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Chapter 1: Introduction 

1.1.  Background 

Antimicrobial resistance is considered to be one of the greatest global public 

health threats of the 21st century.1 By the year 2050, it is estimated that 10 million people 

will die from untreatable infections due to antimicrobial resistance.2 In addition to the 

effect on humans, antibiotics have detrimental effects to both bacterial communities and 

other organisms, especially aquatic organisms.3–8 Antibiotics have the potential to disrupt 

crucial ecosystem services such as nutrient cycling and photosynthesis.4–9 

Antimicrobial resistance has been linked to the use of antibiotics and their 

subsequent release into the environment.5,10–16 In addition to the relationship between 

antibiotic presence and increased antimicrobial resistance, current antibiotics are 

becoming less effective while the development of new antibiotics is concurrently 

decreasing (Figure 1.1).11 Thus, the release of antibiotics into the environment due to  

 

Figure 1.1. The number of antibacterial new drug application (NDA) approvals vs. year 

intervals reproduced from CDC.10 
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human consumption, use in agricultural livestock, and manufacture of antibiotics poses a 

great risk to both the environment and human health. 

 Chemical Characteristics. There are eleven classes of antibiotics which are 

separated by chemical structure: aminoglycosides, β-lactams, glycopeptides, macrolides, 

oxazolidinones, polymixins, quinolones, streptogramins, sulfonamides, tetracyclines, and 

non-categorized.13,17 Due to the different chemical structures, the antibiotics have varying 

chemical properties that affect their fate in the environment. The octanol-water partition 

(Kow) demonstrates the likelihood that the chemical sorbs to soil particles or organisms 

versus remaining in the dissolved form in water. The vast majority of antibiotics have 

logKow values less than 5 which indicate that these compounds are relatively 

hydrophilic.13,18 The soil adsorption coefficient (Kd) however varies widely from 

antibiotic to antibiotic. Values range from 0.7 to 70.1 L/kg for sulfonamides and greater 

than 544 L/kg for the fluoroquinolones.19 This highlights the different ways in which 

antibiotics interact with and move through the environment.13,18,19  

 While Kd gives an initial insight into the likelihood of sorption to sediment, 

several other factors affect sorption. In general, the properties that affect sorption most 

significantly are total cation exchange capacity (CEC) and soil texture.19 Soil pH is often 

within the range of antibiotic acid dissociation constants, resulting in protonated 

antibiotics.13,20,21 Thus, greater CEC and thus greater quantities of negative charges, often 

result in greater sorption with positively charged antibiotics.19–21 In terms of soil texture, 

antibiotics generally sorb more to finer particles such as organic carbon and clay. 

Particularly, fluoroquinolones and tetracyclines sorb strongly to clay minerals due to their 

ability to complex metals.16,22 Other than CEC and soil texture, soil pH, organic matter 
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content and quality, and climatic conditions affect sorption.20,23 The extent of antibiotic 

sorption is important because it will affect its removal in wastewater treatment plants 

(WWTPs), the distribution between sediment and water, how much accumulates in 

sediments, and travel distance from the release point. Overall, antibiotics are a diverse set 

of compounds with various characteristic such as Kow and Kd that affect their mobility in 

and through the environment.  

1.2. Path of Antibiotics into the Environment. 

Antibiotics primarily enter the environment from WWTP effluent,9,11,17,24–26 

pharmaceutical company waste,13,27–29 hospital wastewater effluent,9,30–32 and agricultural 

animal waste (Figure 1.2).3,11,13,21,33 While antibiotics are used throughout all of these 

areas, the specific individual antibiotic used depends on the application (Table 1.1).34 

 

Figure 1.2. Pathways of antibiotics into the environment modified from Boxall.33 
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Table 1.1. Selected antibiotics, their uses in medicine, and whether they are naturally 

occurring in the environment. This table is modified from Kerrigan et al.35,36  

Antibiotic Natural? General Uses 

Sulfonamides 

Sulfachlorpyridazine No Swine, Calves, Dogs 

Sulfadiazine No Horses, Humans 

Sulfadimethoxine No Fish, Poultry 

Sulfamethazine No Swine, Cattle 

Sulfamethoxazole No Humans 

Sulfapyridine No Humans 

Macrolides 

Erythromycin Yes Humans, Poultry, Swine 

Roxithromycin No Humans 

Tylosin Yes Chickens, Swine, Cattle 

Azithromycin No Humans 

Clarithromycin No Humans 

Tetracyclines 

Chlortetracycline Yes Swine, Poultry, Cattle, Sheep, Ducks 

Doxycycline No Humans, Dogs 

Oxytetracycline Yes Poultry, Fish, Swine, Cattle, Sheep, Bees, Lobsters 

Tetracycline Yes Humans, Dogs, Cattle 

Fluoroquinolones 

Ciprofloxacin No Humans, Swine, Chickens, Dogs, Cats 

Enrofloxacin No Cattle, Swine, Poultry, Dogs, Cats 

Norfloxacin No Humans, Poultry 

Ofloxacin No Poultry, Humans 

β-Lactams 

Penicillin G Yes Humans, Swine, Cattle 

Penicillin V Yes Humans 

Amoxicillin No Humans, Cats, Cattle 

Non-categorized 

Carbadox No Swine 

Trimethoprim No Humans, Dogs, Horses 

Lincomycin Yes Poultry, Swine 

 

WWTP Effluent. WWTP effluent is a large source of antibiotics because of the 

antibiotics that humans consume, and because humans excrete 30-90% of an antibiotic in  
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its unchanged, active form.14,22 In addition, metabolites of antibiotics are excreted which 

can subsequently be transformed back into their active form.20 These excreta are then 

often sent to a WWTP. While one study found that 80% of antibiotics were removed 

from the water after treatment, this does not signify that 80% of antibiotics were 

degraded.9 Instead, a fraction of that 80% has sorbed to the solid phase which is 

especially true of fluoroquinolones because they sorb strongly.25 Other studies have 

found that between 20 and 90% of antibiotics are removed during treatment, highlighting 

the variability in wastewater treatment efficiency.22 

 Furthermore, the type of treatment system in place at the WWTP greatly affects 

the degradation of the antibiotics present.24,25 Renew and Huang found that antibiotic 

concentrations were lower in chlorinated wastewater than UV disinfected wastewater.24 

The concentration of ciprofloxacin, however, was higher in the chlorinated wastewater 

than the UV disinfected wastewater, highlighting the challenge of treating a class of 

compounds with diverse properties and structures.  

 Hospitals. In addition to outpatient use of antibiotics, antibiotics are used in high 

concentrations in hospitals.37 Hospitals represents a more concentrated area of antibiotic 

use with higher intensity of antibiotic treatment.37 The effluent from hospitals is either 

treated by the hospital or sent to a WWTP for treatment, potentially adding high levels of 

antibiotics into the environment. For example concentrations of ciprofloxacin have been 

found at much higher levels, between 0.7 and 124.5 μg/L, in hospital effluent.38 While in 

Europe hospitals only represent about 5-10% of the total exposure to antibiotics, hospitals 

can still be a concentrated source of antibiotics.37 
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 Agricultural Livestock. In both the United States and Australia, it is estimated that 

≥70% of antibiotics are administered to livestock.11 Antibiotics are implemented to treat 

diseases as well as to promote growth and prevent diseases.13 The use of antibiotics as 

growth promoters has been in practice since at least the early 1950s.13 Some countries, 

like Denmark, have banned the use of antibiotics as growth promoters which reduced the 

amount of antibiotics used in livestock from ≥200 metric tons in 1994 to 70 metric tons in 

1999.11 Not only did this decrease the amount of antibiotics used, but it also significantly 

decreased antibiotic resistance of fecal enterococci in livestock which was also 

threatening human health.11 In 2017, the Federal Drug Administration (FDA) 

implemented a new policy (GFI #213) where “antibiotics that are important for human 

medicine can no longer be used for growth promotion or feed efficiency in cows, pigs, 

chickens, turkeys, and other food animals”.39 Due to this implementation, the amount of 

medically important antimicrobial drugs approved for use in food-producing animals 

decreased by 33% from 2016 to 2017, from 8,356,340 kg to 5,559,212 kg.39 Despite the 

role of antibiotics in keeping livestock healthy, other areas like high-quality nutrition and 

low animal density can greatly reduce infectious diseases which reduces the need for 

antibiotics.11 

Within the category of livestock, not all of the species contribute equally to the 

consumption of medically important antibiotics. Cattle consume the most antibiotics 

(42%), followed by swine (36%), turkey (12%), chicken (5%), and others (5%).39 The 

vast majority of antibiotics are administered in feed (62%) or water (30%) with the 2017 

policy change decreasing antibiotics through feed by 43% and antibiotics through water 

by 14%.39 Of those antibiotics administered in feed as well as water, tetracyclines 
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dominated.39 Cattle are administered the majority of aminoglycosides, cephalosporins, 

and tetracyclines, and have switched from second most to first in macrolide consumption 

following the 2017 policy change.39 Swine are administered the majority of lincosamides 

and are a close second cattle for tetracycline consumption.39 Lastly, turkeys consume the 

most penicillins.39 Overall, tetracyclines are the most used in animal production.13,20 

 Similar to humans, about 75% of the antibiotics that livestock consume are 

excreted in their original, active form in both urine as well as feces.13 For tetracycline, 

60% is excreted in its original, active form in urine while 25% is excreted in feces.13 

Often manure is then applied to croplands as fertilizer which in most cases is not required 

to be treated prior to application.13,20,21 While there is evidence that antibiotic degradation 

occurs prior to land application, antibiotics have still been found in manure.13 The 

antibiotics then sorb to the soil, leach into groundwater, and runoff enters water bodies 

nearby, allowing the antibiotics to interact with the surrounding environment.21

 Aquaculture. Aquaculture, the “breeding, raising, and harvesting of fish, shellfish, 

and aquatic plants”,40 also uses antibiotics in maintaining a healthy population and 

promoting growth.11,41,42 Specifically tetracyclines, sulfonamides, and quinolones are 

most commonly used in aquaculture.11 In the US though, only three antibiotics are 

approved for use: oxytetracycline, sulfamerazine, and a combination drug with 

sulfadimethoxine and omethoprim.41 While the total antibiotic use in aquaculture only 

accounts for about 2% of non-medical used in beef, swine, and poultry in the US, it is 

still important locally and globally and can contribute to introduction into aquatic 

systems.41  
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Despite the concern for antibiotic resistance development and release, a large 

fraction of aquaculture takes place in countries where regulations are lacking (Table 

