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ABSTRACT 

 

Antibiotics are used at subtherapeutic levels in swine production for growth 

promotion, disease treatment, and disease prevention. These antibiotics are not fully 

metabolized and at subtherapeutic concentrations are thought to be linked to antibiotic 

resistance.  These antibiotics enter the environment through the land application of swine 

manure.  In the Iowa, most agricultural fields are drained using subsurface drainage, lowering 

the water table and removing excess water from the rootzone.  With this movement of water, 

antibiotics have the potential to enter the subsurface soil and be transported to surface water 

by drainage systems.  The studies described in this dissertation include; monitoring of tylosin 

and sulfamethazine in a tile drained agricultural watershed using Polar Organic Integrative 

Sampler (POCIS), the sediment concentrations of tylosin, sulfamethazine, and atrazine, in a 

tile drained watershed, and investigating the persistence and transport of atrazine and 

veterinary antibiotics to a tile drain system following swine manure injection. 

 A reconnaissance study of the South Fork watershed (SFIR) of the Iowa River, was 

conducted from 2013 – 2015.  All analytes were detected, and detection frequencies ranged 

from 69 – 100% showing the persistence in the watershed.  Antibiotics at sub-inhibitory 

concentrations were detected at a higher frequency using POCIS when compared to grab 

samples.  We observed statistically significant seasonal trends for SMZ and ATZ 

concentrations during growing and harvest seasons.  Time weighted average (TWA) 

concentrations quantified from the POCIS were 1.87 ng L-1 (SMZ), 0.30 ng L-1 (TYL), and 

754.2 ng L-1 (ATZ), in the watershed.  SMZ and TYL concentrations were lower than the 

minimum inhibitory concentrations (MIC) for E. coli.  All analytes were detected in tile drain 
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effluent, confirming tile drainage as a pathway for antibiotic transport.  SMZ, TYL, and ATZ 

were detected in instream SFIR sediments, detection frequencies ranged from 42 – 84%. 

Statistical analysis revealed annual and seasonal significance for sediment TYL 

concentrations.  On an annual basis TYL concentrations were statistically significant in 2013 

and 2014.  Seasonal significant concentrations occurred during the growing and harvest 

seasons, which coincide with the heaviest precipitation periods in the watershed, contributing 

to the transport of TYL via runoff.  On a field scale, TYL, SMZ, TET, and ATZ residue 

concentrations were detected in fields with history of swine manure application.  TYL and 

TET soils residues were concentrated at the 0 – 30 cm soil depth, while ATZ was 

concentrated from 0 – 60 cm.  The detection of TYL and SMZ in tile drainage water 

indicates their ability to leach from the surface soil where manure slurry was injected.  ATZ 

residues in tile drainage had a detection frequency of 100%, in the absence of application.  
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CHAPTER 1.  GENERAL INTRODUCTION 

 

1.1 Introduction 

The state of Iowa is located in the heart of the corn belt and plays an integral role in 

agricultural production of the United States and the world.  Of the 36 million acres of land in Iowa, 

approximately 30.7 million acres are used for farmland, with the total value of agricultural products 

sold accounting for 30.8 billion dollars, ranking second in the U.S. and 50th worldwide.  Currently, 

Iowa is the top U.S. producer of corn grain (13.7 million acres harvested), soybean (9.3 million 

acres harvested) and hogs (20.5 million hogs produced) (USDA-NASS, 2012). 

While agricultural production clearly has positive impact on the economy of Iowa and the 

U.S., it also contributes to the degradation of the natural environment. The crux of the matter, is the 

lack of balance between agricultural production and environmental stewardship.  With the world’s 

population projected to increase to 9.6 billion by 2050, pressure to increase agricultural production, 

will only increase, along with demands for reduced environmental impact. 

Iowa’s agricultural system and many of those like it in the corn belt, are dominated by 

intensive corn and soybean row cropping supported by artificial subsurface drainage, along with a 

landscape inundated with confined animal feeding operations (CAFOs).   

The basis behind this type of agricultural system is the use of agrochemicals.  These 

chemicals have been used to make agricultural production more efficient and thereby more 

profitable.  But with that said, the environmental impact of these agrochemicals has not been fully 

investigated or considered.  Herbicides are used in corn production while antibiotics are used in 

livestock production.  These agrochemicals are classified as agricultural emerging contaminants 

(AECs) because they originate from agricultural production. 
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1.2 Agricultural Emerging Contaminants (AECs) 

AECs are any agricultural naturally occurring or synthetic compound, or any microorganism 

detected in the environment, which is not routinely monitored, and has the potential to cause a 

known or perceived health risk to humans or the environment.  Recently, AECs as veterinary 

antibiotics and their subsequent effects on the environment are now emerging issues.  Antibiotics 

are used in livestock production and incorporated in their feed and water.  They are used 

therapeutically to treat disease, sub-therapeutically for disease prevention, and for increased feed 

efficiency/growth promotion.  In swine, approximately 70 – 80% of pig starters and grower feeds 

contain antibiotics, while 40 – 60% of finisher and sow feeds contain them (Cromwell, 2002). 

Antibiotics are poorly absorbed in the body of livestock animals resulting in the majority (70% – 

90%) of the administered compound being excreted in urine or feces, which end up in manure and 

urine (Masse et al., 2014 and Kumar et al., 2005).  Antibiotic concentrations found in the manure 

range from trace levels to > 200 mg kg-1, with typical concentrations ranging anywhere from 1 mg 

kg-1 – 10 mg kg-1 (Kumar et al. 2005).  As in many countries, manure in the U.S. is often land 

applied as a source of nutrients for crops and as a means of disposal. 

1.3 Occurrence, Transport and Fate of AECs 

Manure is rich in nitrogen (N), phosphorus (P), potassium (K) and micronutrients, making it 

a valuable resource for crop production and the largest byproduct of agricultural production.  In the 

U.S., land application of manure is the most widespread method of distribution while the storage in 

lagoons or pits are other viable options.  Per the 2012 Agricultural Census, there were over 22 

million acres of farmland treated by manure Agricultural Census (USDA-NASS, 2012).  However, 

manure that is improperly managed poses a burden to the farming operation and can be problematic 

to aquatic environments.  The increase of livestock production efficiency through CAFOs has 

caused substantial concentrations of manure to exist (Risse et al. 2006).  According to Gollehon et 
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al. (2001), the majority of livestock production farms have enough land to apply their manure at 

agronomic rates, but the ones who don’t account for over half of the manure N and P in the U.S.  

