Estrogen Loads from WWTPs

The daily loads of estrogens from WWTPs were calculated using the equation below (Gall et al.,
2014).

𝐿𝑃3 = 𝑄𝑤 𝐶𝑤

(5.7)

where LP3 is the daily estrogen load into streams from WWTPs, Qw is the daily discharge of
WWTPs, and Cw is the estrogen concentration in WWTP effluents.

5.2.4 Estrogen Loads from Biosolids

The daily estrogen loads from biosolids were calculated using the equation below:

𝐿N4 = 𝑅𝐵 𝐶𝐵𝑅

(5.8)

where LN4 is the daily estrogen load to agricultural land from biosolids, RB is the application rate
of dry biosolids, and CBR is the estrogen content in dry biosolids.

The accumulation rate of estrogens on land in the HSPF equals the sum of the daily loads of
estrogens to land from all of the nonpoint sources. The load of estrogens directly into surface
water in the HSPF equals the sum of the daily loads of estrogens to surface water from all of the
point sources
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5.3 Attenuation and Transformation of Estrogens in the Environment

The attenuation and transformation of estrogens occur during storage, on the land surface, and in
water. The attenuation and transformation of estrogens occur during storage and on land surface
is reflected by the monthly storage limit in HSPF. In this modeling framework, the monthly
storage limit equals the accumulated mass of estrogens within one month with the attenuation
process during storage and on the land surface. Manure can be stored as piles or in aerobic
lagoons (Moyer & Hyer, 2003). Following land application, estrogens on agricultural land
undergo an attenuation process that includes sorption to solids, biodegradation,
photodegradation, and plant uptake during the dry periods after land application (Das et al.,
2004; Bradley et al., 2009; Caupos et al., 2011; Card et al., 2012).

When only one kind of estrogen is considered as the target compounds, the attenuation of this
estrogen in the natural environment can be described by the pseudo-first-decay model:

𝐶𝑡 = 𝐶0 𝑒 −𝑘𝑡

(5.9)

where k is the lumped first-order attenuation rate of estrogen, Ct is the estrogen concentration or
mass at time t, and C0 is the original concentration or mass of estrogen.

However, when more than one kinds of estrogens are considered as target compounds, the
pseudo-first-decay model cannot accurately estimate the attenuation of estrogens. In this case,
the attenuation and interconversion of estrogens during storage, on land and in water can be
estimated by the comprehensive transformation model developed in Chapter 3 (Equations 3.24 to
3.26).
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5.4 Transport of Estrogens from Land into Streams

Estrogen contained in manure can be transported into streams by the surface runoff during storm
events (Lucas & Jones, 2009). Previous studies found that the wash-off behavior of estrogens can
be described by the first order wash-off model (Gall et al., 2014; Luo, 2014; Gall et al., 2015).
Thus the Equation 4.2 was used to describe the transport of estrogens from land into streams.
HSPE requires the value of WSQOP, the rate of surface runoff which will remove 90 percent of
estrogens per hour. The WSQOP can be estimated using the equation below:

2.3

𝑊𝑆𝑄𝑂𝑃 = 𝑘

(5.10)

𝑤

As the HSPF program utilizes a WSQOP unit of in/hr, the unit of kw should be converted from
min/L to hr/in by dividing to the volumetric flow rate by the land area.
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Chapter 6

Case Study 1: Tracking the Fare and Transport of

E2β in the South River Watershed
6.1 Study Site and Extent of Available Data

This study area is located at the south end of Augusta County, Virginia (Figure 6.1). The selected
area was divided into nine sub-watersheds based on flow line features and elevations which were
obtained from the United States Geological Survey (USGS). The main river system in this area is
the South River. There are two major tributaries located upstream of the South River in this
study area; one originates from the sub-watersheds 3 and 4 and flows across the sub-watersheds
6, 2 and 7, and the other one originates from the sub-watershed 5. These two branches then
merge into the sub-watershed 8 and finally flow out of the study area through the sub-watershed
9. The north end of the South River in this area, which is located in the sub-watershed 9, was
selected as the outlet point as there is a USGS Site (01627500) (38°13’07” N, 78°50’13” W),
making it convenient for the hydrological calibration. The outlet point is marked as a green
triangle in Figure 6.1. Four municipal WWTPs: Stuarts Draft WWTP, Waynesboro WWTP,
Vesper View WWTP and Harrisonburg WWTP are located within the selected study area and
discharge into the South River. E2β concentrations in WWTP effluents were estimated from the
literature review based on the wastewater treatment process. The design information of four
major WWTPs within the study area was obtained from the Augusta County Service Authority
(ACSA), and City of Waynesboro government website. The information of these four WWTPs is
summarized in Table 6.1.
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Table 6.1 Design flows and treatment processes of four major WWTPs located within the South
River Watershed

Name

Design
SubTreatment
flow
watershed
type
(m3/day)

Stuarts Draft
WWTP

6

15100

Waynesboro
WWTP

8

22700

Vesper View
WWTP

9

379

Harriston
WWTP

9

379

Reference

Treatment process

Estimated
E2β
concentration
in effluent
(ng/L)

An Enhanced Nutrient Reduction (BNR)
plant; 5 stage Bardenpho that removes
Tertiary
BOD, solids, nitrogen and phosphorous
(alum used); Deep bed denitrification
filter; UV disinfection
Two BNR tanks; two secondary clarifiers;
Tertiary
denitrification filters; UV disinfection;
solids dewatering facilities
An extended aeration package plant
Secondary
designed to remove BOD and solids
A four cell lagoon with mechanical
Secondary aerators designed to remove BOD and
solids
Servos et al. (2005)

4.6

1.42
10.6
15.2

National Land Cover Database 2011 (NLCD 2011) data was obtained from the Multi-Resolution
Land Characteristics Consortium (MRLC) to investigate the land uses of the study area. The
dominant land uses in this area are forest and agricultural land, which account for 60.6% and
24.4% of the total area, respectively. Land uses of each sub-watershed are summarized in Table
6.2. Hourly precipitation, wind speed, temperature, dew point temperature and cloud cover data
at Shenandoah Region Airport (38°15'50.4" N, 78°53'45.6" W, 111.59 m), CharlottesvilleAlbemarle Airport (38°08'16.8" N, 78°27'10.8" W, 195.38 m) and Roanoke Regional Airport
(37°18'57.6" N, 79°58'26.4" W, 1175 m) from 2010 to 2015 were obtained from the National
Oceanic and Atmospheric Administration (NOAA). Hourly solar radiation, evaporation, and
evapotranspiration data were calculated and disaggregated by WDMUtil. Cloud cover data was
originally reported as clear, scattered, broken or overcast, and was converted to a scale ranging
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from 1 to 10 using the strategy listed in Appendix B (Perez et al., 2002). Daily average flow data
from 2010 to 2015 at the USGS gage 01627500 was obtained from the USGS website. The cattle
and poultry populations in the study area in 2012 were obtained from Virginia's Animal Feeding
Operations (AFO) database. The livestock populations were assumed to keep constant
throughout the three-year simulation period. The cattle and poultry populations in each subwatershed are summarized in Table 6.3.
Table 6.2 Land uses and area in 9 sub-watersheds within the study area

Subwatershed
1
2
3
4
5
6
7
8
9
Total

Area (km2)
Builtup
2.21
2.16
4.85
2.75
6.47
7.69
7.55
29.2
12.8
75.6

Forest Barren Range Water/Wetland Pastureland Cropland
23.9
22.8
10.9
26.0
87.8
29.3
16.5
27.7
67.6
313

0
0.009
0.0135
0
0.0288
0.0711
0.0153
0.0261
0.0117
0.176

0
0
0
0.0045
0
0.0135
0
0
0
0.018

0
0.0801
0.172
0.0945
0.439
0.0882
0.434
0.169
0.435
1.91

1.05
2.60
23.1
3.55
5.34
10.7
15.1
13.8
31.3
107

0.0306
0.711
1.33
0.579
1.49
3.35
7.41
1.04
3.18
19.1

Table 6.3 Livestock populations in the South River Watershed
Sub-watershed
1
2
3
4
5
6
7
8
9
Total

Beef cow
292
321
570
465
394
687
531
771
1439
6469

Dairy cow
83
80
134
110
164
164
133
221
753
1842

Broilers
0
9225
0
0
0
31
15266
0
92780
117302
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Turkeys
0
0
19175
15663
0
4142
0
0
323115
362095

Layers
0
1610
1806
1475
0
2442
2664
0
0
9996

Total
27.2
28.4
40.4
33.0
102
51.3
47.0
71.9
115
516

Figure 6.1 The South River Watershed located in Augusta County, Virginia.
6.2 E2β Loads to the South River

In this study, cattle and poultry were considered as primary animal sources of E2. Solid manure
produced by cattle and poultry during confinement is collected for land application (Virginia
Department of Environmental Quality, 2009). Cattle manure produced during grazing can be
either deposited onto pastureland or directly released into streams (Lucas & Jones, 2006;
Shappell et al., 2016). The desorption rate of estrogens from cattle manure that are directly
released into streams was observed to be 18% (Andaluri et al., 2012). E2β loads from manure
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land application were estimated by multiplying the manure application rate by the E2β content in
manure. The annual application rates of dairy cattle manure, beef cattle manure, and poultry litter
are 2040, 2700 and 673 g/m2-year to cropland, and are 1200, 2700 and 673 g/m2-year to
pastureland, with priority given to cropland (Virginia Department of Environmental Quality,
2009). Liquid dairy manure receives priority over poultry litter and poultry receives priority over
solid cattle manure (Virginia Department of Environmental Quality, 2009). It was estimated that
liquid dairy manure was applied to 7.01 km2 of cropland, poultry litter was applied to 12.1 km2
of cropland and 20.7 km2 of pastureland, and solid beef manure was applied to 1.57 km2 of
pastureland. The daily schedule of cattle is summarized in Table 6.4. The E2β productions by
cattle and poultry are summarized in Table 6.5. The schedule of manure application to
agricultural land in the South River Watershed is listed in Table 6.6.
Table 6.4 Daily schedule for beef cattle and dairy cattle in confinement, on pastureland and in
streams in the South River Watershed