1.2).11,43 This leads to many different types of antibiotics having the potential to be 

released into the environment and contribute to resistance for medically important 

antibiotics. Similar to reducing livestock use of antibiotics, reducing aquaculture 

antibiotic use includes decreasing animal density as well as eliminating excess feed in the 

tanks and inhibiting the entrance of wild fish into pens.11,43 These tactics are becoming 

more important to use with the increase of aquaculture across the globe.11,42 

Table 1.2. Difference in antibiotic usage in aquaculture throughout three countries from 

Cabello.43 

Antibiotic Chile United States Norway 

Nalidixic Acid + - - 

Oxolinic Acid + - - 

Amoxicillin + - - 

Ampicillin + - - 

Cefotaxime + - - 

Chloramphenicol + - - 

Erythromycin + - - 

Florfenicol + - + 

Furazolidone + - - 

Gentamicin + - - 

Kanamycin + - - 

Quinolones + - - 

Streptomycin + - - 

Sulfas + + + 

Tetracycline + + + 

Trimethoprim + + + 

Additionally, within 50 meters of aquaculture farms, it has been found that 74-

100% of wild fish contain concentrations of antibiotics in their muscle.44 This 

demonstrates the ability of antibiotics used in aquaculture to enter and interact with the 

surrounding environment.    

 Antibiotic Production. While WWTP and hospital effluent are often the focus of 

point source studies on antibiotics in the environment, another important source of 
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antibiotics is from drug manufacturers.27–29 Waste from pharmaceutical companies often 

is sent to a local WWTP to be treated, with or without pretreatment.11 The input of 

antibiotic manufacturing waste can dramatically increase the antibiotic load for the 

WWTP. In India, a WWTP that receives the effluent from 90 bulk drug manufacturers 

was found to have levels of ciprofloxacin from 28,000-31,000 μg/L in WWTP effluent.27 

This number is higher than any other data reported in any effluent for pharmaceuticals 

where drugs are typically found from below 1 ng/L to a few μg/L.27 This effluent was 

shown to severely impair the growth of frog tadpoles even when diluted 1:500.28 Another 

study found that even 20 km downstream of an oxytetracycline production plant, there 

were still detectable levels of oxytetracycline present, from 641 μg/L in the effluent 

receiving water to 377 μg/L 20 km downstream.29 

 In addition to the high WWTP effluent concentrations, these staggeringly high 

levels of antibiotics also affect the surrounding area. Ciprofloxacin and other antibiotics 

were found at levels greater than 1 μg/L in many wells.28 In two nearby lakes, levels of 

6.5 mg/L ciprofloxacin and 0.52 mg/L norfloxacin were found.28 Thus, the consequences 

of insufficient treatment of pharmaceutical waste has the potential to have far reaching 

detrimental effects. 

1.3. Antibiotic Resistance 

 Beginning in 1930, antibiotics were introduced in medicine and by the end of the 

decade, resistance was already observed (Figure 1.3).45 One issue in antibiotic application 

is that antibiotics are often present in both the patient and the environment under the 

minimal inhibitory concentration (MIC).14 The MIC is the “lower concentration 
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Figure 1.3. Deployment of antibiotics with their first observed antibiotic resistance 

reproduced from Clatworthy et al.45 

 

of drug that, under established in-vitro conditions, inhibits visible growth of a target 

bacterial population”.14 When sub-MIC concentrations are present, bacteria that are 

already resistant are preferentially selected and the rate of resistance development 

increases.14 The sub-MIC concentrations allow for much greater rates of mutations which 

results in a broader range of mutations and can promote the transmission of antibiotic 

resistance genes (ARG).14 These sub-MIC concentrations are present in the environment 

due to the use of antibiotics as growth promoters, the excretion of antibiotics by both 

humans and animals, effluent from antibiotic industry, and natural production.14 

Additionally, the presence of metals can result in the co-selection of metal and antibiotic 

ressitance.35,46 

In a 2014 study, Dr. Qinqin Zhang demonstrated that as the concentration of 

sulfonamides in the river basin increased, so did the number of resistant E. coli.15 In 

another study, it was found that 97% of bacteria from either WWTP effluent or 

downstream from WWTP effluent contained multidrug resistant phenotypes.29 This is 

compared to only 28% upstream of the WWTP effluent.29 While these are only two 
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studies, there have been others that have demonstrated a connection between the presence 

of antibiotics and ARGs.11,16,27 Thus, there is a threat of the development and transfer of 

antibiotic resistance due to the release of antibiotics into the environment. 

1.4. Environmental Impact 

Antibiotics are known to disrupt several key processes in the environment 

including pollutant degradation, nutrient cycling, and the mineralization of organic 

material.4 Even at low concentrations, antibiotics are highly toxic to both algae and 

bacteria.9 Bacterial processes such as nitrification and denitrification are also known to be 

disrupted by antibiotics.9 For example, the effective inhibitory concentration for 

nitrification was 50 μg/kg (Figure 1.4).47 Manure concentrations are often in the μg/kg  

Figure 1.4. The effect of sulfadimethoxine concentrations in soil (μg 

sulfadimethoxine/kg soil) on nitrification from Toth et al.47 

 

range so this concentration in environmentally relevant.47 Sulfadimethoxine also fully 

halts iron reduction at concentrations as low as 25 μg/kg in soil.47 Furthermore, 

ammonia-oxidizing Archaea are greatly reduced in the presence of 1 μg/L of 

enrofloxacin. Thus, antibiotics have the ability to greatly alter not only the bacteria and 

organisms present in an environment, but also their ecosystem services.5 
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Antibiotics have been shown to have a detrimental effect on algae populations 

too.6–8 Antibiotics such as erythromycin and tetracycline have been found to be toxic to 

green algae in the μg/L range.6 Even if antibiotics are present in low concentrations in the 

environment, the combination of antibiotics can add together to become more toxic to 

algae than the antibiotic on its own.6 These effects were measured by EC10, EC20, and 

EC50, or the “median effective antibiotic concentrations that causes a 10, 20, or 50% 

effect with respect to a non-treated control”.6 A combination of erythromycin and 

tetracycline resulted in an EC10 of 4.6 μg/L and an EC50 of 21 μg/L while individually, 

erythromycin and tetracycline had an EC10 of 36 μg/L and 32 μg/L respectively.6 This 

also held true for EC20 and EC50 values for this combination of antibiotics as well as 

others.6 When antibiotic concentrations are not high enough to be toxic to algae, they can 

still decrease their photosynthesis rates.4 Algae are key organisms in aquatic ecosystems 

due to their role as primary producers, demonstrating the ability of antibiotics to disrupt 

key ecosystem processes.4,6–8 

1.5. Spatial Distributions of Antibiotics and Resistance Genes 

 While many studies have investigated either antibiotics5,15,48–52,19,22,23,25–29 or 

resistance genes53,54,63,64,55–62, few have studied both65–73. Even the studies that have 

researched both antibiotics and ARGs focus on a small number of antibiotics and/or 

ARGs, except for Kerrigan et al.73 Additionally, previous studies have focused on one 

aspect of antibiotic release into the environment in a linear scale: WWTPs,65,66,70,72 one 

type of agricultural animals,66,69 or urban settings71. In all of these studies, the only 

exceptions are Pei et al.68 and Kerrigan et al.73 Pei et al. studies both agricultural and 

urban influences, but only in a linear scale and does not distinguish between the types of 
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agriculture and agricultural animals present.68 Kerrigan studied both agricultural and 

human impacted bodies of water, but only in sediment.73 Thus, there is a need for a 

broader spatial scale analysis of a number of both antibiotics and ARGs in water and 

sediment to better understand the presence of antibiotics and ARGs throughout the 

environment affected by point and non-point sources. With that, the goal of this study is 

the provide a broader spatial scale analysis of wide range of antibiotics including sites 

with pressures from WWTPs and/or various agricultural animals. Future work will 

combine this antibiotic data with ARG data from the same sites. 
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Chapter 2: Determining Minnesota’s Antibiotic Footprint 

2.1 Introduction 

The use of antibiotics in both human and animal medicine is widespread.12,39,74 

Humans are prescribed antibiotics mainly to fight bacterial infections while animals can 

take antibiotics to fight infections, improve feed efficiency, prevent infection, and 

promote growth.3,10,14 As of 2017 in the United States, however, agricultural animals can 

no longer be administered antibiotics for use in growth promotion or feed efficiency for 

antibiotics that are important in human medicine.39 Overall, agricultural animal use of 

antibiotics accounts for the majority of antibiotic administration, accounting for ≥70% in 

the U.S.11,38 While some antibiotics are used in both human and animal medicine, some 

are used exclusively in humans or exclusively in certain animals (Table 2.1). Once taken, 

both animals and humans excrete up to 90% of the active, unchanged form of the 

antibiotic.13,14,16,22 Human excreta is transported to wastewater treatment plants (WWTP) 

where some antibiotics sorb to the solid waste which settles out (Figure 2.1).  