This excess availability of manure has been the cause for potential environmental concern.  Both 

overapplication and agronomic application of manure can cause contamination to move in the 

aquatic environment (Burkholder et al. 2007). 

Transport and fate of AECs are influenced by several factors including the physiochemical 

characteristics of the compound, weather, soil properties, and land management.  AECs are 

transported into the aquatic environment via runoff, infiltration, leaching, and artificial drainage.  

During intense and heavy precipitation events, overland flow can also transport AECs into surface 

waters.  AECs have been detected in surface water, ground water, plants, soil, dust, and sediments 

from manure amended fields (Bassil et al. 2013; Gao et al. 2012; Mojica and Aga, 2011; Burkholder 

et al. 2007; Dolliver et al. 2007; and Lissemore et al. 2006).   Many antibiotic compounds are 

hydrophobic in nature, but when they adsorb on to sediment they can be transported to surface 

water due to runoff.  Antibiotics that adsorb onto sediment have the potential to bioaccumulate in 

the aquatic environment (Gao et al. 2012).  Despite the widespread use of antibiotics, they are not 

currently regulated in the environment. 

1.4 Scope of the Problem 

The presence of antibiotic residues and their metabolites in manure, and the potential for 

those residues to enter the environment, are cause for concern.  Many of these antibiotics aren’t 

fully metabolized and are excreted as the parent compound into manure.  AECs act biocidal, and 

have the ability to impact target organisms and affect non-target organisms at the same time.  

According to (Gao et al. 2012), antibiotics adsorbed on sediments are still biologically active and 

have the potential to impact microbial functions in aquatic environments.  This thought is further 

supported by Mojica and Aga (2011) and Burkholder et al. (2007), who indicate antibiotics affect 
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the microbial communities’ structure, activity, and function in the terrestrial and aquatic 

environments.   

The most important issue regarding antibiotics is the increased emergence and spread of 

antibiotic-resistant bacteria and the potential impact on human health. The use of antibiotics in 

livestock production and the large-scale human uses of antibiotics have created a thriving 

environment for antibiotic resistant genes (ARG).  In agriculture, manure is a reservoir for resistant 

bacteria and antibiotic compounds, and it is thought its application to agricultural soils greatly 

increases ARGs and the selection of resistant bacteria in microbial populations (Heur et al. 2011).  

These bioactive compounds in manure exhibit hormesis behavior at doses below cell inhibition 

concentrations, i.e., low doses (Hughes and Andersson, 2012; Allen et al. 2010).  Low exposure 

concentrations of antibiotics, similar to that found in surface waters, may potentially stimulate 

ARGs.  The bacteria that are susceptible to antibiotics are inhibited, thereby creating favorable 

conditions for resistant strains of bacteria.  These resistant strains aren’t confined to specific 

environments, and have the ability to be transported via food, animals, humans, water etc.  The 

transport mechanisms for these ARGs are physical (wind, runoff, leaching), anthropogenic, and 

biological (animals) in nature. 

As these resistant strains become more prevalent, antibiotics will and have become an 

ineffective option for physicians and veterinarians.  Work in the Netherlands has shown ARG levels 

have drastically increased, over approximately a 70-year span dating from 1940 to 2008 in five 

long-term soil series (Knapp et al., 2010).  According to Khachatourians (1998), “microbial 

resistance to antibiotics is on the rise, in part because of inappropriate use of antibiotics in human 

medicine but also because of practices in the agricultural industry. These uses promote the selection 

of antibiotic resistance in bacterial populations. The resistant bacteria from agricultural 
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environments may be transmitted to human pathogens, which may cause disease that cannot be 

treated by conventional antibiotics.” 

1.5 Justification of Work 

The fate and transport of antibiotics in the environment is not fully understood, but the 

groundwork for this research has begun to develop.  From what we do know, antibiotic compounds 

have the ability to partition on to the solid phase, into the dissolved phase, or in the colloidal phase, 

which impacts their fate and transport in the environment.  The first nationwide reconnaissance 

study of the pharmaceuticals and other emerging contaminants was conducted from 1999 – 2000 

(Kolpin et al., 2002).  This study determined that approximately 80% of the 139 streams monitored 

contained one or more emerging contaminants, including 31 different antibiotics. Several of the 

stream sites were located in the state of Iowa.  Two of the antibiotics detected in the study were 

tylosin and sulfamethazine.  Both of these antibiotics are used in swine production for growth 

promotion and disease prevention.  Numerous studies have documented the prevalence of these 

antibiotics in surface waters (Ou et al. 2014; Kim et al. 2011; Song et al. 2010; MacLeod et al. 

2009). 

Currently, Iowa is the number-one producer of swine.  Swine tend to have a higher 

frequency of carrying bacteria with ARG, and this directly correlates with the amount of antibiotics 

used in the swine industry (Heur et al., 2011).  Work by Campagnolo et al. (2002) showed the 

ability of antibiotics to be transported from swine farms to proximal surface and ground water.  The 

prevalence of antibiotic resistant bacteria was further documented on swine farms by Chander et al. 

(2007).  Evidence suggests that ARG are potentially stimulated by low doses of antibiotics.  These 

low doses are often used for non-therapeutic purposes, including in livestock feed, increasing feed 

efficiency and growth promotion, and end up in the environment via manure.  Much uncertainty still 

exists about the environmental and health impacts of antibiotics, residues, and ARGs.   
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In order to investigate the potential relationship between antibiotic resistance and low 

doses/concentrations, one must be able to quantify and asses this impact through monitoring.  

Pruden et al. (2013) suggest that strategic monitoring is a management option for providing baseline 

data on antibiotics, residues, and ARGs.  The monitoring of the dissolved phase of antibiotics is 

undertaken by passive sampling technology. 

1.6 Organization of Dissertation 

 This dissertation filled several existing gaps in knowledge, by 1) assessing the ability to 

quantify low concentrations of antibiotics using passive sampling technology for monitoring 2) 

identifying tile drainage as a transport mechanism for antibiotics, 3) identifying sediment as an 

important sink and source for antibiotics, and 4) finding a statistical approach to deal with censored 

data from antibiotic monitoring studies for contaminants at low concentrations and determining 

their subsurface transport mechanisms in tile drained landscapes.  Chapter two is an overall 

literature review, while the rest of the chapters are described below. 

1.7 Research Goals and Hypothesis 

1.7.1 Chapter 3. Monitoring of Tylosin and Sulfamethazine in a Tile Drained agricultural 

watershed using POCIS. 