Month
January
February
March
April
May
June
July
August
September
October
November
December
Reference

Beef cattle
Dairy cattle
Confined
Pasture Streams Confined Pasture Streams
(h)
(h)
(h)
(h)
(h)
(h)
9.60
13.9
0.50
18.0
5.50
0.50
9.6
13.9
0.50
18.0
5.50
0.50
0
23.25
0.75
9.60
13.65
0.75
0
23.0
1.00
7.20
15.80
1.00
0
22.5
1.50
7.20
15.30
1.50
0
20.75
3.25
7.20
13.55
3.25
0
20.75
3.25
7.20
13.55
3.25
0
20.75
3.25
7.20
13.55
3.25
0
22.5
1.50
7.20
15.30
1.50
0
23.0
1.00
7.20
15.80
1.00
0
23.25
0.75
9.60
13.65
0.75
9.60
13.9
0.50
18.0
5.50
0.50
Virginia Department of Environmental Quality, 2009
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Table 6.5 Cattle manure and poultry litter production rate and the E2β content in manure/litter

Cow

Wet manure
production
(kg/day)

Beef cow

50.8

15

7.3

Dairy cow

21.3

16.2

16.6

0.224

0.26

65

0.224

0.26

14

Layers

0.140

0.25

533

Turkey

0.474

0.26

13.3

Broiler litter
(females)
Broiler litter
(males)

Solid content E2β content
in manure
in solid waste
(%)
(ng/g)

Reference
USDA NRCS (1992);
Bartelt-Hunt et al., (2013)
USDA NRCS (1992);
Andaluri et al. (2012)
USDA NRCS (1992);
Shore, 2009a
USDA NRCS (1992);
Shore, 2009a
USDA NRCS (1992);
Shore, 2009a
USDA NRCS (1992);
Shore, 2009a

Table 6.6 Schedule of manure application to agricultural land in the South River Watershed
Month
January
February
March
April
May
June
July
August
September
October
November
December
Reference

Solid manure and poultry litter
applied (%)
0
0
5
5
25
25
20
20
5
5
10
5
0
5
5
5
15
10
5
10
10
10
0
0
Virginia Department of Environmental Quality, 2009

Liquid manure applied (%)
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The daily loads of E2β from WWTPs were calculated using the daily E2β concentrations in
WWTP effluents and the daily discharge of WWTPs. In this estimation, the design flow rate is
used as the daily flow rate for each WWTP.

The household and population data were obtained from the USCB. The 5-year averaged (20112015) total population in Augusta County is 74314, and the total housing units in Augusta
County in 2016 is 74314. There are 2.30 people per household on average. And the female-male
ratio is 0.49:0.51. The housing units in the South River Watershed were estimated using the
ArcGIS tool. The failure rate of septic systems within the South River Watershed was assumed
to be three percent (Virginia Department of Environmental Quality, 2008). Three percent of the
houses located within 200 ft of streams were assumed to dispose sewage directly into rivers
using straight pipes (Virginia Department of Environmental Quality, 2008; Virginia Department
of Environmental Quality, 2009). The estimated numbers of failed septic systems and straight
pipes in the South River Watershed are summarized in Table 6.7.
Table 6.7 Estimated numbers of housing units, failed septic systems and straight pipes in each
sub-watershed
Sub-watershed
1
2
3
4
5
6
7
8
9
Total

Total household
521
701
428
475
1079
1686
1641
10661
2512
19704

Failed septic system
16
21
13
14
32
51
49
320
75
591
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Straight pipes
3
5
2
3
6
13
7
34
14
86

Approximately 65,000 acres of permitted land application sites in Virginia. The application rate
of dry biosolids in Virginia was estimated to be 0.759 dry kg/m2-year. The identified permitted
land area within the study area is 0.675 km2 in sub-watershed 8 and 0.372 km2 in sub-watershed
9 based on VDEQ records. The content of E2β in biosolids is quite low and the highest content is
smaller than 0.48 ng/g-DW (Yang et al., 2012). In this study, an E2β content of 0.48 ng/g-DW
was used.
The calculated contributions of E2β from each source are summarized in Table 6.8.

Table 6.8 Loads of E2β into the study area from various sources
Source
Cattle
Straight pipes
WWTPs
Cattle
Poultry
Biosolids
Failed septic systems
Total

E2β loads
(g/year)
Direct loading to streams
8.56
0.162
40.7
Loading to land surfaces
124
149
0.381
1.11
135

Percentage
2.65%
0.0501%
12.6%
38.3%
46.0%
0.118%
0.343%
100%

6.3 Transformation and Transport of Estrogens in the Watershed

In this case study, E2β attenuation process was characterized by the first-order kinetics. The
attenuation rate of E2β in Virginia rivers is 3 day-1 (Pagsuyoin et al., 2012). The average onsurface attenuation rate of E2β is 0.37 day-1 on warm days and 0.21 day-1 on cold days,
respectively (Colucci et al., 2001). The attenuation rate of E2β in lagoon water at 15 °C under
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anaerobic conditions is about 0.34 day-1 (Zheng et al., 2012; Hakk et al., 2014), and the
attenuation rate of E2β in cattle manure piles under natural conditions is about 0.1 day-1 (Zheng
et al., 2007). In this study, the dairy cattle manure and poultry litter were considered as liquid
manure and were stored in anaerobic lagoons for 100 days on average (Moyer & Hyer, 2003).
The beef cattle manure was considered as solid manure and was stored as piles for 30 days on
average (Moyer & Hyer, 2003).

The estrogens on cropland and pastureland are transported into streams by the surface runoff
during storm events (Jenkins et al., 2006; Yang et al., 2012; Schoenborn et al., 2015). The washoff coefficient, kw, was estimated by fitting the data obtained from Yang et al., 2012 by assuming
a constant total storage of E2β. The kw value was determined to be 1.73 hr/in for E2β after a unit
conversion from min/L to hr/in. The wash-off coefficient on pastureland was assumed to be the
same.

6.4 Hydrological Calibration and Validation

The hydrological calibration was conducted first. The simulated flow rates at the outlet point for
2013 to 2014 were compared with the observed data at the USGS Gage 01627500 for
hydrological calibration. The flow rates were simulated by adjusting the hydrological parameters
within the possible range allowed by BASINS (Technical Note 6). The key parameters included
the upper zone nominal soil moisture storage (UZSN), the lower zone nominal soil moisture
storage (LZSN), the index to infiltration capacity (INFILT), the interflow inflow parameter
(INTFW), and the lower zone evapotranspiration parameter (LZETP). The calibrated model was
then used to simulate the flow rates in 2015 for the hydrological validation. Then the model was
run with 110% and 90% of calibration values of the hydrological parameters for the hydrological
74

sensitivity analysis (Virginia Department of Environmental Quality, 2008). The correlation
coefficients from 2013 to 2015 were calculated to evaluate the impact of each model parameter.
The observed and the simulated average daily flow rates at the USGS Gage 01627500 from 2013
to 2015 are illustrated in Figure 6.2. The major hydrological parameter values used in this model
are provided in Appendix C. Hydrological calibration results are summarized in Table 6.9. The
correlation coefficient values for the calibration and the validation phases were 0.70 and 0.74,
respectively. The Nash–Sutcliffe model efficiency coefficient values for the calibration and the
validation phases were 0.46 and 0.48, respectively. The simulated flow was acceptable and the
calibration was considered to be accomplished. The results of the hydrological sensitivity
analysis are summarized in Table 6.10. The hydrological model was most sensitive to AGWRC,
and INFILT and LZSN. The effects of UZSN, INTFW IRC and LZETP were not apparent in this
study.
Table 6.9 Comparison of the measured and the simulated flow rates at the USGS gage 01627500
in Augusta County from 2013 to 2015.

Flow
Total volume
Low flows
High flows
Volume-spring
Volume-summer
Volume-fall
Volume-winter
Storm Volume

Calibration
Observed Simulated
(×106 m3) (×106 m3)
500
450
107
111
350
290
220
160
91
75
46
42
150
170
250
220

Error
(%)
-10
3.7
-17
-27
-18
-8.7
13
-12
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Validation
Observed Simulated
(×106 m3) (×106 m3)
210
230
25
28
110
107
76
88
22
29
78
78
49
49
97
110

Error
(%)

Criteria
(%)

9.5
12
2.7
16
32
0.0
0.0
13

10
10
15
30
30
30
30
20

Figure 6.2 The observed and the simulated daily flow rates at the USGS Gage 01627500 from
2013 to 2015. The gray curve denotes the observed flow rates and the black curve denotes the
simulated flow rates. The flow rates in 2013 – 2014 were used for hydrological calibration, and
the flow rates in 2015 were used for hydrological validation.

Table 6.10 Values of the coefficient of determination with respect to the variations of parameters
increased or decreased by 10%.