Figure 2.1. Sources of antibiotics into the environment adapted from Boxall et al.33 
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Table 2.1. List of antibiotics investigated in this study with whether they are naturally 

occurring and their general uses.34 

Antibiotic Natural? General Uses 

                                 Sulfonamides 

Sulfachlorpyridazine No Swine, Calves, Dogs 

Sulfadiazine No Horses, Humans 

Sulfadimethoxine No Fish, Poultry 

Sulfamethazine No Swine, Cattle 

Sulfamethoxazole No Humans 

Sulfapyridine No Humans 

                                 Macrolides 

Erythromycin Yes Humans, Poultry, Swine 

Roxithromycin No Humans 

Tylosin Yes Chickens, Swine, Cattle 

Azithromycin No Humans 

Clarithromycin No Humans 

                               Tetracyclines 

Chlortetracycline Yes Swine, Poultry, Cattle, Sheep, Ducks 

Doxycycline No Humans, Dogs 

Oxytetracycline Yes Poultry, Fish, Swine, Cattle, Sheep, Bees, Lobsters 

Tetracycline Yes Humans, Dogs, Cattle 

                           Fluoroquinolones 

Ciprofloxacin No Humans, Swine, Chickens, Dogs, Cats 

Enrofloxacin No Cattle, Swine, Poultry, Dogs, Cats 

Norfloxacin No Humans, Poultry 

Ofloxacin No Poultry, Humans 

                                 β-Lactams 

Penicillin G Yes Humans, Swine, Cattle 

Penicillin V Yes Humans 

Amoxicillin No Humans, Cats, Cattle 

                          Other Compounds 

Carbadox No Swine 

Trimethoprim No Humans, Dogs, Horses 

Lincomycin Yes Poultry, Swine 

 

This solid waste is incinerated or applied as fertilizer. Other antibiotics remain dissolved 

in the water portion, get treated, and are discharged into surface waters. For agricultural 

animals, their manure is often applied as fertilizer.3,13,33 Antibiotics that are contained 

within the waste that is applied to land as fertilizer can leach off into nearby water bodies 

or sorb to the soil, increasing environmental antibiotic concentrations.3,11,13 
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While antibiotics do naturally occur in the environment, the input of antibiotics 

into the environment can increase their concentrations to levels that can cause adverse 

effects.4–9 Even though environmental antibiotic concentrations are often below the 

minimal inhibitory concentration (MIC), the lower concentration of drug that 

inhibits visible growth of bacteria, they can still add selective pressure to bacteria.14 The 

bacteria exposed to these sub-MIC concentrations may be pressured to mutate at greater 

rates and transmit antibiotic resistance genes.11,14 Thus, antibiotics entering the 

environment have the potential to increase antibiotic resistant bacteria which causes 

infections to be more difficult to treat. 

Increased antibiotic concentrations in the environment also have the ability to 

alter microbial community compositions both on land and in water.5 Specifically, 

increased antibiotic concentrations in the environment have the ability to disrupt key 

bacterial processes such as nitrification, denitrification, ammonia-oxidation, and 

photosynthesis.4,5,9 While levels of antibiotics often do not reach the concentration 

necessary for decreasing nitrification, e.g., 50 μg/kg of sulfadimethoxine, it is important 

to note that the capability is there. Levels as low as 1 μg/L of enrofloxacin can reduce the 

abundance of ammonia-oxidizing Archaea.5 The median effective concentration (EC50) 

to reduce photosynthesis is as low as 8.9 μg/L for tylosin.4 Additionally, combinations of 

antibiotics often result in lower concentrations being required to reach an EC50.4 

The objective of this work was to investigate the fate and persistence of 

antibiotics in the environment. Specifically, to examine the relationship between the 

antibiotics present in a specific location and the contributing factors surrounding it, 

focusing on wastewater treatment plants and agricultural animals. Combining the data 
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from this study with antibiotic resistance gene data from the same locations will provide 

data necessary to create a predictive model for potential hotspots of antibiotic resistance. 

While antibiotics and antibiotic resistance genes have been studied separately5,15,48–50,52–

58,19,75,76,22,23,25–29, rarely have they been studied in conjunction.16,65,66,68–73,77 Thus, 

investigating both antibiotics and antibiotic resistance genes at the same time will provide 

valuable information for determining potential connections between the two. In total, the 

concentration of 25 antibiotics in water samples and 20 antibiotics in sediment samples 

were determined from sites variably impacted by human activities across Minnesota. 

2.2 Materials and Methods 

Chemical Sources and Purities. Ofloxacin (98%), amoxicillin (96%), penicillin G 

sodium salt (98%), and penicillin V potassium salt (>95%) were obtained from Acros 

Organics. Sulfamethoxazole (99%), chlortetracycline hydrochloride (92.9%), and 

nalidixic acid (>99%) were bought from Chem Impex International Inc. while 

tetracycline hydrochloride (98%) was obtained from Research Products International. 

Tylosin tartrate (≥95%), sulfadimethoxine (≥98.5%), trimethoprim (≥95%), doxycycline 

hyclate (≥98.0%), norfloxacin (≥98.0%), lincomycin hydrochloride (≥95%), 

roxithromycin (≥90%), sulfapyridine (≥99%), carbadox, enrofloxacin (≥98%), 

oxytetracycline hydrochloride (≥95%), sulfachlorpyridazine (≥98.0%), erythromycin A 

dihydrate (VETRANAL), simeton (PESTANAL), 13C6-sulfamethoxazole (>99.5%), and 

sulfuric acid (>95%, ACS grade) were purchased from Sigma-Aldrich. Sulfadiazine 

(98.0%), sulfamethazine (>98.0%), azithromycin dihydrate (>98.0%), clarithromycin 

(>98%), and ciprofloxacin (>98%) were obtained from Tokyo Chemical Industry. 

Cambridge Isotopes supplied 13C2-erythromycin (~90%) and 13C6-sulfamethazine (99%). 
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Clinafloxacin (≥95%) and demeclocycline hydrochloride (≥93%) were purchased from 

Santa Cruz Biotechnology, Inc. 

Citric acid monohydrate (ACS grade) was bought from Mallinckrodt Chemicals 

and sodium phosphate dibasic anhydrous (ACS grade) was purchased from J.T. Baker. 

Industrial grade nitrogen was supplied by Matheson Gas. Fisher Scientific produced 

Ottawa sand, ethyl acetate (HPLC grade), acetone (HPLC grade), acetonitrile (HPLC 

grade), methanol (HPLC grade and Optima® LC-MS), and formic acid (ACS grade and 

Optima® LC-MS). The 1000 μΩ/cm conductivity standard and nitric acid (68-70%, ACS 

grade) were bought from VWR, and ultrapure water (18.2 MΩ-cm) came from the 

Millipore Simplicity UV purification system. Ethylenediaminetetraacetic acid (EDTA) 

disodium salt dihydrate (>99%) was obtained from Avocado Research Chemicals and 

phosphoric acid (85%, ACS grade) was bought from Chempure. 

Sample Collection. Water and sediment samples were collected across Minnesota 

in the summers of 2018 and 2019 (Figure 2.2). They were collected from wastewater 

impacted sites which are sites that receive direct wastewater effluent and agricultural 

animal impacted sites which are sites that do not receive direct wastewater effluent and 

have agricultural animal farms within two miles of the water body. For wastewater 

impacted sites, one sample was collected upstream, one at the point of wastewater 

effluent discharge, and one to three samples downstream of the wastewater effluent 

discharge were collected for both water and sediment when possible. For water samples, 

only one downstream sample was taken due to time constraints in processing. For 

agricultural animal impacted sites, two to three samples were collected across the water 

body system for both water and sediment samples. This was done to capture the variation 
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in space. Sediment samples were not possible at every site due to rocky lake or stream 

beds. 

 
Figure 2.2. Map of the 2019 water and sediment sampling points in Minnesota. Sampling 

points are separated by sites where only water was collected, only sediment was 

collected, or both water and sediment was collected. 

 

Samples were collected from the center of the lake or river to avoid edge effects. 

Water samples were collected at elbow depth in a pre-combusted (400 °C, 4 hours) 1-

gallon glass jug and covered with a towel to avoid sunlight until placed in a cooler with 

ice. Sediment samples were collected with an Ekman dredge, transferred to a glass 

container previously cleaned with Alconox, water, ACN, ethyl acetate, and MeOH 3x 

each, air dried, and placed in a cooler with ice. A water quality sonde (Hatch Hydrolab 
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Quanta) was used to measure dissolved oxygen, water temperature, pH, and specific 

conductance. After returning to the lab, water samples were stored at 1 °C and processed 

within seven days. Sediment samples were stored at -18 °C until they were freeze-dried 

and loss-on-ignition tests were performed.  

 Water Processing. Water samples were processed using a method adapted from 

Kerrigan et al.34,35 Water samples were filtered with a pre-combusted glass fiber filter and 

then adjusted to pH 3 with sulfuric acid. Water samples were split into triplicate 1 L 

samples and all spiked with 200 ng of surrogates (13C6-sulfamethazine, nalidixic acid, and 

demeclocycline) and 10 mL of 0.1 mg/mL EDTA. One sample was spiked with 100 ng of 

all of the antibiotics tested. Samples were then stored at 1 °C overnight to equilibrate.  

 Solid phase extraction (SPE) was then performed on the samples using HLB 

cartridges (Waters 6 cc, 200 mg, 30 μm). Cartridges were cleaned with 3 mL of MilliQ 

water, methanol, MilliQ water, and then pH 3 MilliQ water. Samples were transferred to 

the SPE cartridges using fluoropolymer tubing (Saint-Gobain Chemofluor), previously 

cleaned with water and methanol, at a maximum rate of 15 mL/minute and a maximum 

pressure of 15 mmHg. Tubing was never reused. After the 1 L sample was loaded onto 

the cartridge, the cartridges were cleaned with 3 mL of MilliQ water. Cartridges were 

dried under vacuum for 1 minute and then eluted under vacuum pulses into glass test 

tubes (prewashed with Alconox, MilliQ water, acetonitrile, ethyl acetate, and methanol 

3x each) with 13 mL of methanol. Eluents were spiked with 100 ng of internal standards 

(clinafloxacin, 13C2-erythromycin, simeton, and 13C6-sulfamethoxazole) for samples 

collected between June 25, 2019 and July 22, 2019 and 20 ng of internal standards for 

samples collected between July 31, 2019 and August 27, 2019. The eluent was 



21 
 

evaporated to dryness under a gentle stream of nitrogen in a 40 °C water bath. Once dry, 

samples were resuspended in 200 μL of 20 mM ammonium acetate and then filtered with 

a 0.4 μm GHP syringe filter (Whatman, 13 mm) into an HPLC vial with a 250 μL glass 

insert. 

 Sediment Processing. Sediment samples were processed using a method adapted 

from Kerrigan et al.35,36,78 Loss-on-ignition was performed on subsamples of all 

sediments. Samples were heated to 100 °C for twelve hours, 550 °C for four hours, and 

1000 °C for two hours. Samples were weighed before and after each heating cycle to 

determine percent water, organic matter, and carbonate, respectively. Prior to analysis for 

antibiotics, subsamples of the collected sediment were freeze-dried for several days on a 

Labconco Freezone. 