Goal: 

• Conduct a reconnaissance study of the SFIR, to establish the baseline water quality levels in 

respect to sulfamethazine (SMZ) and tylosin (TYL), and determine their distribution in the 

watershed using POCIS technology.   

Objectives: 

• Use POCIS samplers to determine the time weighted average (TWA) of AECs.  

• Determine the frequency of detections and concentrations of selected AECs in the SFIR. 

• Investigate the influence of temporal and spatial variation on the fate and transport of AECs. 
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• Assess the impact of surface flow versus subsurface drainage conditions on antibiotic 

  concentrations. 

Hypothesis: 

• The POCIS samplers will detect at low concentrations and provide TWA concentrations of 

selected AECs based upon each constituents sampling rates. 

• AECs will be detected at a high frequency due to the cropping system and the number of 

livestock confinements in the watershed. 

• The fate and transport of AECs will exhibit behavior similar to the “1st flush phenomenon” 

with the highest concentrations and transport occurring during the early planting/growing 

season, subsequently decreasing by harvest time. 

• Tile flow will be a significant contributor to AEC concentrations. 

1.7.2 Chapter 4. Stream Sediment Concentrations of Tylosin, Sulfamethazine, and Atrazine in a 

Tile Drained Watershed. 

Goal: 

• Quantify antibiotic and pesticide residue concentrations in sediment of the SFIR.  

Objectives: 

• Establish the baseline stream sediment concentrations for tylosin, sulfamethazine, and 

   atrazine. 

• Determine the frequency of detections in the sediment matrix of selected AECs in the SFIR. 

• Investigate temporal variation of the presence of these analytes and determined the impact of  

      hydrological flow conditions on their distribution in sediment. 

Hypothesis: 

• Sediment acts as a sink for contaminants, the detection and concentration of the analytes will 

be highly influenced by their physiochemical properties and interactions in the environment. 
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• The detection frequency of TYL and ATZ in sediment will be high because of their affinity 

to adsorb to the solid phase while SMZ has more hydrophilic tendencies. 

• Temporal variation will most likely be impacted by precipitation and runoff, while high 

instream flow conditions can be influential on sediment concentrations. 

1.7.3 Chapter 5. Investigating persistence and transport of atrazine and veterinary antibiotics to a 

tile drain system following swine manure injection. 

Goal: 

• To investigate the subsurface transport and attenuation behavior of antibiotics and atrazine 

under tile drained field conditions after swine manure injection. 

Objectives: 

• Use POCIS to monitor AECs from tile flow. 

• Quantify AEC concentrations and determine detection frequency from soil samples and tile 

effluent and assess their mobility in subsurface. 

Hypothesis: 

• The POCIS will allow for the detection of these AECs at low concentrations by 

concentrating the analytes on the sampler.  

• The physiochemical properties of the AECs and the change of soil texture, a decrease of 

aerobic microorganisms and an increase of anaerobic microorganisms, and a change in soil 

organic matter as depth increases will be influential on detection frequency.  Based on these 

interactions, we will be able to identify the transport mechanisms.  
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CHAPTER 2. LITERATURE REVIEW 

 

2.1 Hydrologic Impacts of Subsurface Drainage in Central Iowa 

 

The Swamp and overflow land Acts of 1849, 1850, and 1860 transferred the titles of swamp 

and overflow lands to 15 individual states, including Iowa.  Under the act, states were allowed to 

reclaim those lands within their boundaries by installing drainage and levees for the development of 

wetlands for agricultural purposes (Ikenberry et al., 2014).  Thus, this reclaimed land led to the 

influx of European Americans due to the availability of farmable lands.  The subsequent increase of 

artificial drainage has changed the hydrology of the Midwest United States.  Tile drains and other 

forms of artificial drainage have had an enormous economic impact on Midwestern agriculture.  

Subsurface drainage improves agricultural production by creating consistent yields, allowing 

timelier field operations, regulating water table to reduce crop stress, and the reduction of soil 

compaction.  Also, having subsurface drainage installed increases the sale value of the land.    

From the latest Agricultural census (2012), approximately 19.6 million ha are under tile 

drainage while 16.9 million ha use some form on subsurface drainage (field ditches) in the United 

States, totaling 434,245 farms (USDA-NASS, 2014).  The state of Iowa accounts for 26% of the 

total ha under tile drainage, 5.1 million ha more than any other state.  Agricultural tile drainage is an 

integral part of Iowa’s landscape (Schilling and Helmers, 2008).   

The intake of water by tile drains occur through three main mechanisms: surface intakes, 

drainage of soil below the water table during saturated conditions, and macropore/preferential flow 

under saturated conditions (Morrison, 2014).  Vertical surface intakes coupled with subsurface tile 

drains, short circuit water from the agricultural landscape directly into drainage channels or streams.  

As a result, surface waters are drained in a timely manner allowing agricultural lands to be ready for 

cultivation.  Subsurface drainage doesn’t increase the storage capacity of soils, instead it transform 
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how the fraction of soil water and surface water is stored and released in respect to time.  

Consequently, artificial drainage serves as the main conduit for the transport of dissolved forms of 

nutrients and chemicals (Ikenberry et al., 2014; Edwards et al., 2009; Larsbo et al., 2009; Lapen et 

al., 2008; Schilling and Helmers, 2008; Green et al., 2006; and Baker et al., 2004). Therefore, 

serving as a key transport mechanism and creating unintended ramifications on water quality.  

Research has shown the ability of tile drains to specifically transport nutrients and AECs into 

surface waters (Frey et al., 2015; Qi et al., 2011; Kay et al., 2003; Campagnolo et al., 2002; Gentry 

et al., 2000; and Kladivko et al., 1991).  Work conducted by Schilling et al., 2012 indicated tile 

drainage is a key mechanism which impacts fundamental watershed characteristics and should be 

evaluated when investigating pollutant delivery from agricultural environments.  

Artificial drainage has been documented to impact runoff, baseflow, and peakflow.  