Parameter
LZSN
INFILT
AGWRC
UZSN
INTFW
IRC
LZETP
Original

r
+10%
0.701
0.706
0.569
0.697
0.697
0.697
0.697

-10%
0.691
0.686
0.718
0.697
0.697
0.697
0.697
0.700
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6.5 E2β Simulation

The following hypothetical scenarios were conducted to quantify the E2β contribution of each
source into the South River after the hydrological calibration:
1) Only E2β loads from each single source added into the model;
2) E2β loads from all nonpoint sources added into the model;
3) E2β loads from all point sources added into the model;
4) E2β loads from both nonpoint and point sources added into the model.
The results of each model were then compared to the lowest observable effect level (LOEL) of
estrogens for fish and plants, which was reported to be ranging from 2.9 ng/L to 50 ng/L (Thorpe
et al., 2003; Barel-Cohen et al., 2006; Seki et al., 2006).

Figure 6.3 presents the simulated E2β concentrations in the South River from 2013 to 2015. The
simulated E2β in the South River from all nonpoint sources, all point sources and both combined
are illustrated in Figures 6.3a, 6.3b, and 3c, separately. The simulated E2β concentrations were
below the smallest reported LOEL (2.8 ng/L) throughout the study period. The simulated E2β
concentrations ranging from 0.0602 ng/L to 0.509 ng/L in the South River are comparable to the
measured values of field studies, which reported aqueous E2β concentrations ranging from
below the detection limit to 8.4 ng/L in rivers in the U.S. (Soto et al., 2004; Bradley et al., 2009).
All of the simulated concentration peaks appeared with small tails as a result of the large instream attenuation rate of E2β used in this study (Pagsuyoin et al., 2012). The simulated
concentrations from each point source and non-point sources are summarized in Figures 6.4 and
6.5, respectively. The simulated concentrations from each point source showed similar profiles
with different magnitudes. A similar tendency also appeared for the simulated concentrations
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from each nonpoint source. However, the simulated concentrations from nonpoint sources
(Figure 6.3a) and point sources (Figure 6.3b) showed completely different trends. Figure 6.3a
shows drastic variations of the concentrations over time while Figure 6.3b shows more subtle
variations in concentrations over time. The concentration profile in Figure 6.3a shows an inverse
trend to the profile shown in Figure 6.3b. Specifically, the peak concentrations appear in Figure
6.3a when the low concentrations appear in Figure 6.3b, while the low concentrations appear in
Figure 6.3a when the peak concentrations appear in Figure 6.3b. As shown in Figure 6.3,
nonpoint sources mainly affected the peak concentrations, while point sources mainly affected
the base-flow concentrations. In total, the contributions of point sources and nonpoint sources to
the simulated E2β in the South River were 83.7% and 16.3%, respectively.

Figure 6.3 Simulated E2β concentrations at the outlet point in the South River Watershed from
2013 to 2015. (a) Simulated E2β levels from nonpoint sources; (b) Simulated E2β from point
sources; (c) Simulated E2β levels from both point and non-point sources.
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Figure 6.4 The simulated E2β levels at the outlet point in the South River from 2013 to 2015
from three point sources: the black curve represents the contribution of WWTPs, the red curve
represents the contribution of cattle in streams, and the blue curve represents the contribution of
straight pipes.

Figure 6.5 The simulated E2β levels at the outlet point in the South River from 2013 to 2015
from three nonpoint sources: (a) the contribution of cattle manure; (b) the contribution of
biosolids; and (c) the contribution of failed septic systems. The contribution of poultry litter is
invisible due to rapid E2β attenuation in poultry litter during storage before land application.
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Figure 6.6a and 6.6b present the correlation coefficients (r) between the precipitation and E2β
loads from nonpoint and point sources, respectively. Figure 6.6c and 6.6d present the correlation
coefficients between the flow rates and E2β loads from nonpoint and point sources, respectively.
The small absolute values of r in Figures 6.6a and 6.6b indicate that the impact of the precipitation
on the simulation results was not significant. The transport of E2β driven by the rainfall was
described by an exponential equation in this study, thus the relationship between the precipitation
and E2β loads from nonpoint sources cannot be described by a simple linear model. Conversely,
the large absolute values of r in Figures 6.6c and 6.6d show that the flow rate affected the
simulation results significantly. The positive r-value in Figure 6.6c implies a positive relationship
between the flow rates and the simulated in-stream E2β concentrations from nonpoint sources, as
overflow delivers more E2β into streams from the land surface during the storm events according
to the wash-off model. This result was consistent with previous field studies, which observed that
the transport of E2β from nonpoint sources is strongly driven by rainfalls (Gall et al., 2011; Gall
et al., 2014; Gall et al., 2015; Lee et al., 2015). The negative r-value in Figure 6.6d implies a
negative relationship between the flow rates and the simulated in-stream E2β concentrations from
point sources. We suppose that this modeling result was mainly caused by the dilution of E2β in
receiving streams. A similar trend was observed in field studies due to more complicated transport
processes of E2β. For example, the suspended solids during the storm events can increase the
sorption of E2β (Casey et al., 2003; Das et al., 2004). Additionally, the dissolved oxygen in the
water during the drought period is lower than that during the high flow period, leading to a slower
biodegradation rate of E2β (Fan et al., 2007). Also, the sediments may work as a sink and release
the sorbed E2β back into the water column during the drought period (Gall et al., 2014). The
correlation coefficients between the simulated in-stream E2β concentrations and the E2β loads
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from nonpoint and point sources were 0.177 and 0.405, respectively (not shown in figures),
indicating that the impact of the loads was smaller than that of the flow rate. In short, the rainfall
events can promote the transport of E2β from nonpoint sources, but dilute E2β from point sources.

Figure 6.6 The Correlation coefficient between the simulated E2β levels and precipitation and
flow rates. (a) The correlation coefficient between the simulated E2β levels from nonpoint
sources and the precipitation; (b) the correlation coefficient between the simulated E2β levels
from point sources and the precipitation; (c) the correlation coefficient between the simulated
E2β levels from nonpoint sources and the daily flow rates; (d) the correlation coefficient between
the simulated E2β levels from point sources and the daily flow rates.
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6.6 Sensitivity Analysis

As there were no measured data in the South River to fit the model, sensitivity and uncertainty
analyses were used to substantiate the model results. In the sensitivity analysis, the model was
run with 80% and 120% of the stocking density, the manure concentrations, the grazing time on
the pastureland, the grazing time in streams, the area of the agricultural land, the on-surface
decay rate, the in-stream decay rate, the WWTP effluent concentrations, and the wash-off
coefficient (Virginia Department of Environmental Quality, 2008). Then, the highest and average
simulated E2β levels at the outlet point from 2013 to 2015 were used to evaluate the impact of
each model parameter. Studies reported a wide range of on-surface decay rates and WWTP
effluent concentrations: the detected concentrations of E2β in WWTP effluents range from below
the detection limit to 26.7 ng/L in North America (Reddy et al., 2005; Esperanza et al., 2007;
Atkinson et al., 2012; Vajda et al., 2011; Griffith et al., 2014), and the decay rates of E2β on
agricultural land range from 0.07 to 3.33 day-1 (Colucci et al., 2001; Fan et al., 2007; Jacobsen et
al., 2005). Thus, the uncertainty analysis was used to determine the extents of the modeling
results. The Monte Carlo method was used for the uncertainty analysis (Mishra, 2011; Xie &
Lian, 2013). The lower and upper limits of the modeling variables are listed in Appendix D.
1000 parameter sets were randomly selected by Matlab®, then these random value sets were used
to run HSPF for 1000 times. These modeling results were then used to determine the possible
range of E2β levels in the South River.

The results of the sensitivity analysis of the E2β simulation are listed in Table 6.11 and illustrated
in Figure 6.7. The simulation results were most sensitive to the in-stream decay rate, WWTP
effluent concentrations, agricultural land area, the stocking density, the manure concentrations,
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and the time spent in streams by cattle. In comparison, the grazing time on the pastureland, the onsurface decay rate, and the wash-off coefficient weakly affected the model results. These results
indicated that point sources played a much more important role in the simulated in-stream E2β
concentrations than nonpoint sources for two reasons. First, the chosen outlet point was located
just at the downstream of a WWTP. Second, the E2β applied to the land had decreased drastically
as a result of the natural attenuation processes before entering streams. The total estimated E2β
loads to the land comprised more than 80% of the total E2β loads into the study area (Table 6.8).
However, only 13.6% of the E2β in the South River at the outlet point came from nonpoint sources.
Modeling results also showed that E2β concentrations in the South River were more sensitive to
WWTP effluents than to cattle manure directly excreted into streams.
Table 6.11 Variation in the simulated average and highest E2β levels in the South River with
respect to variation in parameters increased or decreased by 20% in 2013-2015

Parameter
Stocking Density
Manure Concentration
Grazing Time on
Pastureland
Grazing Time in Streams
Agricultural Land Area
On-Surface Decay Rate
In-Stream Decay Rate
Loads from WWTPs
Wash-off coefficient

Change in average
concentrations
+20%
-20%
+1.39%
-0.870%
+1.39%
-0.870%

Change in highest
concentrations
+20%
-20%
+2.36
-2.36
+2.36
-2.36

0

0

0

0

+1.22%
+1.74%
0
-16.7%
+15.8%
0

-0.870%
0
0
+23.0%
-15.7%
+0.174

+2.36
0
0
-12.6%
+17.3%
0

-1.77%
0
0
+28.5%
-2.55%
0
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Figure 6.7 Variations of the average and the highest simulated E2β levels in the South River
with respect to the variations of parameters.
6.7 Implications of the Modeling Results: BMPs for E2β Control