Sediment samples were analyzed by weighing out 0.5 g of freeze-dried sediment 

into a 15 mL plastic centrifuge tube (soaked overnight in a 2% nitric acid bath prior). 

Sediment samples were analyzed in two parts: one sample and one test for spike and 

recovery. Both received 200 ng of surrogates (13C6-sulfamethazine, nalidixic acid, and 

demeclocycline) and 2.5 g of Ottawa sand while only the one test for spike and recovery 

also received 100 ng of antibiotics. The same antibiotics were analyzed in both the water 

and sediment samples except for lincomycin, amoxicillin, penicillin V, and penicillin G 

which were not analyzed due to low to nonexistent recoveries in sediment processing. 

The mixture was vortexed and allowed to stand for 30 minutes to equilibrate. Then, 10 

mL of 30:20:50 ACN:MeOH: 0.1 M EDTA/0.08 M disodium phosphate/0.06 M citrate 

buffer (pH 4, v/v/v) solution was added to each sample. The samples were vortexed for 

30 seconds, placed in an ultrasonic bath for 10 minutes (Bransonic, 2210R-DTH, 50/60 
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kHz), and centrifuged for 10 minutes (3300 rpm). This step was repeated twice more, and 

the extracts were combined. The methanol and acetonitrile in the extracts were removed 

using a rotary evaporator (35 °C). Extracts were then diluted to 400 mL with MilliQ and 

adjusted to pH 4 with phosphoric acid.  

 SPE was then performed on the aqueous solutions with HLB cartridges that were 

cleaned with 10 mL of methanol and 10 mL of water. Samples were transferred using 

fluoropolymer tubing (Saint-Gobain Chemofluor) that was cleaned with methanol and 

water prior to use. Once completed, the cartridges were washed with 6 mL of 40:60 

methanol:water and then eluted with 13 mL of methanol. Samples were spiked with 20 

ng of internal standard (clinafloxacin, 13C2-erythromycin, simeton, and 13C6-

sulfamethoxazole) and evaporated to dryness with a vacufuge (Eppendorf vacufuge plus, 

1400 rpm). The samples were reconstituted with 200 μL of 20 mM ammonium acetate 

and filtered with a 0.45 μm GHP syringe filter (Whatman, 13 mm) into an HPLC vial. 

 HPLC-MS/MS Analysis.  Both water and sediment samples were analyzed on a 

Dionex Ultimate 3000 with a Thermo Scientific TSQ Vantage triple quadrupole tandem 

mass spectrometer in positive ESI mode. Samples were analyzed by three separate 

methods: one for fluoroquinolones and tetracyclines, one for macrolides and β-lactams, 

and one for sulfonamides and other compounds. The specific conditions are listed in 

Table 2.2. The quantification and confirmation values are listed in Table A.1 and the 

gradients for the three methods are listed in Table A.2 in Appendix A. Normal values for 

the mass spectrometer were: 0.010 s scan time, 0.010 scan width, 0.7 Q1/Q2, 3300 V 

spray voltage, 50 psi sheath gas pressure, 300 ⁰C capillary temperature, 1.5 mTorr 

collision pressure, 0 V declustering voltage, and 95 S lens. 
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For the sediment samples, additional cleaning was required prior to sample 

analysis on the HPLC-MS/MS. When analyzing the sediment samples, the 

Table 2.2. LC-MS/MS parameters. 

  

fluoroquinolone peaks disappeared from both the standards and samples. After 

investigating various fixes, it was determined that a substance in the sediment samples 

was sorbing to the column which was then sorbing the fluoroquinolones. So prior to the 

analysis, the column was cleaned with 50:50 20 mM EDTA:MeOH for 1 hour at 100 

μL/minute followed by 50:50 MeOH:MilliQ water for 30 minutes at 100 μL/minute. If 

the fluroquinolone peak areas were still decreasing, an additional cleaning of the 

following solvents at 500 μL/min for 7 minutes each was performed: 20:80 

isopropanol:water, tetrahydrofuran, dichloromethane, hexane, 20:80 isopropanol:water. 

The isopropanol:water mixtures started at 20:80 and slowly increased to 50:50 while 

watching the pressure. Additionally, only 20 injections were done before repeating the 

cleaning procedure to avoid buildup on the column. 

 Limits of detection (LOD) were determined as three times the method blank 

concentration and limits of quantification (LOQ) were set as ten times the method blank 

Parameter Method 

Stationary Phase Waters Xselect CSH C18 (3.5 μm, 130 Å, 50 × 2.1 mm) 

Flow rate 500 μL/minute 

Temperature 35 °C 

Injection Volume 8 μL 

Flow Diverted to Waste 0-1.5 min, 5.5-20 min 

Mobile Phase A 0.1% formic acid in water 

Mobile Phase B 0.1% formic acid in methanol 
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concentration minus one method blank concentration to account for noise. Samples were 

recovery corrected, but LODs and LOQs were not.  

2.3 Results and Discussion 

 

2.3.1 Analytical Performance 

Water. Method blanks, used to calculate LODs and LOQs were run for each set of 

samples processed on a particular day so these values vary. Arithmetic mean LODs 

ranged from 12.2 ng/L to 51.5 ng/L for the fluoroquinolones, from 3.5 to 4.6 ng/L for the 

tetracyclines, 2.6 to 44.9 ng/L for the macrolides, 0.3 to 0.7 ng/L for the β-lactams, 2.3 to 

35.6 ng/L for the sulfonamides, and 1.9 to 16.1 ng/L for the other compounds (Table 2.3). 

Arithmetic mean LOQs ranged from 25.0 to 154.5 ng/L for the fluoroquinolones, 10.5 to 

15.5 ng/L for the tetracyclines, 7.8 to 132.5 ng/L for the macrolides, 5.3 to 48.0 ng/L for 

the other compounds, 0.7 to 1.9 ng/L for the β-lactams, and 6.8 to 39.9 ng/L for the 

sulfonamides.  

Percent recoveries were very high for the fluoroquinolones in two sets of samples 

ranging from 1365.8 to 3895.3% on average (Table 2.3). Without these two sets of high 

values, percent recoveries were between 33.2 and 154.4%. The same high recoveries for 

two sets of samples applied to oxytetracycline too. For the other antibiotics, percent 

recoveries ranged from 34.2 to 80.2% for the tetracyclines, 31.9 to 90.3% for the 

macrolides, 68.9 to 112.8% for the other compounds, 48.8 to 107.7% for the β-lactams, 

and 120.7 to 183.0% for the sulfonamides. 

Average surrogate relative recoveries for nalidixic acid, demeclocycline, and 

13C6-sulfamethazine were 1213.0, 190.5 and 61.8% respectively (Table 2.4). Nalidixic 
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Table 2.3. Arithmetic mean LODs, LOQs, and relative percent recoveries for each 

antibiotic in the 2019 Minnesota water samples with standard deviation.a 

aPine River and Little Rock Lake samples gave very high percent recoveries, so their values are 

listed separately. N=12 for LOD/LOQ and N=36 for percent recovery. 

 

acid, the surrogate for the fluoroquinolones, was also affected by the two sets of samples 

with high recoveries (Pine River and Little Rock Lake) that also affected the percent 

recoveries of the fluoroquinolones. Without those two sets of samples, the arithmetic 

mean recovery for nalidixic acid was 312.5%.  

 

 LOD (ng/L) LOQ (ng/L) Recovery (%) 

Norfloxacin 17.9 ± 28.0 54.0 ± 83.9 133.6 ± 105.3 

     High Set   3399.6 ± 997.0 

Ciprofloxacin 12.2 ± 22.3 36.5 ± 66.9 154.4 ± 188.0 

     High Set   3895.3 ± 952.2 

Enrofloxacin 51.5 ± 104.7 154.5 ± 314.2 33.2 ± 33.3 

     High Set   1365.8 ± 404.8 

Ofloxacin 8.4 ± 16.0 25.0 ± 48.2 84.1 ± 63.9 

     High Set   2400.7 ± 684.8 

Tetracycline 4.6 ± 10.2 14.0 ± 30.4 35.3 ± 24.9 

Doxycycline 3.9 ± 8.7 11.6 ± 26.1 34.2 ± 24.5 

Oxytetracycline 5.2 ± 8.0 15.5 ± 24.0 80.2 ± 104.5 

     High Set   2185.6 ± 225.3 

Chlortetracycline 3.5 ± 4.2 10.5 ± 12.4 59.2 ± 53.6 

Erythromycin 2.8 ± 1.7 8.3 ± 5.1 31.9 ± 30.4 

Roxithromycin 3.3 ± 3.9 9.8 ± 11.7 90.3 ± 73.2 

Tylosin 44.9 ± 94.5 132.5 ± 284.4 82.4 ± 113.1 

Azithromycin 3.7 ± 3.8 10.9 ± 11.6 58.5 ± 45.1 

Clarithromycin 2.6 ± 3.2 7.8 ±9.6 64.5 ± 45.0 

Carbadox 3.6 ± 4.8 10.6 ± 14.5 68.9 ±83.6 

Trimethoprim 16.1 ± 23.7 48.0 ±71.4 112.8 ± 147.2 

Lincomycin 1.9 ± 2.2 5.3 ± 6.7 81.0 ± 97.7 

Amoxicillin 0.7 ± 1.5 1.9 ± 4.4 107.7 ± 148.0 

Penicillin V 0.4 ± 0.6 1.2 ± 1.7 48.8 ± 71.1 

Penicillin G 0.3 ±0.4 0.7 ± 1.1 52.0 ± 50.9 

Sulfapyridine 13.4 ± 18.6 39.9 ± 55.9 148.4 ± 171.6 

Sulfadiazine 9.5 ± 23.2 28.6 ± 69.7 154.5 ± 184.5 

Sulfamethoxazole 2.7 ± 3.4 8.1 ± 10.3 153.7 ± 175.6 

Sulfamethazine 2.3 ± 3.0 6.8 ± 8.9 182.0 ± 203.9 

Sulfachlorpyridazine 35.6 ± 95.7 31.8 ± 46.1 121.9 ± 151.5 

Sulfadimethoxine 3.5 ± 4.3 10.3 ± 13.0 120.7 ± 137.2 



26 
 

Table 2.4. Surrogate relative percent recoveries and internal standard absolute percent 

recoveries for 2019 Minnesota water samples. Very high recoveries for nalidixic acid 

were recorded for the Pine River and Little Rock Lake samples so nalidixic acid 

recoveries without those samples were also noted. 