According to Schilling and Libra (2003), subsurface artificial drainage in agricultural settings of 

Iowa have increased baseflow of rivers over the past 50 years.  Hydrologic changes have occurred 

in these landscapes because of European settlers and land management improvements dating back 

to the days of the Soil conservation service (SCS) in the 1930s.   The land management 

improvements such as soil conservation practices enhanced the infiltration capacity of the landscape 

thereby increasing baseflow and low flows of streams (Schilling and Libra, 2003).  “Baseflows are 

directly related to the shift in the proportion of precipitation that is not evaporated or transpired, but 

rapidly conveyed into subsurface drain flow,” (Blann et al., 2009).  Schilling and Libra, 2003; 

suggest that the hydrologic discharge trends may be linked to the extensive use of artificial 

drainage.  Along with the artificial drainage, the increased production of soybeans from 1940 to 

now on previously untilled land or other cover cropped land increased baseflow by eliminating the 

ability to limit annual evapotranspiration (ET), (Schilling and Libra, 2003).  Today, subsurface 
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drainage makes up the majority of baseflow from agricultural landscapes in the midwest (Blann et 

al., 2009).  

Topographical depressions, known as prairie pot holes also impact tile drainage 

hydrologically.  The prairie pothole region (PPR) in Iowa, coincides with the Des Moines Lobe.  

Potholes are topographical depressions and or wetlands.  These potholes serve as a drainage pool 

for accumulating water from the landscape often forming ponds (Johnson et al., 2008).  These 

depressional stores also reduce the chance of runoff and increase infiltration (Sloan, 2013).  Surface 

intakes connected to subsurface drains are often used to drain these potholes.  These surface intakes 

provide a direct conduit for surface water to enter the tile drain system (Tomer et al., 2010).  The 

hydrology of these potholes is influenced by spatial and temporal variability of climate, soil, and 

landscape characteristics (LaBaugh et al., 1998, van der Kamp and Hayashi, 1998).  Research on 

the hydrologic impact of tile drainage is limited but continues to develop, the overall conclusion is 

that the impact is very complex and situationally dependent (Sloan, 2013). 

Researchers have determined that macropore flow is a major influence on water and 

chemical transport (Sloan, 2013; Tomer et al., 2010; Larsbo et al., 2009; and Kumar et al., 1998).  

Kay et al., 2004 specifically indicated that preferential flow to tile drains is a transport mechanism 

for antibiotics.  Field studies have shown that macropores directly connected to tile drains have the 

ability to immediately transport surface solutes (Larsbo et al., 2009).   It is generally accepted that 

surface storage, soil type, and the availability of macropores influence peak flow in subsurface 

drainage (Sloan, 2013).  At a field scale, subsurface drainage reduces the surface storage capacity, 

thereby increasing peak flows, but this can be variable and site specific (Blann et al., 2009).  

Particularly, the formation of macropores enables water to flow rapidly through the subsurface.  

(Robinson and Rycroft, 1999) suggest that the installation of tile drainage promotes the formation of 

macropores by drying the soil enough to create well defined subsurface flow paths.   Preferential 
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transport of chemicals through macropores is governed by soil type, management conditions, 

rainfall intensities, and the physiochemical characteristics of the compound (Shipitalo et al., 2000).  

Specifically, the amount of chemical that’s transported is determined by the amount of overland 

flow, amount of chemical present in overland flow, and the overall flow capacity of the macropores 

(Kumar et al., 1998).  The preferential flow of chemicals through macropores is a bigger concern in 

no-till management systems where minimal surface soil disturbance occurs, leaving the macropores 

intact (Kumar et al., 1998).   

2.2 Hydrology of the South Fork Watershed (SFIR) 

 

The natural hydrology of the SFIR has been substantially modified in support of agriculture.  

Artificial drainage has tremendously changed the hydrology of the SFIR.  Approximately 80% of 

the SFIR is tile drained.  Majority of the flow in the SFIR originates from subsurface drainage flow.  

Flooding in the SFIR is typically caused by rains in the spring over frozen or saturated soils, 

summer thunderstorms, and by fall rains after harvest (McCarthy et al., 2012).    

A study conducted by J. Roth and P. Capel, 2012, investigated the hydrology of drained 

topographical depressions in the SFIR.  During wet conditions, normally representative of May and 

June in the SFIR, sustained ponding of water was contributed to groundwater inflow and overland 

flow.  Where overland flow was the initial contributor to the formation of ponds.  Once 

groundwater inflow decreased below the soil surface, the pools receded.  Vertical surface drainage 

accounted for the primary loss of water from the potholes, while evaporation was a negligible 

outflow.  Dry conditions, from late June to August resulted in shorter pond durations.  Overland 

flow was the main contributor to the late season ponding, while precipitation and groundwater 

decreased.  Similar to the wet conditions, vertical surface drainage served as the primary loss 

mechanism for water, but infiltration was a factor as well. 
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Much of the earlier drainage practices (19th century) focused on straightening streams and 

increasing the flow by which streams could remove water from agricultural landscapes to surface 

waters (Blann et al., 2009).  These earlier drainage practices would unknowingly have a severe 

impact on the hydrology and water quality of agricultural watersheds.  The natural meandering 

pattern of streams are due to the energy dissipation of flowing streams, thereby producing 

recognizable patterns of transport and deposition of sediment (Yan et al., 2010).  As a result, the 

stream channelization became widespread, resulting in stream bank erosion and the accumulation of 

sediment.  Yan et al., 2010 study investigated channel movement and post settlement alluvium 

(PSA) in the SFW.  Comparison of aerial analysis between 1939 and 2002 showed reduction in the 

channel lengths of Tipton Creek (TC), South Fork (SF), and Beaver Creek (BC) basins.  Stream 

channelization caused approximately 9.2 x 106 Mg of PSA to be stored in the alluvial valleys of TC 

and SF combined.  This PSA roughly represents 156.6 Mg ha-1 of soil eroded from the uplands of 

the watershed since the settlement of the European farms.  The accumulation of PSA in the 

watershed caused a loss of water storage capability on the magnitude of 5.09 x 106 m. 

2.3 Atrazine in the South Fork (SFIR) 

Much of the water quality work in the SFIR involves nutrients and herbicide monitoring.  A 

handful of studies have documented the presence of herbicides and their metabolites in the surface 

waters of the SFW (Coupe et al., 2012; Kalkhoff et al., 2012; Kolpin et al., 2010; Meyer et al., 

2007; Thurman et al., 1992).  These herbicides and their metabolites have been also been 

documented in the groundwater of the SFIR and in wastewater treatment plants influent/effluent 

(Kolpin et al., 2002). 