E2β is unstable in the natural environment, which means that E2β has the largest impact on the
adjacent environment (Bartelt-Hunt et al., 2012; Pagsuyoin et al., 2012). E2β concentrations may
be above the LOEL at the mixing zone receiving WWTP effluents and in streams receiving the
feedlot runoff. Thus, the BMPs are necessary for E2β control in the study area. The estimated
costs for various BMPs within the study area are summarized in Table 6.12. In this study, the
practice cost for the study area was simply calculated by multiplying the numbers of the units by
the unit cost obtained from the literature review. The actual costs of the BMPs can be complex
and different from the calculated values as they include costs for capital construction, fixed
assets, operations, and energy consumption, and are affected by various factors such as service
area and service years (Edmonds et al., 2003; Zhu et al., 2004). The simulation results indicated
that WWTPs contributed most of the E2β to the South River. E2β concentrations smaller than
20.6 ng/L in WWTP effluents are essential to keep the simulated in-stream E2β concentrations
below the LOEL. Membrane methods and advanced oxidation processes can effectively remove
84

estrogens from wastewater (Feng et al., 2005; Kim et al., 2007; Snyder et al., 2007). However,
there is no need for WWTP upgradations based on the simulation results for two reasons. First,
the two largest WWTPs located within the study area both use tertiary treatment methods that
can effectively remove E2β from wastewater. Second, additional treatment processes come with
high costs for WWTPs. Additionally, the BMPs are necessary to keep E2β concentrations in
streams receiving feedlot effluent below the LOEL. Based on the calculation results, more than
95.0% and 99.9% of the E2β contained in the manure was degraded during storage as piles for
30 days and in lagoons for 100 days, indicating that the manure storage before the land
application is effective in E2β removal and thus should be encouraged. E2β concentration can
also be effectively reduced by manure composting (Hakk et al., 2005; Andaluri et al., 2012;
Bartelt-Hunt et al., 2013). In addition to land application of manure, cattle grazing on the
pastureland contribute a large amount of E2β onto pastureland and into streams. Thus, methods
to reduce E2β loads from grazing cattle are necessary. Buffer stripes have been observed to
effectively reduce E2β loads by surface runoff from land (Shore, 2009b). Fencing off rivers to
keep cattle out of the water is the most economical practice with consideration for cost and
practicality.
Table 6.12 The estimated annual cost in the study area using various E2β management practice
Treatment method

Unit cost

O3
O3/UV
O3/H2O2
O3/UV/H2O2
Buffer strips
Composting

$0.33/1000 gallons
$3.21/1000 gallons
$0.34/1000 gallons
$2.72/1000 gallons
$0.0154/m2
$6.98/m

Annual cost in the study area
($)
1230000
12000000
1270000
10100000
1940000
111000
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Reference
Sarkar et al., 2014
Sarkar et al., 2014
Sarkar et al., 2014
Sarkar et al., 2014
Helmers, 2008
Bass et al., 2012

Chapter 7

Case Study 2: Tracking the Fare and Transport of

E1, E2α, and E2β in the Redwood River Watershed
7.1 Study Site and Extent of Available Data

Figure 7.1 The Redwood Watershed located in southwestern Minnesota.
This study area is located in southwestern Minnesota and is part of the hydrological unit of
07020006. This study area is illustrated in Figure 7.1. The total area of this watershed is 768
km2. The selected area is divided into seven watersheds based on flow line features and
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elevations. The main river system in this area is the Redwood River which originates from the
mountain area in Lincoln County, Pipestone County, Murray County, and Lyon County. The
streams flow northeastwards and merge in Lyon County. There are two hundred and twenty-nine
feedlots within the study area. Additionally, five WWTPs discharge into the Redwood River.
These are Tyler WWTP, Lynd WWTP, Marshall WWTP, Russell WWTP, and Ruthton WWTP.

NLCD 2011 data was obtained from the MRLC to investigate the land uses of the study area.
The dominant land uses in this area is agricultural land, which accounts for 72.3% of the total
area. Land uses of each sub-watershed are summarized in Table 7.1. Meteorological data at
Pipestone Municipal Airport and Southwest Minnesota Regional Airport were obtained from the
NOAA. The data measured at Pipestone Municipal Airport was applied to sub-watersheds 1, 2,
and 3 and the data measured at Southwest Minnesota Regional Airport was applied to subwatersheds 4, 5, 6, and 7 according to the Thiessen Polygon analysis. Daily average flow data
from May 2006 to April 2009 at the United States Geological Survey (USGS) gage 05315000
(green triangle), which is located in the sub-watershed 5, was obtained from the USGS website.
The measured estrogen levels in 2007 at three locations along the Redwood River in the subwatersheds 5, 6 and 7, respectively, were obtained from Lee et al., 2014. The feedlot data in
Minnesota was obtained from the Minnesota Geospatial Commons, and livestock populations
within the study area were estimated using the ArcGIS tool. The beef cattle, dairy cattle, and
swine were identified as the dominant livestock within the study area. The livestock populations
were assumed to keep constant throughout the simulation period. The livestock populations in
each sub-watershed are summarized in Table 7.2.
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Table 7.1 The land use and area of the Redwood River Watershed in the unit of km2.
Subwatershed
1
2
3
4
5
6
7
Sum

Water
Urban and
and
Rangeland Pasture Cropland Forest Barren Sum
build-up
wetland
23
12
39
9
162
2
0
248
4
10
20
2
100
0
0
135
12
10
29
3
127
0
0
181
1
4
8
4
50
1
0
68
3
6
7
10
34
6
0
66
1
10
0
0
9
0
0
20
1
4
0
0
45
0
0
50
44
57
102
29
526
10
1
768

Table 7.2 The livestock population within the Redwood River Watershed.

Livestock
Dairy cattle less than 1000
pounds
Dairy cattle - heifers
Dairy cattle - calves
Dairy cattle greater than 1000
pounds
Beef cattle - slaughter/stock
Beef cattle - feeder/heifer
Beef cattle - cow/calf pairs
Beef cattle - calves
Swine greater than 300 pounds
Swine 55-300 pounds
Swine less than 55 pounds

Sub-watershed
3
4
5

1

2

80

30

125

20

380
350

189
145

872
147

1007

454

3175
1585
1708
395
15
10710
695

3688
1955
831
980
205
3735
1790

88

6

7

0

0

50

20
21

0
0

30
30

50
50

435

73

0

65

100

1480
2305
829
200
310
7000
3425

844
725
212
375
0
54
0

650
85
0
0
0
0
0

0
0
0
0
45
2900
0

975
0
60
0
0
4900
500

7.2 Estrogen Loads to the Redwood River

In this study, cattle, swine, septic systems, and WWTPs were considered as primary sources of
estrogens. Based on the United States Environmental Protection Agency (USEPA), biosolids are
applied to less than 1% of the nation’s agricultural land and are thus not considered as a major
source of estrogens.

In this study, beef and dairy cattle were assumed to be either kept in feedlots or allowed to graze,
and swine was assumed to be only kept in feedlots. Cattle manure produced during grazing can
be either deposited onto pastureland or directly released into streams (Lucas & Jones, 2006;
Shappell et al., 2016). Manure produced by cattle and swine during confinement is collected for
land application to agricultural land. This study assumed that the cattle manure collected during
confinement was applied to both the cropland and the pasture land, while the swine manure
collected during confinement was only applied to cropland. 74%, 35%, and 5% of the total dairy,
beef, and swine manure were estimated to be applied to agricultural land, and 25% and 60% of
the dairy and beef manure were estimated to be released to the pasture land in the Redwood
River Watershed (Doering et al., 2013). Beef and dairy cattle are assumed to graze from May to
October (University of Maine Cooperative Extension, 2014). Cattle were also assumed to get
access to surface water during grazing. The grazing schedule for dairy cattle was summarized in
Table 7.3.
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Table 7.3 Daily schedule for beef cattle and dairy cattle on pastureland and in streams in the
Redwood River Watershed

Month
January
February
March
April
May
June
July
August
September
October
November
December

Dairy cattle
Beef cattle
Pasture Streams Pasture Streams
(h)
(h)
(h)
(h)
0
0
0
0
0
0
0
0
0
0
5.8
0.2
0
0
11.5
0.5
11.5
0.5
22
2
10.75
1.25
20.75
3.25
10.75
1.25
20.75
3.25
10.75
1.25
20.75
3.25
11
1
22.5
1.50
11.5
0.5
23
1.00
0
0
5.8
0.2
0
0
0
0

Direct estrogen deposition onto pastureland during cattle grazing was quantified by multiplying
the daily estrogen production of cows by the time fraction that cows spent on pastureland. Direct
estrogen deposition into streams was estimated by multiplying the daily waste production of
cows by the time fraction that cows spent in streams and the estrogen amount that can be
desorbed from cattle manure in water. The amount of E1, E2α, and E2β desorbed from solid
waste matrices are 7.7, 2.5 and 3.0 ng/g, respectively (Andaluri et al., 2012). Estrogen loads from
manure land application were estimated by multiplying the manure application rate by the
estrogen content in manure. The manure application rate in Minnesota was estimated by the
nitrogen needs of crops. Corn-soybean crop rotation is a typical tillage method used in
Minnesota and swine manure is used for land application from early October to mid-November
(Vetsch & Lamb, 2011). In this study, the cattle manure is assumed to be used for land
application both in spring and autumn. The estimated manure application rate is summarized in
Table 7.4.
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Table 7.4 Schedule of manure application to agricultural land in the U.S.
Month
January
February
March
April
May
June
July
August
September
October
November
December

Cattle manure applied (%)
0
0
0
20
20
0
0
0
15
30
15
0

Swine manure applied (%)
0
0
0
0
0
0
0
0
0
67
33
0

Manure is considered to be liquid when the manure has a solid content less than 15% based on
Minnesota PCA regulations. The characteristics of cattle and swine manure are summarized in
Table 7.5, and they all have a solid content less than 15%, thus cattle and swine were considered
liquid manure and stored in an anaerobic lagoon for 180 days before land application (Edmonds
et al., 2003). Injection is a suggested method for liquid manure application (Hernandez, 2012).