 Arithmetic 

mean 

Recovery (%) 

Median 

Recovery (%) 

Standard 

Deviation (%) 

Surrogates    

Nalidixic Acid 1213.0 266.2 2587.2 

      w/o Pine River and 

d    Little Rock Lake 

312.5 175.7 325.1 

Demeclocycline 190.5 173.2 132.2 
13C6-Sulfamethazine 61.8 29.3 58.5 

    
Internal Standards    

Clinafloxacin 5.8 2.9 6.2 

Simeton 39.8 34.6 33.3 
13C2-Erythromycin 1.4 0.7 1.4 
13C6-Sulfamethoxazole 1.5 0.5 0.9 

N=108. 

The relative percent recovery for both the fluroquinolones and the 

fluoroquinolone surrogate nalidixic acid were very high for the Little Rock Lake and Pine 

River Samples. These two sets of samples were in the same LC-MS/MS run and used the 

same antibiotic stock solution. While concerning, all of the samples in this LC-MS/MS 

run were high. Despite their high values, their own recoveries were used to determine 

their concentrations because no other samples were run with these and all of the 

calculations are relative to the specific LC-MS/MS run and antibiotic stock solution. 

These high recoveries do add more uncertainty to the antibiotic concentrations in the 

Little Rock Lake and Pine River samples though. 

 Arithmetic mean internal standard absolute recoveries were low with 5.8% for 

clinafloxacin, 39.8% for simeton, 1.4% 13C2-erythromycin and 1.5% for 13C6-

sulfamethoxazole (Table 2.4). These low recoveries suggest matrix effects are present. 
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The low recoveries could also be due to insufficient washing of the SPE cartridges prior 

to elution as the sediment SPE cartridges were washed with a MeOH:MilliQ water 

mixture and had higher internal standard recoveries than water samples (see below) with 

only MilliQ water to clean the cartridge before eluting. This greater solvent strength of 

the MeOH:MilliQ water mixture could be more successful at limiting matrix effects. 

 Table 2.5. Median LOD, LOQ, and relative percent recoveries for the antibiotics 

in the 2019 Minnesota sediment samples with standard deviations. 

 LOD (ng/L) LOQ (ng/L) Recovery (%) 

Norfloxacin 39.8 ± 19.6 119.4 ± 58.7 19.4 ± 26.7 

Ciprofloxacin 31.8 ± 18.3 95.4 ± 54.8 15.6 ± 20.5 

Enrofloxacin 27.4 ± 11.0 82.3 ± 32.9 9.2 ± 17.7 

Ofloxacin 81.5 ± 82.8 244.6 ± 248.4 21.3 ± 32.1 

Tetracycline 10.5 ± 4.5 31.5 ± 13.4 30.6 ± 21.2 

Doxycycline 8.8 ± 5.1 26.2 ± 15.3 31.5 ± 22.6 

Oxytetracycline 16.2 ± 11.8 48.7 ± 35.3 44.5 ± 30.4 

Chlortetracycline 7.8 ± 8.4 23.3 ± 25.3 20.1 ± 23.2 

Erythromycin 46.2 ± 1135.6 138.7 ± 3406.8 109.0 ± 89.1 

Roxithromycin 43.2 ± 524.1 129.4 ± 1572.3 89.2 ± 96.0 

Tylosin 21.4 ±102.1 64.2 ± 306.4 106.6 ± 96.1 

Clarithromycin 33.5 ± 89.4 100.62 ± 268.2 87.4 ± 80.2 

Carbadox 0.2 ± 0.2 0.5 ± 0.5 50.0 ± 25.4 

Trimethoprim 0.3 ± 0.1 0.8 ± 0.4 29.1 ± 27.2 

Sulfapyridine 45.5 ± 126.3 136.43 ± 379.0 62.5 ± 39.8 

Sulfadiazine 10.8 ± 11.9 32.4 ± 35.8 100.9 ± 57.9 

Sulfamethoxazole 23.3 ± 33.8 69.7 ± 101.3 73.7 ± 22.0 

Sulfamethazine 5.7 ± 132.5 17.0 ± 397.6 75.3 ± 34.5 

Sulfachlorpyridazine 13.6 ± 101.1 40.7 ± 303.2 65.8 ± 24.1 

Sulfadimethoxine 15.8 ± 86.1 47.5 ± 258.3 48.7 ± 36.1 

N=13 for LOD/LOQ and N=17 for percent recovery. 

Sediment. For sediments, LODs ranged from 27.4 to 39.8 ng/g for the 

fluoroquinolones, 7.8 to 16.2 ng/g for the tetracyclines, 21.4 to 46.2 ng/g for the 

macrolides, 0.2 to 0.3 ng/g for the other compounds, and 5.7 to 45.5 ng/g for the 

sulfonamides. LOQs ranged from 82.3 to 244.6 ng/g for the fluoroquinolones, 23.3 to 

48.7 n/g for the tetracyclines, 64.2 to 138.7 ng/g for the macrolides, 0.5 to 0.8 ng/g for the 

other compounds, and 17.0 to 136.43 ng/g for the sulfonamides (Table 2.5). 
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 Arithmetic mean relative percent recoveries ranged from 9.2 to 21.3% for the 

fluoroquinolones, 20.1 to 44.5% for the tetracyclines, 87.4 to 109.0% for the macrolides,  

29.1 to 50.0% for the other compounds, and 48.7 to 100.9% for the sulfonamides (Table 

2.5). 

Table 2.6. Internal standard absolute percent recoveries and surrogate relative percent 

recoveries for the 2019 Minnesota sediment samples. One run of samples contained very 

high recoveries of demeclocycline so recoveries with and without this run of samples 

were included. 

 Arithmetic 

mean 

Recovery (%) 

Median 

Recovery (%) 

Standard 

Deviation (%) 

Surrogates    

Nalidixic Acid 118.0 44.2 178.7 

Demeclocycline 

 

677.7 116.0 1853.2 
       w/o higher values 91.1 90.1 117.7 
13C6-Sulfamethazine 87.2 91.4 37.1 

    
Internal Standards    

Clinafloxacin 33.6 27.1 24.5 

Simeton 29.6 29.2 19.9 
13C2-Erythromycin 99.2 19.1 172.9 
13C6-Sulfamethoxazole 269.9 43.5 404.9 

N=82. 

Arithmetic mean relative percent recoveries for the surrogates were 118.0% for 

nalidixic acid, 677.7% for demeclocycline, and 87.2% for 13C2-sulfamethazine (Table 

2.6). There was one set of samples that had very high recoveries for demeclocycline and 

without them, the recovery was 91.1% on average. For the internal standards, the 

arithmetic mean absolute recovery was 33.6% for clinafloxacin, 29.6% for simeton, 13C2-

erythromycin was 99.2%, and 269.9% for 13C6-sulfamethoxazole. 
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2.3.2 General Trends 

Overview. In total, 11 sites were sampled across Minnesota in 2019 for water and 

sediment (Figure 2.2). These sites were chosen to represent various areas across the state 

as well as to have samples mainly impacted by WWTPs and samples mainly impacted by 

agricultural animals. WWTP impacted sites received direct effluent discharge and 

included Alexandria, Lake Bemidji, Sakatah Lake, Pine River, and Otsego. Agricultural 

animal impacted sites had agricultural animal farms within two miles and did not receive 

direct wastewater effluent discharge and included Lake Shetek, Ocheda Lake, Shakopee 

Creek, and Little Rock Lake. There were two additional sites which do not fall neatly into 

either category. The Metropolitan site was in the area around the Twin Cities did not 

receive direct effluent discharge nor had agricultural animals in the surrounding area. The 

Mankato site was surrounded by some agriculture, but the water bodies sampled were 

spread across a larger region and thus the animals nearby varied. It also does not 

currently receive direct wastewater discharge. 

Water. The following analyses were performed on sample concentrations above 

the LOD. Roxithromycin (which is not approved for use in the U.S.), carbadox, penicillin 

V, and sulfamethazine were not detected in any water samples (Table 2.7). 

Clarithromycin was the most frequently detected at 51% of the samples, followed by 

tetracycline at 46% of samples, and erythromycin and trimethoprim at 40% of samples. 