An early reconnaissance study on herbicides and their metabolites was conducted the late 

1980’s by Thurman et al. 1991.  The study examined the effect of herbicides and their metabolites 

on the regional surface water quality of the Midwest.  A large number of sampling sites were in 
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Iowa, including several along the Iowa River.  This work showed a seasonal distribution pattern of 

triazine herbicides in the pre planting, post planting, and harvest stages of planting.  High 

concentrations of herbicides were flushed from cropland then transported to surface water as pulses, 

caused by the late spring and early summer rainfall (Thurman et al., 1992).  The pulse effect was 

shown to occur on a regional scale throughout the corn belt of the Midwest.  Several of the 

herbicides exceeded the Environmental Protection Agency (EPAs) maximum contaminant level 

(MCL) for drinking water during post planting.  The post planting samples yielded the greatest 

detection of herbicides and herbicides were detected at most sites in the study.  Atrazine was the 

most prevalent herbicide detected in the reconnaissance study; 91% (pre planting); 98% (post 

planting); and 76% (harvest).  Storm water runoff data indicated background concentrations of 

triazines was less than 1µg L-1, while a sharp increase in herbicide concentrations ranging from 30 – 

40 µg L-1 during post planting.  The temporal trends of herbicide detection indicate that some of the 

compounds persisted from year to year in both soil and water.   

Monitoring the transport of atrazine and similar pesticides is very difficult, due to their 

ability to exist in three different states; sorbed, liquid, and gas (Gish et al., 2011; Majewski and 

Capel, 1995; Taylor and Spencer, 1990).  The overall movement of triazine herbicides involves 

transport through the soil profile, across the soil surface, into the atmosphere, and into the aquatic 

environment.  Transport includes, but isn’t limited to: plant uptake, surface runoff, volatilization, 

and upward/downward transport in the soil profile (LeBaron et al., 2008).  There are three generally 

recognized transport mechanisms for atrazine; surface runoff, leaching, and volatilization.  In 

addition, with the use of artificial drainage in much of the agricultural landscapes in the Midwest, 

the use of tile drains to expedite the movement of water from soil surface can be considered another 

transport mechanism.  Surface runoff and leaching of atrazine have been heavily studied, revealing 
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that surface runoff is the dominant transport mechanism of atrazine.  But, there have been few 

studies investigating the volatilization of atrazine. 

Atrazine and other triazine herbicides fate in soil and the terrestrial environment are 

regulated by degradation, sorption, and transport behavior.  Abiotic and microbial processes carry 

out degradation in soil.  These processes degrade the parent compound and transform it into 

degradation products; desethyl atrazine (DEA), deisopropyl atrazine (DIPA), hydroxy atrazine 

(HA), and other residues.  Atrazine sorption on to soil particles is the dominant mechanism 

affecting retention in soil, thereby impacting transformation and transport.  Literature shows pH, 

organic matter, clay content, temperature, water content, concentration, and incubation time impact 

atrazine sorption behavior (Park et al., 2003).  Atrazine sorption has been shown to be positively 

correlated with organic matter and have a strong relationship to adsorption of all soil constituents.  

2.4 Passive Sampling Monitoring Technology 

2.4.1 Background 

Water quality monitoring of antibiotics and other emerging contaminants can be difficult 

due to their physiochemical properties and their interactions in the environment.  Traditional active 

sampling techniques include discrete grab samples and the use of automatic samplers have been 

used to sample environmental concentrations of emerging contaminants. These sampling techniques 

often require preconditioning large volumes of water to detect these contaminants with current 

analytical methods (Söderström et al., 2009; Alvarez et al., 2009; Alvarez et al., 2005).  The biggest 

shortcoming of discrete grab sampling, is that it only provides a snap shot or an instantaneous 

estimate of environmental levels, neglecting episodic events and overestimating concentrations 

(Thomatou et al., 2010; Vrana et al., 2005).  Grabs are collected periodically at predetermined time 

intervals and provide the extent, frequency, and variables of water quality (Novtony, 2003).  

Typically, the increased frequency of grab samples is a method used to capture pollutant 
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concentrations varying over time.  This method is often time consuming and impractical.  To 

capture episodic pollutant events, automatic samplers are often used, but can be expensive and time 

consuming to use.  Another WQ monitoring approach used is biological monitoring.  Biological 

monitoring consist of sampling fish, macroinvertebrates, or benthic macroinvertebrates.  The 

analysis of the tissues from these test species provide information on environmental relevant 

concentrations of the contaminants and the equilibrium level of the contaminant.  The analysis for 

this method can be complex.  The use of these sampling methods can be expensive and time 

consuming (Söderström et al., 2009; Alvarez et al., 2007; Vrana et al., 2005).     

The development of passive sampler technology such as the Polar Organic Chemical 

Integrative samplers (POCIS) has provided a better alternative for sampling polar organic 

contaminants such as tylosin, sulfamethazine, and atrazine.  Passive samplers avoid many of the 

problems associated with the typical methods used in water quality monitoring programs due to 

their ability to collect target analytes in-situ while not impacting the bulk solution (Vrana et al., 

2005).  The advantage of using passive samplers to monitor pollutants in aquatic environments is 

the ability to monitor a broad range of chemicals with different physiochemical properties, non-

mechanical or passive operation, sampling of large volumes of water, the ease of deployment and 

sample processing (Vrana et al., 2005).  The POCIS provides time integrative sampling, enabling 

estimation of time weighted averages (TWA) concentrations, captures episodic events, and 

improves the detection limit by concentrating sequestered analytes of interest. 

2.4.2 History 

Over the past 20 years, passive samplers have been developed and used to combat many of 

the issues of the aforementioned monitoring techniques.  Passive samplers can collect target 

analytes in-situ without disturbing the bulk solution (Vrana et al. 2005).  They have shown the 

ability to measure a wide range of organic and inorganic contaminants in dissolved form.  Passive 
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samplers have been used in air quality monitoring since the 1970s.  These principles were taken and 

adapted, and then applied to WQ monitoring where the first passive sampler for organic micro-

pollutants was used in 1987.  The science and research behind the use of these samplers is still 

developing, but large strides have been made in recent years.  It is thought, passive samplers can 

complement or either replace grab samples.  Passive samplers produce time integrated data, 

allowing a time weighted average (TWA) concentration to be determined over an extended 

sampling duration.  

2.4.3 Polar Organic Chemical Integrative Sampler (POCIS) 

 

In the past 5 – 10 years, passive sampler technology has been used for water quality 

monitoring.  One of the most commonly used passive sampler’s is the polar organic chemical 

integrative sampler (POCIS).  POCIS are manufactured to monitor and sample hydrophilic 

compounds such as macrolide antibiotics.  To date, tylosin has not been one of the antibiotics that 

the POCIS has been calibrated to sample.  A study to evaluate the performance of the POCIS 

sampling of tylosin could provide insights into the sampling rate of tylosin and provide greater 

understanding of the POCIS in monitoring tylosin in the aquatic environment.  