Table 7.5 Cattle and swine manure solid content and the estrogen content in manure.

Livestock

Dry solids percentage Estrogen content (ng/g-DW)
(%)
E2α
E2β
E1

Dairy cattle

14.0

1416

153

535

Beef cattle

14.7

4.7

7.3

150

Swine

13.1

290.9

619.7302

1774.874
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Reference
Zheng et al., 2007;
ASAE, 2003
Bartelt-Hunt et al.,
2013; ASAE, 2003
Ramen et al., 2014;
ASAE, 2003

Loads of estrogen from the failed septic system and straight pipes were calculated by multiplying
the population by failing rate of septic systems and the estrogen excretion amount per human.
The household and population data were obtained from the USCB. The population in the
Redwood River Watershed were estimated using the ArcGIS tool. The estimated human
population within the study area is listed in Table 7.6. Based on the information provided by the
Minnesota Pollution Control Agency (PCA), 16% of the subsurface sewage treatment systems
(SSTS) are failing and 4% are imminent public health threats (IPHT). Thus, a total of 20% of
septic systems were assumed to discharge estrogens into the surface water within the study area.
The main estrogen excreted by human wastes are E1 and E2β, and the excretion of E2α is quite
limited (Moos et al., 2009). The daily excretions of E1 and E2β by per male are about 2500 and
2865 ng, respectively, and the daily excretions of E1 and E2β by per female are about 6607 and
5513 ng, respectively (Adeel et al., 2017).
Table 7.6 The estimated population within the Redwood River Watershed.
Watershed
1
2
3
4
5
6
7

Male
484
525
253
118
200
2851
345

Female
473
535
243
114
196
2745
304

Tyler WWTP, Lynd WWTP, Marshall WWTP, Russell WWTP, and Ruthton WWTP contribute
estrogens into rivers through effluents. The daily loads of estrogen from WWTPs were calculated
by multiplying the discharge by the estrogen content in the effluent discharge. The estrogen
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levels in the effluents of Lynd WWTP and Marshall WWTP were obtained from Ferrey, 2011.
The estrogen levels in the effluents of Russell WWTP, Tyler WWTP, and Ruthton WWTP were
estimated based on the measured data for WWTPs with similar or same treatment units by
Ferrey, 2011. The detailed information of these WWTPs is provided in Table 7.7. For estrogen
levels which were below the detection limit and were thus not accurately measured, the
minimum detection limit of 0.21 ng/L divided by the square root of 2 was used (Lee et al., 2011).
Table 7.7 The discharge, treatment unit, and estimated effluent estrogen levels in the five
WWTPs located in the Redwood River Watershed. nd- not detected.

Name
Tyler
WWTP
Ruthton
WWTP
Lynd
WWTP

Subwatershed

Annual
average flow
(m3/day)

Treatment unit

E1
(ng/L)

E2α
(ng/L)

E2β
(ng/L)

2

683

Stabilization Pond

18

1.03

6.8

3

160

Stabilization Pond

18

1.03

6.8

5

79

Stabilization Pond

18

1.03

6.8

nd

nd

1.24

3.04

nd

0.91

Russell
WWTP

5

218

Marshall
WWTP

6

13242

Cutting Screen, Activated
Sludge Extended Aeration,
Final Settling Tank,
Chlorination, Sludge Storage
Tank for Hauling by Tank
Truck
Grit Chamber Aerated,
Mechanical Bar Screens,
Primary Settling Tank,
Aerated Pond, Digester,
Activated Sludge Extended
Aeration, Final Settling Tank,
Solids Contact Clarifier,
Mixed Media Gravity Filters,
Chlorination, Sludge lagoon
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7.3 Transformation and Transport of Estrogens in the Watershed

The attenuation and interconversion of estrogens during storage in anaerobic lagoons and on land
during dry periods were estimated using the comprehensive transformation model depicted in
Chapter 3. The dominant soil within the Redwood River Watershed is silt-clay loam based on the
information by the Web Soil Survey (WSS). The transformation and attenuation rates of
estrogens were estimated by fitting the model to the measured data in water sampled from an
anaerobic lagoon by Zheng et al., 2012 and in the silt-clay loam soil by Mashtare et al., 2013.
The estimated transformation and degradation rates are summarized in Table 7.8.
Table 7.8 The estimated transformation and interconversion rates of estrogens in an anaerobic
lagoon and on land during dry periods.
Transformation
/Degradation
rate (day-1)
k1
k-1
k2
k-2
k3
k4
Reference

Anaerobic lagoon

Silt-clay loam

0.18
0.12
3.0
1.8
0.018
0.018
Zheng et al., 2012

0.050
0.028
2.2
0.92
0.050
0.019
Mashtare et al., 2013

The degradation of estrogens in rivers is rapid, and interconversion rates are hard to be directly
measured. Thus, estrogen attenuations in surface water are estimated by the step degradation
model developed by Colucci & Topp, 2002 and Steiner et al., 2010. In this simplified model,
E2α and E2β are first degraded into E1, and then into other compounds. The degradation rates of
E2β and E1 in the Redwood River were estimated to be 3.2 and 0.85 day-1, respectively, using
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the data reported by Writer et al., 2011. The degradation rate of E2α was estimated to be 0.62
day-1 using the data measured in water sampled from Taunton River, Massachusetts (Robinson et
al., 2017).

Surface runoff during storm events was considered as the major mechanism to transport
estrogens from land to surface water. The transport of estrogens from land to surface water was
estimated by the wash-off model depicted in Chapter 3. The wash-off coefficient, kw, was
estimated by fitting the data obtained from Yang et al., 2012 and the estrogen mass on land was
estimated using the comprehensive transformation model. As the HSPF program utilizes a kwvalue measured in hr/in, the unit of kw was converted from min/L to hr/in in this case study. The
kw-values for E1, E2α, and E2β were estimated to be 0.686, 0.117, and 0.406 hr/in, respectively.
Those values were used for estrogen modeling work in the Redwood River Watershed.

7.4 Hydrological Calibration and Validation

The hydrological calibration and validation were conducted before estrogen stimulation. The
simulated flow rates for May 2006 to April 2008 were compared to the observed data at the
USGS Gage 05315000 for hydrological calibration. The flow rates were simulated by adjusting
the hydrological parameters within the possible range allowed by BASINS (Technical Note 6).
The key parameters included the upper zone nominal soil moisture storage (UZSN), the lower
zone nominal soil moisture storage (LZSN), the index to infiltration capacity (INFILT), the
interflow inflow parameter (INTFW), variable groundwater recession (KVARY), interflow
inflow parameter (INTFW), and the lower zone evapotranspiration parameter (LZETP). Then the
calibrated model was then used to simulate the flow rates in May 2008 to April 2009 for the
hydrological validation.
95

The observed and the simulated daily flow rates at the USGS Gage 05315000 from May 2006 to
April 2009 are illustrated in Figure 7.2. The statistical hydrological calibration results are
summarized in Table 7.9. The major hydrological parameter values used in this model are
provided in Appendix C. The HSPF model simulated two high flows in August 2007 and
October 2008 which were not measured in the Redwood River. It leads to a significant difference
between the simulated and measured flow rates during the validation period. The difference is
caused by the large precipitation depth measured at the Southwest Minnesota Regional Airport
during this period. It indicates that the meteorological data measured at the two stations cannot
represent the precipitation variations across the study area.

Figure 7.2 The observed and the simulated daily flow rates at the USGS Gage 05315000 from
May 2006 to April 2009. The blue dashed curve denotes the observed flow rates and the gray
solid curve denotes the simulated flow rates. The flow rates in May 2006 to April 2008 were used
for hydrological calibration, and the flow rates in May 2008 to April 2009 were used for
hydrological validation.
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Table 7.9 Comparison of the measured and the simulated flow rates in the unit of 105 m3/day at
the USGS gage 05315000 in the Redwood River Watershed from May 2006 to April 2009
Calibration
Observed
Simulated
5
3
(10 m /day) (105 m3/day)
1450
1303
Total Flow
722
685
High Flow
94
87
Low Flow
177
216
Summer Flow
70
69
Winter Flow
156
160
Storm Flow
Flow

Validation
Criteria
Percentage Observed Simulated Percentage
(%)
difference (105 m3/day) (105 m3/day) difference
587
855
-10
46
10
191
239
-5
25
15
58
34
-7
-42
10
231
224
22
-3
30
31
89
0
191
30
79
67
3
-15
15

As the difference between the measured and simulated winter flow during the validation period
is significant, a hydrological sensitivity analysis was conducted to explore the uncertainties
caused by the hydrological parameters. In this study, each hydrological parameter was increased
or decreased by 20%. Then the change the total flow, high flow, low flow, summer flow, winter
flow, and storm flow from May 2006 to April 2009 were assessed. The analytical results are
summarized in Table 7.10. The analyzing results show that AGWRC, INFILT, LZSN, and
UZSN can effectively affect the total flow, high flow, low flow, and seasonal flow. In this case
study, AGWRC has the largest impact on the simulated flow rates. Increasing the value of
AGWRC decreases high flow, increases low flow, and decreases storm flow. Additionally, the
hydrological sensitivity analysis shows that LZSN has a large impact on both summer and winter
flow, while UZSN has a large impact only on summer flow. Compared to other hydrological
parameters, INTFW and LZETP have little impact on simulating results.
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Table 7.10 Percentage Difference between the Simulated and Measured Flow from May 2006 to
April 2009
Hydrological parameter
Original
+20%
LZSN
-20%
+20%
INFILT
-20%
+20%
KVARY
-20%
+20%
AGWRC
-20%
+20%
UZSN
-20%
+20%
INTFW
-20%
+20%
LZETP
-20%