Ciprofloxacin, for samples above the LOD, was detected at the highest arithmetic mean 

concentration of 201 ng/L. Azithromycin was detected at an average of 163 ng/L 

followed by sulfamethoxazole at 125 ng/L. 
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Table 2.7. Maximum concentrations and percent detected above the LOD for 2019 water and sediment samples. Percent detected is 

also split into sites primarily impacted by direct WWTP discharge (Alexandria, Bemidji, Sakatah Lake, Pine River, and Otsego, N=5) 

and impacted by agricultural animals (Lake Shetek, Ocheda Lake, Shakopee Creek, and Little Rock Lake, N=4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Conc (ng/L) Percent Detected (%) Conc (ng/g) Percent Detected (%) 

 Max Water 
Total 

Water 

WWTP 

Impacted 

Water 

Livestock 

Impacted 

Water 

Max Sediment 
Total 

Sediment 

WWTP 

Impacted 

Sediment 

Livestock 

Impacted 

Sediment 

Norfloxacin 192 9 0 7 330 24 33 0 
Ciprofloxacin 228 6 8 7 75 12 11 11 

Enrofloxacin 233 17 23 21 829 53 44 44 

Ofloxacin 172 20 46 7 0 0 0 0 

Tetracycline 865 46 38 50 390 35 25 40 

Doxycycline 162 29 8 43 280 58 58 50 

Oxytetracycline 288 34 15 43 67 29 8 30 

Chlortetracycline 19 11 23 7 522 41 25 100 

Erythromycin 96 40 62 36 0 0 0 0 

Roxithromycin 0 0 0 0 0 0 0 0 

Tylosin 145 17 38 0 11 6 0 15 

Azithromycin 596 11 31 0 -- -- -- -- 

Clarithromycin 22 51 77 36 309 11 8 0 

Carbadox 0 0 0 0 9 17 38 0 

Trimethoprim 30 40 77 21 726 64 69 62 

Lincomycin 7 29 54 21 -- -- -- -- 

Amoxicillin 9 31 38 21 -- -- -- -- 

Penicillin V 0 0 0 0 -- -- -- -- 

Penicillin G 33 14 0 14 -- -- -- -- 

Sulfapyridine 82 14 31 7 328 14 15 15 

Sulfadiazine 154 6 15 0 28 28 31 31 

Sulfamethoxazole 445 14 8 14 64 11 8 15 

Sulfamethazine 0 0 0 0 353 22 31 23 

Sulfachlorpyridazine 141 11 31 0 9 6 0 0 

Sulfadimethoxine 91 34 23 50 733 39 38 31 
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Table 2.8. Maximum concentrations and percent detected above the LOQ for 2019 water and sediment samples. Percent detected is also split into 

sites primarily impacted by direct WWTP discharge (Alexandria, Bemidji, Sakatah Lake, Pine River, and Otsego, N=5) and impacted by 

agricultural animals (Lake Shetek, Ocheda Lake, Shakopee Creek, and Little Rock Lake, N=4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Conc (ng/L) Percent Detected (%) Conc (ng/g) Percent Detected (%) 

 Max Water 
Total 

Water 

WWTP 

Impacted 

Water 

Livestock 

Impacted 

Water 

Max Sediment 
Total 

Sediment 

WWTP 

Impacted 

Sediment 

Livestock 

Impacted 

Sediment 

Norfloxacin 192 3 0 7 330 12 11 0 
Ciprofloxacin 228 6 8 7 75 6 0 11 

Enrofloxacin 233 9 8 14 829 29 22 44 

Ofloxacin 172 11 23 7 0 0 0 0 

Tetracycline 865 34 31 36 390 19 8 40 

Doxycycline 162 23 8 29 380 45 58 50 

Oxytetracycline 288 29 8 43 67 13 0 30 

Chlortetracycline 19 11 23 7 522 41 25 100 

Erythromycin 96 14 23 14 0 0 0 0 

Roxithromycin 0 0 0 0 0 0 0 0 

Tylosin 145 17 38 0 11 6 0 15 

Azithromycin 596 11 31 0 -- -- -- -- 

Clarithromycin 22 40 54 29 309 3 0 0 

Carbadox 0 0 0 0 9 17 38 0 

Trimethoprim 30 20 46 7 726 64 69 62 

Lincomycin 7 29 54 21 -- -- -- -- 

Amoxicillin 9 26 23 21 -- -- -- -- 

Penicillin V 0 0 0 0 -- -- -- -- 

Penicillin G 33 14 0 14 -- -- -- -- 

Sulfapyridine 82 11 31 0 328 8 8 15 

Sulfadiazine 154 3 8 0 27 11 0 31 

Sulfamethoxazole 445 11 8 7 56 3 0 15 

Sulfamethazine 0 0 0 0 353 17 31 23 

Sulfachlorpyridazine 141 11 31 0 9 0 0 0 

Sulfadimethoxine 91 14 15 21 733 31 31 31 
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If, however, only the antibiotic concentrations above the LOQ are considered, the 

results slightly differ (Table 2.8). Values above the LOQ provide values with slightly 

more confidence in their exact concentration. While the antibiotics that were not detected 

stay the same, the top 4 detected antibiotics differ. Clarithromycin and tetracycline are 

the top two detected at 40% and 34% respectively, but lincomycin and oxytetracycline 

follow at 29% detected each instead of erythromycin and trimethoprim. Overall, of the 25 

antibiotics, the percent detected decreased for 14 of them when only considering values 

above the LOQ. For samples above the LOQ, the highest arithmetic mean was again 

ciprofloxacin with 201 ng/L, but was followed by norfloxacin with 192 ng/L though 

norfloxacin only have one sample above the LOQ. These were again followed by 

azithromycin detected at the same arithmetic mean and sulfamethoxazole with a slightly 

lower arithmetic mean of 125 ng/L. 

WWTP vs. Livestock Impacted Water Sites. In the water samples, ofloxacin, 

chlortetracycline, erythromycin, tylosin, azithromycin, clarithromycin, trimethoprim, 

lincomycin, amoxicillin, sulfapyridine, sulfadiazine, and sulfachlorpyridazine were 

detected more frequently in WWTP impacted sites than agricultural animal impacted 

sites (Table 2.7). While some of these antibiotics are used in agricultural animal 

medicine, all of them are either used in human medicine, in dog medicine, or are 

naturally occurring. Agricultural animal medicine includes the use of antibiotics for the 

treatment or prevention of diseases. For the agricultural animal impacted sites, 

doxycycline, oxytetracycline, and sulfadimethoxine were detected more frequently than 

at the WWTP impacted sites. Both oxytetracycline and sulfadimethoxine are used in 

agricultural animal medicine. Doxycycline, however, is only used in humans, small 
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animal medicine, and is not naturally occurring. While the higher detection rate in 

agriculturally impacted sites for doxycycline and the inclusion of some antibiotics like 

chlortetracycline that are exclusively used in agricultural animal medicine is slightly 

unexpected, other studies have noted the presence of human antibiotics in largely 

agricultural settings.36 Additionally, the categorization of these sites is not perfect as it is 

difficult to completely isolate a sample site. For instance, although Lake Sakatah is 

classified as a WWTP impacted site, there is a creek that flows into Lake Sakatah with 

many cattle farms along its banks. Thus, it is difficult to isolate a single factor 

(agricultural animal or WWTP) when sampling the environment. 

Again, looking at only the values above the LOQ provides slightly different 

results. While the vast majority of the antibiotics detected most frequently at either a 

WWTP impacted or livestock impacted site stay the same, three antibiotics do switch at 

which sites they are more frequently detected. Enrofloxacin switches to being more 

frequently detected at livestock impacted sites while ofloxacin and sulfamethoxazole 

switch to being detected more frequently at WWTP impacted sites. Sulfamethoxazole 

though is only detected 1% more at WWTP impacted sites than livestock impacted sites. 

Enrofloxacin is used in both agricultural animals as well as in pets so its detection in both 

WWTP and livestock impacted sites can be explained. The same applies to ofloxacin 

which is used in poultry and humans. Sulfamethoxazole though is only used in human 

medicine so its detection at similar percentages in both WWTP and livestock impacted 

sites is interesting. 

Sediment. These analyses are performed only on values greater than the LOD. 

Ofloxacin, erythromycin, and roxithromycin were not detected above the LOD in any 
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sediment samples. Trimethoprim was detected most frequently at 64% followed by 

doxycycline at 58%, enrofloxacin at 53%, chlortetracycline at 41%, and sulfadimethoxine 

at 39% (Table 2.7). Sulfadimethoxine had the highest arithmetic mean detection for 

values above the LOD at 344 ng/g followed by enrofloxacin at 288 ng/g. 

 For only analyzing values above the LOQ, the compounds not detected remain the 

same as well as the maximum concentrations (Table 2.8). The top 5 detected antibiotics 

across all sediment samples remain the same, but their detected percentages decrease for 

all but chlortetracycline and trimethoprim. Trimethoprim remains the most frequently 

detected, followed by doxycycline, chlortetracycline, sulfadimethoxine, and enrofloxacin. 

For the values above the LOQ, enrofloxacin had the highest arithmetic mean at 464 ng/g 

followed by sulfadimethoxine at 434 ng/g which is the opposite of values above the 

LOD.  

WWTP vs. Livestock Impacted Sediment Sites. Data is limited for the 

fluoroquinolones and tetracyclines in sediment due to analytical issues that were 

resolved, but the University of Minnesota shut down due to COVID-19 before samples 

could be re-analyzed. The analytical issues are explained in Section 2.2 under HPLC-

MS/MS Analysis. In the sediment, WWTP impacted sites had a greater detection 

frequency for norfloxacin, doxycycline, clarithromycin, carbadox, trimethoprim, 

sulfamethazine, and sulfadimethoxine (Table 2.7). All except for carbadox, 

sulfamethazine, and sulfadimethoxine are used in human medicine. Carbadox, 

sulfamethazine, and sulfadimethoxine are used in swine, cattle, fish, and poultry 

medicine. On the other hand, tetracycline, oxytetracycline, chlortetracycline, tylosin, and 

sulfamethoxazole were more frequently detected at agricultural animal sites. 
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Oxytetracycline, chlortetracycline, and tylosin are exclusively used in agricultural animal 

medicine while tetracycline is used in humans and cattle. Sulfamethoxazole is only used 

in human medicine. 

For values above the LOQ, there are several antibiotics that switch which the of 

site they are more frequently found. Ofloxacin is no longer detected at either site while 

sulfadimethoxine is now detected at the same percent in both WWTP and livestock 

impacted sites. Ciprofloxacin, enrofloxacin, sulfapyridine, and sulfadiazine are all now 

detected more frequently at livestock impacted sites. Ciprofloxacin and sulfadiazine are 

both used in agricultural animals and humans while enrofloxacin is used in agricultural 

and domestic animals so their presence in both types of sites is not unexpected. 

Sulfapyridine though is used only in human medicine so it is surprising that it is detected 

more frequently in livestock impacted sites. 

Naturally Occurring Antibiotics. It is widely known that some antibiotics are 

produced naturally. The exact concentrations of these naturally occurring antibiotics in 

the environment however are in question.79 It is difficult to completely separate 

anthropogenic sources and natural sources of antibiotics especially when natural levels of 

antibiotics can vary depending on the location and soil type.79 Thus, in the following 

sections it will be noted when naturally occurring antibiotics are present, but there is 

uncertainty as to how much of that concentration is attributable to the natural levels and 

how much is attributable to anthropogenic sources. 

2.3.3 Sampling Data 

 Overview. In this section, several sampling locations are analyzed site by site. 