The POCIS sampler uses passive diffusion, i.e. (movement from an area of high 

concentration to low concentration) which follows first order kinetics.  According to (Molin et al. 

2012 and Li et al. 2010), the POCIS has three different phases of pollutant accumulation Figure 2.1.  

These three phases are a function of time and include: linear, pseudo-linear, and equilibrium.  The 

linear phase of the POCIS is usually used to determine TWA concentrations of contaminants.  The 

POCIS sampler takes a long period of time to reach equilibrium which results in the accumulated 

contaminant remaining in the device long after deployment (Alvarez, 2004).  The other two phases 

can be used for qualitative data such as the quantity of a particular contaminant.  The linear phase 
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uptake allows the POCIS to act as an infinite sink for the accumulation of chemicals, where a 

constant exposure concentration is assumed and linear accumulation occurs with respect to time.    

 

 
 

Figure 2.1 Accumulation phases of the POCIS (Source: Morin et al. 2012). 

 

 

2.4.4 History and Development 

The POCIS was developed by (Alvarez et al., 1999) as a part of the environmental 

contaminants research conducted by US EPA and the USGS.  It was designed to mimic respiratory 

exposure of aquatic organisms to dissolved chemicals.  Thus, it acts as an abiotic device, allowing 

the estimation of biologically relative TWA concentrations.   Currently, there are two commercially 

available forms of the POCIS; pesticide and pharmaceutical form. The pesticide-POCIS 

configuration sorbent receiving material is made up of, a triphasic admixture of Isolute® ENV+ 

polystyrene divinylbenzene, Ambersorb® 1500 or 572 carbon, and X3 Biobeads, and the Oasis 

hydrophilic-lipophilic balance (HLB) sorbent is the pharmaceutical-POCIS (Fauvelle et al., 2012; 

Alvarez et al., 2004). This sorbent receiving material is covered by polyethersulfone diffusion 
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membranes with 100nm pore size and is secured with two stainless steel rings (Figure 2.)  The semi 

permeable membrane of the POCIS allows dissolved polar organic chemicals to pass through to the 

sorbent phase, while inhibiting the flow of particulates and microorganisms with the cross-sectional 

area greater than 100 nm (Greenwood et al., 2007).  Originally, the pesticide POCIS was designed 

to sample pesticides and hormones.  But, it was discovered that the pesticide POCIS had difficulty 

sampling additional chemical compounds such as pharmaceuticals with multiple functional groups 

(Alvarez, 2012).  The pharmaceutical POCIS was then developed and has the ability to detect a 

wider scope of chemical compounds. 

The POCIS is designed to sample contaminants in the aqueous environment that are 

hydrophilic in nature and have a log Kow < 4 (Alvarez, 2012; Morin et al. 2012; and Alvarez et al. 

2004).  But studies have also documented that the POCIS sampler is also able to sample 

contaminants with a log Kow > 4, such as azithromycin and alkylated phenols.  The potential of 

analytes to degrade while in transport or during storage in traditional matrices, is minimized with 

passive samplers because of their ability to isolate the analytes on a sorbent material (Kot-Wasik et 

al., 2007).   The advantage of using the POCIS is its ability to sequester contaminants from episodic 

events and the ability to capture contaminants are trace levels.  Carlson et al., 2013 tested the 

stability of some agrochemicals and pharmaceuticals captured on the POCIS after being stored at -

20º C for approximately 20 months and determined the average loss was about 11%.  The loss 

during storage was smaller than the variability associated with the overall use of the POCIS. 
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Figure 2.2 POCIS Schematic, Kot-Wasik et al., 2007 

 

The accumulation of the POCIS in the kinematic/integrative phase, is thought to be 

proportional to the concentration in the bulk solution while the elimination rate is proportional to 

the concentration on the sorbent material (Fauvelle et al., 2012; Mazzella et al., 2007; Vrana et al., 

2005; Alvarez et al., 2004).  The equation expressing accumulation was first applied to the POCIS 

by Alvarez et al., 1999. 

CPOCIS = CwKsw (1 – e-ket) (1) 

CPOCIS is the concentration (µg g-1) of the analyte on the sorbent at time t, Cw is the TWA 

concentration (µg L-1) of the analyte in water, Ksw is the membrane water partition constant (L g-1).  

The elimination rate constant ke, is negligible during the kinematic phase, where the POCIS acts as 

an infinite sink, simplifying equation (1) 

    CPOCIS = Cwkut (2) 

where ku is defined as the rate of uptake (L g-1 d-1).  To link concentrations quantified by in the 

POCIS to its concentration in the sampling sorbent, the sampling rate (Rs) is used.  The Rs, is 

simply the volume of water cleared by the POCIS with respect to time for a given molecule (Morin 

et al., 2012).  Rearranging equation (2) and introducing the mass of sorbent MPOCIS, while replacing 

ku with Rs, produces an equivalent relationship. 
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CPOCIS = CwRst (3) 

                         MPOCIS       

 

2.4.5 POCIS Calibration and Rs Values 

 

To obtain quantitative information (TWA concentrations) from the POCIS, it must be 

calibrated for each chemical of interest.  Without calibration, the POCIS will only provide 

qualitative information and serves as a screening tool.  According to Morin et al., 2012, “The 

calibration links the quantity of a compound accumulated in the tool to its sampling rate (Rs).”  

Calibration of the POCIS occurs in the kinematic accumulation phase.  Typical calibration consist 

of laboratory or in-situ calibration methods.  Laboratory calibration allows for a more controlled 

system, with selection of desired molecules and constant concentration.  Disadvantages of 

laboratory calibration is that it can be time consuming, require a lot of resources, and performance-

reference compounds (PRCs) could be required to correct laboratory derived Rs values.  PRCs are 

used to correct Rs values for environmental conditions, in which in-situ calibrations account for.  