Total flow High flow Low flow
6
-1
14
7
5
6
6
-34
8
3
9
6
6
6
6

1
-14
16
4
1
9
-7
-87
77
-5
7
1
1
1
1

-20
-5
-35
-23
-17
-20
-22
-14
-45
-19
-20
-20
-20
-20
-20

Summer
flow
8
-2
21
5
13
6
10
-31
25
0
18
8
9
8
8

Winter
flow
58
50
71
58
60
43
78
179
-4
58
59
58
59
58
58

Storm
flow
-3
-5
-7
-3
-4
-2
-2
-5
-36
-3
-4
-3
-3
-3
-3

7.5 Estrogen Simulation

After the hydrological calibration, the estrogen simulation was conducted. The estrogen levels in
2007 at three points along the Redwood River in the sub-watersheds 5, 6 and 7 were simulated
using the HSPF program and compared to the measured levels by Lee et al., 2014. The simulated
estrogen equivalency was also estimated and compared to the average levels estimated by Lee et
al., 2014. One unit of E1, E2α, and E2β equals 0.2, 0.125 and 1 unit of estrogen equivalency,
respectively (Lee et al., 2014). Then the following hypothetical scenarios were conducted to
quantify the estrogens contributed from each source into the Redwood River:

1) Estrogen loads from only beef manure used for land application were added into the model;
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2) Estrogen loads from only grazing beef cattle were added into the model;

3) Estrogen loads from only dairy manure used for land application were added into the model;

4) Estrogen loads from only grazing dairy cattle were added into the model;

5) Estrogen loads from only swine manure used for land application were added into the model;

6) Estrogen loads from failed septic systems were added into the model;

7) Estrogen loads from WWTPs were added into the model.

Figure 7.3 presents the simulated and measured E1, E2α, and E2β concentrations in the Redwood
River in 2007 including all of the sources that are described in Section 7.2. The simulated E1,
E2α, and E2β levels were highest at Point 1 located in the sub-watershed 5 and lowest at Point 3
located in the sub-watershed 7. The simulated concentrations of E1 are higher than those of E2α
and E2β throughout the study period in all three sub-watersheds. It is due to the assumed rapid
irreversible transformation of E2α and E2β into E1 in surface water. Additionally, the simulated
concentrations of E2α are higher than those of E2β. It is caused by the lower degradation rates in
water used for E2α than E2β in this study. As the degradation rate of E2α used in this study was
not measured in the Redwood River, it induces uncertainties in the modeling results.
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Figure 7.3 Simulated estrogen levels at three points along the Redwood River.
Figures 7.4 to 7.6 show the measured and simulated estrogen levels with the simulated flow rates
at the three points. The simulated estrogens at the three points have a similar pattern. The highest
concentrations occur in August and October, which coincident with high simulated flow rates. The
simulated estrogen levels in sub-watershed 5 in storm events are higher than those in subwatershed 6 and 7. It is caused by the larger agricultural land area in sub-watershed 5 than those
in sub-watersheds 6 and 7. Large effluents from Marshall WWTP located in the sub-watershed 6
with low estrogen concentrations further decrease simulated estrogen levels in the sub-watershed
6 due to dilution. Additionally, the simulated estrogen levels in sub-watershed 7 in storm events
are slightly higher than those in sub-watershed 6. This is due to the larger agricultural land area in
the sub-watershed 7 than that in the sub-watershed 6, as shown in Table 7.1. In general, the
simulated estrogen profiles in the Redwood River show a positive relationship with the flow rate.
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Specifically, the peak concentrations of estrogens appear with the peak flow, while the
concentrations of estrogens are quite low when the low flow appears. The high simulated estrogen
levels are also impacted by the manure land application time. The modeling results show that the
high surface runoff just after land application can lead to high estrogen levels in rivers. The
estrogen levels were measured in sub-watersheds 5, 6 and 7 on February 27th, March 20th, May
10th, June 21st, August 28th, and September 25th in 2007. The measured total estrogen levels in
these three sub-watersheds range from below the detection limit to 1.16 ng/L, from below the
detection limit to 1.75 ng/L, and from below the detection limit to 1.6 ng/L, respectively. These
measured values are comparable to the total simulated estrogen levels, which range from 0.001
ng/L to 12.7 ng/L, from 0.002 ng/L to 11.5 ng/L, and from 0.002 ng/L to 11.7 ng/L in subwatersheds 5, 6, and 7, respectively. However, the model underestimates the estrogen levels in
February and May at Point 1 and in March at Points 2 and 3, it may be caused by the underestimated
surface runoff at this time. The high measured estrogen levels in March may also be caused by the
high manure application rate occurred at this time in the real practice. The estimated manure
application rate may fail to represent variations of real manure application rate across the study
area and cause uncertainties to modeling results. Additionally, the peak simulated estrogen levels
in August and October may overestimate the actual estrogen levels due to the overestimated
surface runoff. However, such an overestimation cannot be verified by the measured data due to
the lack of the measured data at this time. Figures 7.4 to 7.6 do not show an evident relationship
between the WWTP discharge and simulated estrogen levels or between the WWTP discharge and
observed estrogen levels. This indicates that the impact of WWTPs on estrogen levels in the
Redwood River is not significant.
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Figure 7.4 Simulated and measured estrogen concentrations at Point 1 in 2007. The solid curve
represents the simulated total estrogen levels in the Redwood River, and the red diamonds
denote the measured estrogen levels by Lee et al., 2014.

102

Figure 7.5 Simulated and measured estrogen concentrations at Point 2 in 2007. The solid curve
represents the simulated total estrogen levels in the Redwood River, and the red diamonds
denote the measured estrogen levels by Lee et al., 2014.
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Figure 7.6 Simulated and measured estrogen concentrations at Point 3 in 2007. The solid curve
represents the simulated total estrogen levels in the Redwood River, and the red diamonds
denote the measured estrogen levels by Lee et al., 2014.
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The estradiol equivalency was calculated from the simulated estrogen levels and compared to the
predicted-no-effect-concentration (PNEC). The simulated estrogen equivalence in this three subwatersheds ranges from 0.0002 to 2.85 ng/L, from 0.0008 to 2.45 ng/L and from 0.0007 to 2.54
ng/L, respectively. The average measured estrogen equivalence in Sub-watersheds 5, 6 and 7 in
2017 are 0.032 ng/L, 0.082 ng/L and 0.056 ng/L respectively. The PNEC of E2β is estimated to
be 2 ng/L (Caldwell et al., 2012). As the simulated estradiol equivalency is below the PNEC
during most of the time, the adverse effects of estrogens to the aquatic animals is negligible.

Figure 7.7 Simulated and measured estrogen equivalence at the three sampling points along the
Redwood River Watershed in 2007. The solid curve represents the simulated estrogen
equivalence in the Redwood River, and the red line denotes the average measured estrogen
equivalence by Lee et al., 2014.
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The contribution of estrogens from each source is summarized in Table 7.11. The simulated
estrogen levels from each source are shown in Appendix D. This analysis shows that the
nonpoint sources contribute the majority of estrogens to the surface water and the contribution of
WWTPs is smaller than 1%. However, WWTPs contribute a large amount of estrogens to surface
water in the South River Watershed study. It was due to the high WWTPs loads used in the
South River Watershed case study. In this case study, the measured estrogen levels in the
discharge of the largest WWTP, Marshall WWTP, are low. Even though the measured estrogen
levels in other small WWTPs are high, they only have periodic discharge to rivers in April, May,
October, and November. Thus the contribution of WWTPs in this case study is not significant.

Table 7.11 The contribution of estrogens from each source.

Estrogen
source

Percentage of the
Total simulated estrogen
simulated each kind of
mass in the river from
estrogens from each
each source
source
E2β
E1
E2α
E2β
E1
E2α
E2β
g/year g/year g/year g/year
%
%
%
Release to land
197
4.61
0.195 0.501
8.71
0.920
4.30
1350
14.9
18.0
3.32
28.2
85.0
28.5
10500
32.6
2.94
7.70
61.6
14.0
66.1
Release to river
11.0
0.177 0.021 0.021 0.335 0.099 0.182
28.0
0.167 0.013 0.031 0.316 0.061 0.264
17.0
0.253 0.008 0.040 0.478 0.039 0.339
3.00
0.167
-0.034 0.316
-0.296

Initial loads of estrogens
from each source
E1
g/year

E2α
g/year

Beef Cattle
Dairy Cattle
Swine

4040
4710
30200

127
12500
4950

Beef Cattle
Dairy Cattle
WWTPs
Septic Systems

229
98.0
52.0
3.00

7.00
259
3.00
--
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7.6 Sensitivity Analysis

The accuracy of this complex model is impacted by several factors including the flow rate, the
degradation rates of E2α and E2β into E1, the degradation rate of E1 into other compounds,
livestock density, the WWTP effluent concentration and wash-off coefficient. In order to
quantify the uncertainty caused by these factors, a sensitivity analysis was conducted for
hydrological and estrogen parameters. The hydrological parameters include precipitation, LZSN,
INFILT, KVARY, AGWRC, UZSN, INTFW, and LZETP. The estrogen parameters include the
degradation rate of E2α and E2β into E1, the degradation rate of E1 into other compounds, the
livestock density, the WWTP effluent concentration, manure application rates, and the grazing
time. In the sensitivity analysis, each of the parameters listed above decreases or increases by
20%, and the changes of the annual mean of the simulated total estrogen levels were compared.