Alexandria, Mankato, Lake Bemidji, Sakatah Lake, and Shetek Lake were analyzed in 
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detail in this section because their findings have particularly interesting patterns and/or 

potential explanations. Analysis of the Pine River, Otsego, Ocheda Lake, Shakopee 

Creek, Little Rock Lake, and Metropolitan sampling sites are included in Appendix A 

because they had less clear patterns and explanations. Full data tables of antibiotic 

concentrations are in Tables A.6 and A.7 in Appendix A. 

Alexandria. Water samples were taken from Lake Ida, Long Prairie River, and 

Lake Winona in Alexandria, MN while Lake Winona had the only sediment sample 

(Figure 2.3). There are 13,746 people that live in Alexandria, and Lake Winona receives, 

on average, 3.75 million gallons per day (mgd) of chlorine disinfected wastewater from 

the Alexandria Lakes Area Sanitation District WWTP.80 Due to this discharge, an 

average of 63% of the inflow into Lake Winona is comprised of wastewater effluent.81 

Within 2 miles of Long Prairie River there are 4 beef cattle farms. For Lake Ida, there are 

9 beef cattle farms, 6 dairy cattle farms, and 1 chicken farm, though this sample was 

taken at the edge of the lake and thus may include edge effects. Within 2 miles of Lake 

Winona, there are 6 beef cattle farms, 1 swine farm, and 6 dairy cattle farms. For the 

Lake Winona sediment sample, no fluoroquinolones were analyzed.  

Overall, the two bodies of water not directly impacted by wastewater effluent 

(Lake Ida and Long Prairie River) had a substantially lower total sum of antibiotics 

present in the water than the wastewater effluent impacted Lake Winona. For Lake 

Winona, trimethoprim, doxycycline, and sulfapyridine were all detected in both the water 

and sediment samples. Doxycycline and sulfapyridine are both prescribed to humans so 

their presence in a lake that receives a high percentage of wastewater is not unexpected. 

Notably, sulfamethoxazole was detected at a high concentration (445 ng/L) in the water 
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Figure 2.3. The antibiotic concentrations in water (A) and sediment (B) samples for the 

Alexandria area. The pie chart for each sample represents the total antibiotics found at 

that site above the LOD. The relative size of the pie chart represents the total relative sum 

of all antibiotics found at that site. In the legend, the grayed-out antibiotics were not 

found in any of the sites in these maps. Data from Minnesota Geospatial Commons.82 

  

samples, but none was present at detectable levels in the sediment. Sulfamethoxazole is 

often prescribed to humans as a 5:1 sulfamethoxazole:trimethoprim combination.35 While 
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both sulfamethoxazole and trimethoprim are present in the water sample with 

sulfamethoxazole at a much higher concentration than trimethoprim (about 15:1), no 

sulfamethoxazole is present in the sediment even with trimethoprim present. Previous 

studies have also found sulfamethoxazole and trimethoprim present in the water, but only 

trimethoprim in the sediment.83,84 This could be because sulfamethoxazole is more 

susceptible to photolysis than trimethoprim.85 Additionally, trimethoprim has a higher 

KOC value (719) while sulfamethoxazole has lower value (111) for KOC.86 Thus, 

trimethoprim sorbs more strongly to sediment than sulfamethoxazole.  

Mankato. Water and sediment samples were taken for two lakes and one river in 

the Mankato, MN area (Figure 2.4). The population of Mankato is 39,309. None of these 

bodies of water receive wastewater effluent, but they do have some agricultural activity 

surrounding them. Blue Earth River has 1 beef cattle farm and 1 turkey farm within 2 

miles while Lake Emily has 2 beef cattle farms and 3 swine farms within 2 miles. 

Madison Lake has the most agricultural animals with 7 beef cattle farms and 3 swine 

farms within 2 miles. All three water bodies had minimal concentrations of antibiotics in 

the water with only two antibiotics present: lincomycin and penicillin V. Both lincomycin 

and penicillin V are naturally occurring. The fluroquinolones were not analyzed in any of 

these sediment samples.  

For the sediment, Lake Emily contains many tetracyclines: chlortetracycline, 

oxytetracycline, and tetracycline. Chlortetracycline and tetracycline are naturally 

occurring. The nearby swine and cattle farms could be contributing the chlortetracycline  

and tetracycline as well as the oxytetracycline.  

Madison Lake has a high concentration of antibiotics, specifically tetracycline and  
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Figure 2.4. The antibiotic concentrations in water (A) and sediment (B) samples for the 

Mankato area. The pie chart for each sample represents the total antibiotics found at that 

site above the LOD. The relative size of the pie chart represents the total relative sum of 

all antibiotics found at that site. In the legend, the grayed-out antibiotics were not found 

in any of the sites in these maps. Data from Minnesota Geospatial Commons.82 

 

doxycycline in the sediment. Both of these antibiotics are used in humans and dogs with 

tetracycline also being used in cattle. Currently there are no direct wastewater effluent 
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discharges into Madison Lake, but in the past, untreated wastewater from the Village of 

Madison and Madison Lake Creamery was discharged into the lake.87 Thus, it is possible 

that the antibiotics present in Madison Lake are due to the untreated wastewater 

discharge into the lake for many years because sediment captures the long term trends.88  

Lake Bemidji. Water samples were taken in relation to the WWTP: upstream 

(U1), at the point of discharge (WWTP), and downstream (D1) in Bemidji, MN, 

population of 15,404 (Figure 2.5). Sediment samples were taken at these same locations 

as well as two additional downstream locations. A sediment sample near the WWTP 

outfall was not taken due to a hard, rocky bottom that did not allow for sample collection 

to take place. The Bemidji WWTP discharges 2.5 mgd on average and uses UV-

disinfection.80 There is one beef cattle farm within 2 miles of the lake, though this farm is 

located 4 miles from these sampling points. Several antibiotics (lincomycin, amoxicillin, 

penicillin V, penicillin G, and azithromycin) were not included in the sediment analysis 

due to the more intense sample processing. Additionally, for the D2 and D3 sediment 

samples, no fluroquinolones were analyzed. 

The antibiotic concentrations at U1 for both water and sediment were smaller than 

any sample at or downsream of the WWTP. From the WWTP to D1, there is an increase 

in antibiotics in the water samples. This could be because the exact discharge point from 

the WWTP was missed or not completely captured in the sample because it is difficult to 

find the exact location of the wastewater stream when in the field. 

Trimethoprim, a known prescribed human medicine, was detected in all of the  

sediment samples. Despite its prescription with sulfamethoxazole, no sulfamethoxazole 
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Figure 2.5. The antibiotic concentrations in water (A) and sediment (B) samples for the 

Bemidji area. The pie chart for each sample represents the total antibiotics found at that 

site above the LOD. The relative size of the pie chart represents the total relative sum of 

all antibiotics found at that site. In the legend, the grayed-out antibiotics were not found 

in any of the sites in these maps. Data from Minnesota Geospatial Commons.82 

was found in the water or sediment samples. Sulfamethoxazole, however, is typically 

found in water and not in sediment. Sediment is also a surrogate for long term trends 
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while water concentrations represent the antibiotics present at that moment.88 So, despite 

the absence of sulfamethoxazole from the set of water samples that were taken, there 

could be less sulfamethoxazole and trimethoprim being discharged at that point in time, 

but overall, there could be usage or past usage. Additionally, wastewater streams are 

highly variable depending on the time of day, day, and season could help account for the 

absence of sulfamethoxazole present in the water.17,89,90 

Sulfadimethoxine is found throughout all of the water samples and D1 of the 

sediment samples. This antibiotic is often used in fish and poultry. Although there is 

minimal agricultural activity located around this area, there is a fish hatchery on the 

eastern side of Lake Bemidji.91 While there is not any public information on the specifics 

of the water movement for the fish hatchery, it is possible that there is some 

contamination from this fish hatchery resulting in the presence of sulfadimethoxine in 

Lake Bemidji and Lake Irving. Another possibility for the presence of sulfadimethoxine 

is from the stocking of fish.92 The DNR stocks Lake Bemidji with about 100 to 500 lbs. 

of muskellunge every two years.93 There is potential that the fish and/or water that they 

are transported and dumped into the lake in could contain sulfadimethoxine which is then 

released into the water. 

Chlortetracycline is found throughout all the water samples and two of the 

sediment samples. This chlortetracycline is most likely naturally occurring due to the 

absence of agricultural activity surrounding Lake Irving and Lake Bemidji. Tetracycline 

is found in all of the water samples, but none of the sediment samples which is 

unexpected as tetracycline sorbs strongly to sediment.13 The sulfapyridine found in the 

sediment sample D2 is used in human medicine.  
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Figure 2.6. The antibiotic concentrations in water (A) and sediment (B) samples for the 

Waterville area. The pie chart for each sample represents the total antibiotics found at 

that site above the LOD. The relative size of the pie chart represents the total relative sum 

of all antibiotics found at that site. In the legend, the grayed-out antibiotics were not 

found in any of the sites in these maps. Data from Minnesota Geospatial Commons.82  
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Sakatah Lake. Sakatah Lake in Waterville, MN, population 1,874, (Figure 2.6) 

receives 0.268 mgd on average of chlorinated wastewater effluent from the Waterville 

WWTP.80 While this site receives direct wastewater effluent, there are also 8 beef cattle 

farms within 2 miles. One sample upstream of the WWTP (U1), at the WWTP discharge 

(WWTP), and one downstream of the WWTP (D1) were taken for water and sediment 

with an additional sediment sample further downstream of the WWTP (D2). Overall, the 

sediment samples are fairly consistent in terms of which antibiotics are present while the 

water samples vary to a greater degree. Previous studies have noted the contaminants of 

emerging concern (CECs) variability in water samples vs. their relative stability in 

sediment samples.88  

In the water samples, it appears that the WWTP sample did not appropriately 

capture the wastewater effluent stream. The total antibiotic sum did increase from U1 to 

D1 in the water, however. Additionally, it appears that the sample was taken 

approximately in the area of the discharge due to the increase in total antibiotic  

concentration for the WWTP sediment sample relative to the other sediment samples. 

Thus, while the exact water stream of wastewater effluent may not have been captured in 

the sample, it was likely in the surrounding area and still affecting the nearby 

environment. 