The PRC approach was first documented by Huckins et al, (2002) and Booij et al, (1998 with their 

respective work using the semipermeable membrane device (SMPD) passive sampler.  Mazella et 

al, (2007) later modified this approach for use on pharmaceutical POCIS (Oasis-HLB).  But, due to 

the complex hydrophilic and lipophilic interactions which occur on the Oasis HLB, it’s uncertain 

that the validity of the application of PRC approach (Harman et al., 2011; Mazella, 2012).  Three 

accepted methods to produce laboratory Rs are; static renewal, static depletion, and continuous flow 

calibration.  Static renewal calibration involves a closed system where molecule spiking occurs at 

desired time points, and static depletion involves just an initial molecule spike at the beginning of 

the calibration.  In situ calibration allows the POCIS to be exposed to site specific environmental 

parameters and conditions.  In theory, this makes Rs values more accurate and realistic, but in 

practice, the use on in situ calibration is time consuming and requires a lot of resources.   
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Sampling rates are very difficult to obtain and can vary for individual compounds based on 

temperature, water flow/turbulence, UV-light, biofouling, type of POCIS, and their physiochemical 

properties, i.e. pH and salinity (Morin et al., 2012; Söderström et al., 2009).  The influence of these 

factors on Rs can vary (Table 2.1).  In addition, Morin et al., 2012 suggest Rs can possibly be 

influenced by duration of exposure, calibration technique, calculation method, and the level of 

pollutant concentration exposed to the POCIS.   

Table 2.1 Factors which influence the Rs of POCIS. 

 

Factor Effect on Rs Source 
Temperature Increase of temperature increases Rs 

for pharmaceuticals. 

Morin et al., 2012; Söderström et al., 

2009; Togola and Budzinski, 2007. 

Water flow/turbulence/agitation Increase of flow increases Rs by four 

to nine fold. 

Morin et al., 2012; Alvarez, 2004. 

Biofouling Limited impact on Rs. Alvarez et al., 2004; Alvarez et al., 

1999. 

POCIS configuration Rs vary based on use of pesticide or 

pharmaceutical POCIS using the 

same calibration method. 

Hernando et al., (Morin paper) 

pH High Rs for acidic pharmaceuticals at 

low pH. Rs for neutral compounds is 

not impacted by pH.  Rs for basic 

compounds are high at high pH. 

Morin et al., 2012; Li et al.,  

Salinity Rs varies, depending on the 

functional group of the compound. 

Togola and Budzinski, 2007 

   

 

Once calibrated, Rs are generally calculated by rearranging equation (3) and solving for Rs. 

Rs = CPOCISMPOCIS  (4) 

                                    Cwt 

 

Several other methods have also been used to calculate Rs.   One uses the analyte concentration 

remaining after a desired time duration (17, 21), where Ci is the initial analyte concentration (µg L-

1), Ct the analyte concentration (µg L-1) at time t, and VT is the volume of the calibration vessel.  It’s 

assumed, the analyte loss due to degradation is negligible (Morin et al., 2012).  

Rs = Ci – Ct  x VT   (5) 

                                                                Ci            t 
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Another approach, uses the slope of the decreasing analyte concentration with respect to time and a 

positive control is used to consider degradation of the analyte (Morin et al., 2012; MacLeod et al., 

2007): 

    Rs = kuVT (6) 

With the different approaches used to calibrate and to quantify the Rs, different values can be 

derived for the same analyte.  The following Rs values for tylosin, sulfamethazine, and atrazine are 

displayed below Table 2.2. 

Table 2.2 Rs values from literature.  

 

Analyte Rs Source 

Tylosin 1.33 ± 0.151 Bartelt-Hunt et al., 2011 

Sulfamethazine 0.114 ± 0.029 MacLeod et al., 2007 

 0.049 ± 0.040 MacLeod et al., 2007 

 .18  

 .243 ± 0.003 Bartelt-Hunt et al., 2011 

Atrazine .290 ± 0 .003 Bartelt-Hunt et al., 2011 

 .239 ± 0.008 Mazzella et al., 2007 

 .189 ± 0.006 Morin et al., 2013 

 .228 ± 0.041 Lissalde et al., 2011 

 

2.4.6 POCIS Application in the environment 

The POCIS is a dynamic monitoring tool, which can detect ultra-concentrations of the 

dissolved phase of chemicals.  The POCIS has three general designated uses: screening of 

pollutants, determination of TWA concentrations, and toxicity bioassay analysis.  The screening 

capability of the POCIS allows for the determination of the source and concentration gradient of 

chemicals.  The application of screening and TWA determination allows for the evaluation of 

spatial and temporal distribution in aquatic environments (Morin et al., 2012; Söderström et al., 

2009). Morin et al., 2012 has noted the application of the POCIS has detected and quantified and 

estimated 300 chemicals.  These chemicals include: antibiotics, pesticides (fungicides, insecticides, 

and herbicides), antidepressants, hormones, and plasticizers, just to name a few.  The POCIS is an 
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extensive tool that has been used in many aquatic environments including: waste water treatment 

plants (WWTP) (Bailly et al., 2013; Harman et al., 2011; Li et al., 2010; Di Carro et al., 2010; 

Zhang et al., 2008), Rivers/Streams/Creeks (Carlson et al., 2013; MacLeod et al., 2007; Alvarez et 

al., 2005; Alvarez et al., 2004), Estuaries (Dougherty et al., 2010; Togola and Budzinski, 2007), 

Lakes (Thomatau et al., 2010; Kohoutek et al., 2010; Writer et al., 2010; Liedtke et al., 2009), and 

Seas/Bays/Harbors (Harman et al., 2010; Harman et al., 2009).   
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concentrations.  By identifying these temporal trends, we can focus on the environmental 

conditions and land management techniques which influence their persistence in the 

environment.   

6.3 Recommendations for Future Research 

In this dissertation, we were able to successfully monitor analytes in the dissolved 

phase using POCIS samplers in surface and drainage waters.  We also identified leaching as a 

key transport mechanism for antibiotics in subsurface soils and tile drainage as a key 

transport mechanism into subsurface water.  However, there are still some limitations of this 

research in regards to monitoring and understanding the occurrence, fate and transport of 

antibiotics.  Here are some recommendations for future research: 

• POCIS samplers proved to be an effective tool in monitoring and detecting 

analytes at environmental relevant concentrations.  The POCIS had lower 

detection capability and higher detection frequencies for all analytes.  POCIS 

samplers provided TWA concentrations for analytes over a selected 2 week 

time duration.  I would recommend the use of automatic samplers in tandem 

with the POCIS, which would allow for more specific identification of 

precipitation events.  This approach would provide time weighted and flow 

weighted monitoring information.   

• POCIS provide semi-quantitative data because of the variability in sampling 

rates.  I would conduct an in-situ calibration experiment to derive sampling 

rates custom for the SFIR. 