Figures 7.8 and 7.9 show the results of the sensitivity analysis as the percent change in mean for
the hydrological parameters and the estrogen parameters at Point 1. Figure 7.8 indicates that the
simulated estrogens are sensitive to AGWRC and precipitation. This is due to the fact that the
modeling results are strongly affected by the flow rates, which is sensitive to AGWRC and
precipitation. Figure 7.9 shows that the simulation results are most sensitive to the decay rate of
estrogens in rivers, manure application rates, and the cattle grazing time. This result shows that
the assumption of estrogen decay rates in rivers, manure application time and rates, and the cattle
grazing schedule can largely impact the simulation results. The sensitivity analysis for Points 2
and 3 show the similar results and is shown in Appendix E.
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Figure 7.8 The percentage change of the simulated annual-averaged estrogens at Point 1 with a
change of the hydrological parameters.
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Figure 7.9 The percentage change of the simulated annual-averaged estrogens at Point 1 with a
change of the estrogen parameters.
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7.7 Implications of the Modeling Results

The simulated estrogen levels in the Redwood River are highly affected by the hydrological
conditions. The surface runoff during the rainfall events has the potential to transport estrogens
from land to water. At the same time, the increased river flow has the potential to dilute estrogen
concentrations in the Redwood River (Zhao & Lung, 2017). The large WWTPs usually use
tertiary treatments and the contributions of WWTPs is small. However, WWTPs with only
primary or secondary treatments have the potential to elevate estrogen levels in rivers during dry
periods. Additionally, the storm events just after manure land application can transport a large
amount of estrogens to surface water. Buffer stripes, which have been observed to effectively
reduce estrogen loads by surface runoff from land, are recommended (Shore, 2009b).
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Chapter 8

Summary, Conclusion, and Recommendations

8.1 Summary and Conclusions

This study first developed a comprehensive transformation model to describe the complex
transformation of E1, E2α, and E2β during attenuation. This provides the possibility to
simultaneously simulate various kinds of estrogens which may impact the levels of each other.
This comprehensive transformation model fits the data well for estrogen transformation under
both anaerobic and aerobic conditions as well as in aqueous solutions and solids. Compared to
previous models, this model can accurately estimate the complex variations of estrogen levels
with the interference of the complex conversion among estrogens. This study then compared two
simple models, the wash-off, and empirical models, to investigate the transport of estrogens from
agricultural land by surface runoff during rainfall events. The data reported by Yang et al., 2012
was used to evaluate the performance of the wash-off and empirical models. While both models
can closely simulate the mass loads of estrogens during rainfall events, the wash-off model is
more compatible with hydrological modeling software such as HSPF for large-scale modeling.
Study results prove that the wash-off model is suitable for modeling the transport of estrogens
following rainfall events. Finally, the validated wash-off model and the comprehensive
transformation model were employed to develop a framework to assess estrogen levels in the
natural environment using the HSPF program. This modeling framework assumes that estrogens
released to agricultural accumulate during dry periods, and are then transported into rivers by
surface runoff during storm events. Meanwhile, some estrogens are directly released into surface
water. These estrogens go through complex transformation and attenuation processes both on
land and in water. This framework was applied to the South River Watershed in Virginia and the
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Redwood River Watershed in Minnesota to simulate estrogen levels in the surface water. For the
estrogen simulation, cattle and poultry manure, biosolids, human feces and WWTP effluents
were considered as the primary sources of estrogens.

This modeling framework was used to identify the factors that lead to high estrogen levels in
rivers and assess potential risks of estrogens on a watershed and determine BMPs. The analyzing
results of both case studies show that flow rate and point sources affected the simulated instream estrogen concentrations significantly. The simulation results are most sensitive to the instream decay rate, manure application rate, and livestock grazing time. They also show that
estrogen on the land surface is transported to the receiving water by the surface runoff and the
estrogen released into streams can be diluted by the high water flow. The reduction of loads from
the point sources on dry days and the reduction of loads from the nonpoint sources on rainy days
are two practical mechanisms to control estrogens. The BMPs for the cattle manure management
is desired in this area to prevent the potential for high estrogen levels in streams from grazing
livestock. These results indicate that fencing off rivers to keep cattle out of the water is the most
economical practice with consideration for cost and practicality. Manure storage before the land
application is also encouraged to reduce estrogen content. Modeling results also indicate that the
surface runoff just after manure application can cause elevated estrogen levels in rivers. Buffer
stripes have been observed to effectively reduce estrogen loads by surface runoff from manure
land application and is thus recommended.

The two case studies show that the modeling framework developed in this study can be applied
to various watersheds to assess the temporal and spatial variations of estrogens levels along
rivers. This modeling framework can also be used to quantify estrogen contributions from
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various estrogen sources. Such quantification can be further used to develop the total maximum
daily loads (TMDL) of estrogens for a watershed. In addition to estrogens, the modeling
framework can be applied to compounds that have the similar fate and transport characteristics
and processes, such as androgens.

8.2 Recommendations and Future Directions

Although recent studies reveal rich information about estrogens, many gaps still remain in our
understanding of estrogen fate and transport on a watershed scale. First, most studies focusing on
the attenuation of estrogens are conducted under ideal experimental conditions and very few of
them investigate the attenuation rates in the natural environment. Second, at present, most of the
studies investigating the transport of estrogens from agricultural land quantitatively conclude that
the transport process is affected by precipitation, but they fail to quantify the transport of estrogens
by additional processes, such as irrigation leaching, preferential flow, pronounced macropore flow,
and discharge from the soil (Shore et al., 2004; Sangsupan et al., 2006; Kjær et al., 2007; Durán–
Álvarez et al., 2014; Jones et al., 2014a). Third, animals can excrete different amounts of estrogens
at different estrous states or with different diets, which is often not accounted for when estimating
the yearly production of estrogens from livestock (Tucker, 2009; Zhang, Shi, Liu, Zhan & Chen,
2014). Additionally, the major focus has been on measuring the fecal excretion of estrogens, but
there are other less studied pathways for estrogen excretion such as through emesis (Cantarow et
al., 1943). Furthermore, in addition to farm animals, wild animals can also contribute estrogens to
surface water (Rolland et al., 2005; Pereira et al., 2006). Thus, the estrogen load estimation in this
study may be inaccurate and incomplete due to the lack of knowledge. Fourth, current studies
assume constant attenuation and transformation rates of estrogens. However, they are not constants
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and affected by the estrogen concentrations. Fifth, this framework only works for E1, E2α, and
E2β. Compared to these estrogens, EE2 has a larger estrogenic potency and can impair the
reproductive function of Gobiocypris rarus at a concentration of 0.2 ng/L. Thus, the modification
is needed to quantify the potential hazardous of EE2. In order to address the issues listed above
and further improve the modeling framework developed in this study, further studies are needed
to more accurately quantify the estrogen amount excreted by both farm animals and wildlife.
Studies to investigate additional pathway to transport estrogens from land to rivers in addition to
surface runoff are also needed. Additionally, the attenuation and transformation rates measured in
the natural environment are essential to accurately estimate estrogen levels in the natural water
bodies. More importantly, studies to track the fate and transport of EE2 are encouraged to more
effectively assess the potential risks of estrogen to aquatic animals.
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Appendix A
Table A1. Observed Estrogen Concentrations in Surface Water

Name

Country

Surface Water Type

Pond
Pond
Creek
WWTP effluent
WWTP effluent
River
River
River
River
River
Ditch
Feedlot runoff
Estuarine
Coastal seawater
Offshore seawater
Groundwater
Groundwater
Groundwater
Tile-drained loamy field
Denmark
Tile-drained loamy field
Sewage
Iraq
River
Groundwater
Italy
River
Japan
STW effluent
STW effluent
STW effluent
England
STW effluent
Streams
WWTPs
effluent
South
Korea
River
China

WWTP effluent

Sampling
Times

Detected
times

9
9
na1
na1
na1
na1
na1
na1
na1
na1
683
50
na1
na1
na1
na1
49
na1
7
20
150
100
100
na1
27
28
14
14
na1
7
8

5
0
0
0
na1
2
3
na1
na1
na1
608
12-13
na1
na1
na1
na1
1
1
4
11
na1
na1
na1
na1
27
28
9
14
na1
5
3

Detected
concentration
(ng/L)
1.2 - 3.0
<1.0
<0.5
<0.5
110
2.1 ± 0.1
22.1 ± 0.7
0.90 - 2.9
2.536
8.3
LOD2 - 40
<5 - 720
0.78 - 1.2
0.66 - 5.2
nd3 - 0.88
LOD2 - 120
nd3 -1
nd3 - 4.5
LOD2 - 68.1
LOD2 - 10.9
6 - 20
2-9
0.1 0.2
1.5
0.39 - 10.49
0.8 - 11.2
<0.4 - 2.2
3.5 - 12.2
0.10 - 9.31
2.2 - 36
1.7 - 5.0

na1

na1

nd3 - 140
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Reference
Standley et al., 2008
Standley et al., 2008
Bradley et al., 2009
Bradley et al., 2009
Bradley et al., 2009
Bradley et al., 2009
Bradley et al., 2009
Singh et a., 2010
Soto et al., 2004
Soto et al., 2004
Gall et al., 2011
Bartelt-Hunt et al., 2012
Zuo et al., 2006
Singh et a., 2010
Singh et a., 2010
Swartz et al., 2006
Miller & Meek, 2006
Fine et al., 2003
Kjær et al., 2007
Kjær et al., 2007
Jafari et al., 2009
Jafari et al., 2009
Jafari et al., 2009
Baronti et al., 2000
Song et al., 2009
Williams et al., 2003
Williams et al., 2003
Williams et al., 2003
Matthiessen et al., 2006
Kim et al., 2007
Kim et al., 2007
Zhou, Zha & Wang,
2012

Name

E2β

Country

Surface Water Type

Sampling
Times

Detected
times

Detected
concentration
(ng/L)

WWTP effluent

17

17

0.7 - 1200

30
16
na1
8
15
44
9
7
na1
na1
na1
na1
na1
na1
39
683
50
na1
na1
na1
na1
49
7
20
150
100
100
na1
27
28
9
14
na1
7
8

30
14
na1
8
12
35
0
1
0
0
0
3
na1
na1
39
294
7-12
na1
na1
na1
na1
2
1
5
na1
na1
na1
na1
27
14
4
12
na1
0
0

10.1 - 29.4
nd3 - 1.45
0.64 - 55.3
8 - 65
nd3 - 15.6
<2.4 - 321.02
<2.0
2.2
<0.5
<0.5
< 0.5
8.4 ± 1.1
nd3
3.2
13.4 - 79.7
LOD2 - 20.9
<5 - 1250
0.56 - 0.83
LOD2 - 5.5
nd3
LOD2 - 45
nd3 - 29
1.8
LOD2 - 2.5
12 - 35
3 - 10
0.2 - 0.3
0.11
1.35 - 9.05
<0.4 - 2
<0.4 - 1.7
<0.4 - 4.3
0 - 0.89
<1.0
nd3

WWTP effluent

na1

na1

nd3 - 8.4

WWTP effluent

17

15

nd3 - 67.4

STP effluent
Lake
River
River
River
River
Pond
Pond
Creek
Creek
River
River
River
River
USA
Spring water
Ditch
Feedlot runoff
Estuarine
Coastal seawater
Offshore seawater
Groundwater
Groundwater
Tile-drained loamy field
Denmark
Tile-drained loamy field
Sewage
Iraq
River
Groundwater
Italy
River
Japan
STW effluent
STW effluent
STW effluent
England
STW effluent
Streams
WWTPs effluent
South
Korea
River
China
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Reference
Zhou, Zha, Xu et al.,
2012
Huang et al., 2014
Yan et al., 2012
Lei et al., 2009
Peng et al., 2008
Wang et al., 2012
Zhang et al., 2012
Standley et al., 2008
Standley et al., 2008
Bradley et al., 2009
Bradley et al., 2009
Bradley et al., 2009
Bradley et al., 2009
Singh et a., 2010
Soto et al., 2004
Wicks et al., 2004
Gall et al., 2011
Bartelt-Hunt et al., 2012
Zuo et al., 2006
Singh et a., 2010
Singh et a., 2010
Swartz et al., 2006
Miller & Meek, 2006
Kjær et al., 2007
Kjær et al., 2007
Jafari et al., 2009
Jafari et al., 2009
Jafari et al., 2009
Baronti et al., 2000
Song et al., 2009
Williams et al., 2003
Williams et al., 2003
Williams et al., 2003
Matthiessen et al., 2006
Kim et al., 2007
Kim et al., 2007
Zhou, Zha & Wang,
2012
Zhou, Zha, Xu et al.,
2012

Name

E2α

Surface Water Type

Sampling
Times

Detected
times

STP effluent
Lake
River
River
River
River
Ditch
River
Feedlot Runoff
Groundwater
River
Ditch
Feedlot Runoff
Groundwater
River
WWTPs effluent
River

30
16
na1
15
8
44
589
na1
50
49
8
537
50
49
na1
7
8

30
16
na1
1
2
9
100
na1
39-40
0
3
14
15-23
3
na1
3
0

Detected
concentration
(ng/L)
1.5 - 10.8
4.41 - 9.96
nd3 - 32.4
nd3 - 2.3
nd3 - 2
<2.5 - 74.4
LOD2 - 51.8
3.8
<103 - 1360
nd3
nd3 - 2
LOD2 - 19.6
<243 - 2600
nd3 - 6.4
0.33
8.9 - 25
nd3

WWTP effluent

na1

na1

nd3 - 11

WWTP effluent

17

11

nd3 - 1200

South
Korea

STP effluent
Lake
River
River
River
Estuarine
Groundwater
Sewage
River
Groundwater
River
STW effluent
STW effluent
STW effluent
STW effluent
WWTPs effluent
River

30
16
na1
8
44
na1
49
150
100
100
na1
27
9
4
7
7
8

na1
16
na1
1
7
na1
0
na1
na1
na1
na1
27
28
9
14
1
0

nd3 - 7.6
1.02 - 1.65
nd3 - 46.4
nd3 - 1
<3.1 - 39.8
3.01 - 4.67
nd3
2 - 12
0.01- 2
0.5 - 1
0.04
0.59 - 6.56
<0.5 - 1.9
<0.5 - 1.1
<0.5 - 3.4
1.3
nd3

China

WWTP effluent

na1

na1

nd3 - 5.8

Country

USA
China
USA
Italy
South
Korea

E3

China

USA
Iraq

EE2

Italy
Japan
England
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Reference
Huang et al., 2014
Yan et al., 2012
Lei et al., 2009
Wang et al., 2012
Peng et al., 2008
Zhang et al., 2012
Gall et al., 2011
Soto et al., 2004
Bartelt-Hunt et al., 2012
Miller & Meek, 2006
Peng et al., 2008
Gall et al., 2011
Bartelt-Hunt et al., 2012
Miller & Meek, 2006
Baronti et al., 2000
Kim et al., 2007
Kim et al., 2007
Zhou, Zha & Wang,
2012
Zhou, Zha, Xu et al.,
2012
Huang et al., 2014
Yan et al., 2012
Lei et al., 2009
Peng et al., 2008
Zhang et al., 2012
Zuo et al., 2006
Miller & Meek, 2006
Jafari et al., 2009
Jafari et al., 2009
Jafari et al., 2009
Baronti et al., 2000
Song et al., 2009
Williams et al., 2003
Williams et al., 2003
Williams et al., 2003
Kim et al., 2007
Kim et al., 2007
Zhou, Zha & Wang,
2012

Name

Country

Surface Water Type

Sampling
Times

Detected
times

Detected
concentration
(ng/L)

WWTP effluent

17

16

nd3 - 4100

STP effluent
30
na1
Lake
16
10
River
na1
na1
River
8
1
Note: 1data not available; 2limit of detection; 3not detected.
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nd3 - 9.7
nd3 - 10.20
nd3 - 35.6
nd3 - 1

Reference
Zhou, Zha, Xu et al.,
2012
Huang et al., 2014
Yan et al., 2012
Lei et al., 2009
Peng et al., 2008

Appendix B
Table B1. Descriptive and corresponding numeral cloud cover
Cloud cover in description
Clear
Scattered
Broken
Overcast
Reference

Cloud cover in eighth
Cloud cover in tenth
0/8
0
1/8-4/8
3
5/8-7/8
7.5
8/8
10
Perez et al. (2002)
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Appendix C
Table C1. The hydrological parameters used in the model for the South River Watershed
Parameter
LZSN
INFILT
AGWRC
CEPSE
UZSN
INTFW
IRC
LZETP

Definition
Lower Zone Nominal Soil Storage
Index to Infiltration Capacity
Base groundwater recession
Interception storage capacity
Upper Zone Nominal Soil Storage
Interflow inflow parameter
Interflow recession parameter
Lower zone ET parameter

Units
inches
in/h
none
inches
inches
none
none
none

Min
2
0.001
0.85
0.01
0.05
1
0.3
0.1

Max
15
0.5
0.999
0.4
2
10
0.85
0.9

Model value
2.0
0.1-0.15
0.96
0.01
0.5-1
3
0.3
0.1

Table C2. The hydrological parameters used in the model for the Redwood River Watershed
Parameter
LZSN
INFILT
AGWRC
CEPSE
UZSN
INTFW
IRC
LZETP

Definition
Lower Zone Nominal Soil Storage
Index to Infiltration Capacity
Base groundwater recession
Interception storage capacity
Upper Zone Nominal Soil Storage
Interflow inflow parameter
Interflow recession parameter
Lower zone ET parameter
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Units
inches
in/h
none
inches
inches
none
none
none

Min
2
0.001
0.85
0.01
0.05
1
0.3
0.1

Max
15
0.5
0.999
0.4
2
10
0.85
0.9

Model value
2.0
0.15-0.25
0.98
0.03-1
0.4
3
0.85
0.2

Appendix D

Figure D1. The simulated total estrogens from land-applied beef cattle manure.

Figure D2. The simulated total estrogens from beef cattle waste directly released into streams.

Figure D3. The simulated total estrogens from land-applied dairy cattle manure.
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Figure D4. The simulated total estrogens from dairy cattle waste directly released into streams.

Figure D5. The simulated total estrogens from land-applied swine manure.

Figure D6. The simulated total estrogens from septic systems.
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Figure D7. The simulated total estrogens from WWTPs.
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Appendix E

Figure E1. The sensitivity analysis at Point 2 using estrogen parameters.
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Figure E2. The sensitivity analysis at Point 3 using estrogen parameters.
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Figure E3. The sensitivity analysis at Point 2 using hydrological parameters.
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Figure E4. The sensitivity analysis at Point 3 using hydrological parameters.
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