• We provided background information on many sources of agricultural 

sediment.  Identifying the particle size distribution of these sediments and its 
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impact on sorption to antibiotics would helpful in understanding their fate and 

transport 

• Our field study did not take in consideration the long-term impact of swine 

manure application on the fate and transport of antibiotics and atrazine.  A 

long-term study lysimeter study and soil sampling would be informative. 

• When monitoring emerging contaminants, we often deal with censored data 

points.  Further investigating the Tobit Model and other statistical techniques 

would provide insight on additional models that can be used for statistical 

analysis.  
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APPENDIX A  

CHAPTER. 3 SUPPLEMENTAL DATA 

 
         SI Figure 1. Map of Land use of the South Fork Iowa River watershed of the Iowa    

         River (SFIR).  Color shading   denotes land use.  The map inset shows the extent  

         of the SFIR watershed boundary in central Iowa. 
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SI Figure 3. Annual SFIR Grab sample concentrations (2013 – 2015). Error bars are 

presented as the standard deviation of the sample. 
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SI Table 1. SFIR watershed POCIS detection frequencies for 2013 – 2015. 

 

SFIR 2013 POCIS Detection Frequencies 

Preplant Season (n = 6) Growing Season (n = 6) Harvest Season (n =6) 

Site SMZ  ATZ TYL Site SMZ ATZ TYL Site SMZ ATZ TYL 

241 100   100 100 241 100 100 100 241 100 100 100 

323 100 100 100 323 100 100 83.3 323 83.3 100 100 

350 100 100 100 350 100 100 66.7 350 83.3 100 100 

450 100 100 100 450 100 100 66.7 450 50 100 100 

 

SFIR 2014 POCIS Detection Frequencies 

 

 

SFIR 2015 POCIS Detection Frequencies 

Preplant Season (n = 10) Growing Season (n = 10) Harvest Season (n =12) 

Site SMZ ATZ TYL Site SMZ ATZ TYL Site SMZ ATZ TYL 

241 100 100 90 241 100 100 100 241 100 100 80 

323 100 100 50 323 90 100 88.9 323 91.7 100 50.0 

350 40 100 60 350 70 100 70.0 350 50 100 58.3 

450 70 100 50 450 100 100 60.0 450 100 100 70.0 

Detection Frequencies (%) 

 

 

 

 

 

 

 

Preplant Season (n = 8) Growing Season (n = 10) Harvest Season (n = 10) 

Site SMZ ATZ TYL Site SMZ ATZ TYL Site SMZ ATZ TYL 

241 100 100 50 241 100 100 100 241 100 100 10 

323 75 100 62.5 323 100 100 50 323 83.3333 100 41.6667 

350 12.5 100 50 350 50 100 75 350 50 100 16.6667 

450 50 100 50 450 90 100 50 450 50 100 8.33333 

Detection Frequencies (%) 
*241 only 2 reps*                                 

Detection Frequencies (%) 

      Detection Frequencies (%) 
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SI Table 2. Tobit Regression Model Parameter Estimates for POCIS 

Parameter

SMZ                   

Censored at               

1.63E-5 ng L
-1

P-value

TYL                   

Censored at               

9.65E-6 ng L
-1

P-value
ATZ                          

No Censoring
P-value

-2.13051 -1.183496 1346.842198

(1.170291) (0.505903) (249.7384)

Site

2.196570 -0.182371 -731.383906

(1.177351) (0.509552) (258.88809)

0.077784 -0.146444 -125.310228

(1.149740) (0.490626) (248.567905)

-4.713769 -0.694056 4.066627

(1.251878) (0.504736) (250.314315)

0 0 0

. . .

Year

-0.725826 1.539259 2227.911049

(1.169477) (0.463497) (247.060386)

2.826082 0.553909 478.630123

(0.961719) (0.409644) (200.501239)

0 0 0

. . .

Season

5.60128 0.682676 -1053.512058

(1.122245) (0.450448) (234.646882)

0.916164 -0.561636 -1653.381540

(1.084954) (0.450558) (222.730018)

0 0 0

. . .

6.853898 2.642441 1521.803376

(0.328730) (0.154783) (63.189924)

Log Likelihood

241

323

350

Intercept

Sigma

.

0.5348

0.0033

.

<.0001

0.3984

2015

Growing

Harvest

Preplant

2013

450

2014

.

0.0193

0.7204

0.7653

0.1691

.

0.0002

0.0687

0.0621

0.9461

<.0001

<.0001

0.0009

0.1763

.

0.1296

0.2126

<.0001

0.017

.

Significane = P(<0.05)

.

<.0001

-775.54633 -437.78315 2537

.

<.0001<.0001

<.0001

0.0047

0.6142

0.987

.
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SI Table 3. Optimized conditions for mass spectrometer AEC quantification. 

Compound Precursor 

Mass 

(m/z) 

Product 

Ions 

(m/z) 

Confirmation 

Ratio 

Retention 

Time 

Period 

Sulfamethazine 279.1 186  4.35 1 

  124.1 51   

  156 32   

Simeton (IS) 198.1 68  4.35 1 

Tylosin A 916.5 174.1  6.40 2 

  772.4 61   

  88.1 18   

Atrazine 216.1 174  7.20 2 

  68 33   

  62 12   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



130 

 

 

SI Table 3. Tobit Regression Model Parameter Estimates for Surface & Subsurface 

soils (0 - 120 cm) 

 

Parameter

TYL                   

Censored at               

0.0176 ng g
-1

P-value

TET                      

Censored at  

0.1252 ng g
-1

P-value

ATZ                          

Censored at 

0.0036 ng g
-1

P-value

Intercept -0.967739 -33.826458 -0.565896

Standard Err (0.384906) (14.029001) (0.309825)

Depth

0.670102 25.435890 0.959999

(0.356014) (12.525779) (0.36372)

-4.393490 3.074964 1.079977

(0) (15.220586) (0.365072)

0 0 0

. . .

Mgmt

0.327716 9.106083 -0.270993

(0.246831) (7.486454) (0.191831)

0 0 0

. . .

0.747286 22.019803 0.681693

(0.130217) (4.241080) (0.077214)

Log Likelihood -39.63169 -98.5796 -53.59742

Significane = P(<0.05)

Sigma <.0001 <.0001 <.0001

No Till
. . .

Chisel Plow 0.1843 0.2239 0.1578

30 - 60 cm
.

0.8393 0.0031

60 - 120 cm
. . .

0.0119 0.0159 0.0678

0 - 30 cm 0.05 0.0423 0.0033

 
 