The three water samples have quite different profiles of antibiotics present. 

Specifically, the U1 sample contains several antibiotics that the WWTP and D1 water 

samples do not: erythromycin, amoxicillin, sulfadiazine, and sulfadimethoxine. 

Erythromycin is naturally occurring while amoxicillin is used in humans, cats, and cattle. 

Sulfadiazine is used in horses and humans while sulfadimethoxine is present in fish 
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medicine. The lake upstream of the Cannon River, Tetonka Lake, holds a DNR fish 

hatchery.91 While there is not publicly available data on the specifics of the water for this 

fish hatchery, some of the water from the fish hatchery could be mixing with and 

contributing antibiotics to the Cannon River sample. 

The water WWTP sample contains tylosin, trimethoprim, lincomycin, and 

clarithromycin. Tylosin and lincomycin are naturally occurring. Both trimethoprim and 

clarithromycin are used in human medicine which likely could be the result of the 

wastewater effluent discharge. 

The water D1 sample also contains trimethoprim, clarithromycin, lincomycin, and 

tylosin, but also contains sulfachlorpyridazine and oxytetracycline. Oxytetracycline is 

naturally occurring while sulfachlorpyridazine is not and is used in swine, calves, and 

dogs. There are several cattle farms along the creek to the south of Sakatah Lake which 

flow into Sakatah Lake that could be contributing antibiotics such as sulfamethazine into 

the lake.  

For the sediment samples, all of the samples contain sulfamethazine, 

sulfadimethoxine, and doxycycline. Sulfamethazine is used in cattle and swine while 

sulfadimethoxine is used in poultry and fish. The creek to the south of Sakatah Lake with 

the beef cattle farms could be contributing sulfamethazine to the lake. Sakatah Lake is 

also stocked every year with a large number of newly hatched walleye that weigh from 4 

to 13 lbs. In the past, the lake has also been stocked with northern pike, 2 to 12 lbs.93 

Thus, the stocking of fish and/or the fish hatchery upstream could be the source of 

sulfadimethoxine present in the lake. Additionally, doxycycline is used in human and dog 

medicine so its source could be the wastewater effluent discharge. 
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U1, WWTP and D2 sediment samples also include norfloxacin and enrofloxacin. 

Norfloxacin is used in human and poultry medicine while enrofloxacin is used in cattle 

medicine. The stream with several cattle farms could be the source of the enrofloxacin. 

Lake Shetek. Three water and sediment sampling points were taken in Lake 

Shetek (Figure 2.7). Lake Shetek is largely surrounded by agricultural activity, 

specifically cattle and swine farms in the town of The Lakes, population 667. There are 

10 beef cattle farms and 4 swine farms within 2 miles of Lake Shetek. Two of the 

sampling points had water samples with higher total antibiotics sums while one had a 

substantially lower total. The water samples showed a large variability in the specific 

antibiotic present while the sediment results were more consistent across samples. Water 

samples tend to be more variable as they represent a specific water stream at that 

particular point in time. Sediment samples, on the other hand, represent an integration of 

antibiotics over time because the antibiotics sorb to suspended sediment, and the particles 

settle to the lake bed where they are not efficiently transported.88 

For the water samples, Shetek 1 contained a high concentration of tetracycline. 

There are several beef cattle farms nearby which could be contributing tetracycline to the 

lake. Downstream at Shetek 2 and 3 there is no tetracycline detected. The high  

concentration of tetracycline detected at Shetek 1 could be the result of sampling at a 

time when a pulse of tetracycline was released at this point. The tetracycline could also 

become much more diluted once it reaches the larger area of Lake Shetek. Lake Shetek 2 

contains norfloxacin, ciprofloxacin, enrofloxacin, ofloxacin, and erythromycin. 

Ciprofloxacin, norfloxacin, ofloxacin, and erythromycin are all used in agricultural 

animal and human medicine while enrofloxacin is only used in agricultural animal  
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Figure 2.7. The antibiotic concentrations in water (A) and sediment (B) samples for the 

Lake Shetek area. The pie chart for each sample represents the total antibiotics found at 

that site above the LOD. The relative size of the pie chart represents the total relative sum 

of all antibiotics found at that site. In the legend, the grayed-out antibiotics were not 

found in any of the sites in these maps. Data from Minnesota Geospatial Commons.82 
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medicine. Despite the high concentration of antibiotics in Shetek 1 and 2, Shetek 3 did 

not contain any antibiotics above the LOD. 

Despite the high level of antibiotics in the water sample for Shetek 1, the 

corresponding sediment sample had much lower concentrations than the Shetek 2 and 3 

sediment samples and contained completely different antibiotics than Shetek 1. In the 

sediment Shetek 1, doxycycline and chlortetracycline were present. The tetracyclines are 

known to sorb strongly to sediment so their presence in sediment despite their absence in 

the water is not unexpected.13 The absence of tetracycline in the sediment despite the 

high concentration in the water sample is surprising though. Tetracycline sorbs strongly 

to sediment and is expected to be present in the sediment. If the water tetracycline 

concentration is not normally as high though, large amounts may not have accumulated in 

the sediment as the sediment indicates longer term trends.88 Additionally, doxycycline is 

used in humans and dogs.  

These antibiotics are also found in the Shetek 2 and 3 sediment samples. Shetek 2 

also includes oxytetracycline which is found naturally as well as used in cattle medicine. 

Shetek 3 also contains sulfapyridine which is used exclusively in human medicine. 

Despite the lack of wastewater discharge into Lake Shetek, quite a few human 

antibiotics were found. This could be as a result of the many faulty subsurface sewage 

treatment systems that are leaking into Lake Shetek.94,95 In Murray County where Lake 

Shetek is located, it is estimated that 29% of subsurface sewage treatment systems are 

imminent public health threats. This indicates that they discharge either into drainage tile 

or the ground surface.94 Thus, these failing treatment systems could be contaminating 
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Lake Shetek with antibiotics and help account for the human antibiotics present in Lake 

Shetek. 

Despite being stocked every year with 10-80 lbs. of northern pike, 14-40 lbs. of 

walleye, and/or 200-600 lbs. of yellow perch, there is only evidence of sulfadimethoxine 

in the water sample for Shetek 1.93 There are also fish rearing ponds within Lake Shetek 

State Park on the eastern side of Lake Shetek. 

Fish Stocking. Fish stocking as a potential source of sulfadimethoxine in sample 

sites has been mentioned. While it is widely known that antibiotics are used in fish 

rearing, there is little information in the literature about the impact of fish stocking.41,44 

Thus, there is uncertainty in the concentration of antibiotics that could be present in the 

transport water, the volume of transport water, the concentration of antibiotics being 

excreted by stocked fish, and the concentration of antibiotics that could be released upon 

death and decaying of these stocked fish. Future research into fish stockings could be 

helpful in determining its impact on the input of antibiotics into the environment from 

this practice. 
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Chapter 3: Quantification of Antibiotics in Wastewater Effluent from 

the Metropolitan Area Wastewater Treatment Plants 
 

3.1 Introduction 

Wastewater treatment plants (WWTP) have been considered one of the largest 

sources of antibiotics released into the environment.96 WWTPs combine human excreta, 

which contains up to 90% of the active form of antibiotic, from various locations, treat it, 

and most often continuously discharge it to surface waters.22 While some antibiotics are 

naturally occurring, WWTPs can discharge these naturally occurring antibiotics at higher 

concentrations than would be found in nature as well as synthetic and semi-synthetic 

occurring antibiotics into the environment.  

The amount of antibiotic released depends on the water treatment type, season, 

time of day, and scale of the WWTP as wastewater streams are highly variable.17,25,97 The 

dominant factor in removal of antibiotics from wastewater streams however has been 

found to be the treatment process.25 On average, conventional WWTPs remove 20-90% 

of antibiotics.22 In general, WWTPs that use secondary treatment have greater removals 

of antibiotics than primary treatment plants.25 Two common types of 

treatment/disinfection include chlorination and ultraviolet (UV) treatment. A study by 

Renew and Huang found that of seven antibiotics, six of their concentrations were 

significantly lower after chlorination compared to UV disinfection.24 

A significant reservoir of antibiotics in a WWTP is the sorption of antibiotics to 

sludge.17 Specifically, fluoroquinolones and tetracyclines are known to sorb strongly to 

sludge.22,25 This sorption leads to removal rates as high as 88% from the water, but the 

fraction that has sorbed to sludge could still windup in the environment.25 Thus, removal 
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of antibiotics from both the wastewater stream as well as the sludge is crucial in 

decreasing the amount of antibiotics that ultimately enter into the environment. 

The objective of this study was to determine the levels of antibiotics in 

wastewater effluent from the Twin Cities metropolitan area. Sixteen antibiotics were 

analyzed, which included fluoroquinolones (ciprofloxacin, enrofloxacin, norfloxacin, and 

ofloxacin), tetracyclines (chlortetracycline, doxycycline, tetracycline, and 

oxytetracycline), macrolides (azithromycin, clarithromycin, erythromycin, roxithromycin, 

and tylosin), and other compounds (amoxicillin, carbadox, and lincomycin). 

3.2 Materials and Methods 

Wastewater Treatment Plants. Seven wastewater treatment plants (WWTP) 

operated by the Metropolitan Council in the greater Minneapolis-St. Paul area were 

investigated: Blue Lake, Eagles Point, East Bethel, Empire, Hastings, Metropolitan, and 

St. Croix Valley (Figure 3.1). Of the seven WWTPs, Blue Lake, Metropolitan, and  

Figure 3.1. WWTP sampling sites across the metropolitan area. Effluent composite 

samples were analyzed for antibiotics. The Seneca WWTP effluent was excluded due to 

low or non-existent recoveries for all of the antibiotics. Each star represents the location 

of a WWTP and each color represents the sewershed for that WWTP. Data was obtained 

from the Minnesota Geospatial Commons.82 

WWTP Sewershed 
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Hastings have advanced secondary treatment with seasonal chlorination/dechlorination. 

The remaining four: St. Croix Valley, Empire, East Bethel, and Eagles Point, use 

advanced secondary treatment with UV disinfection. Metropolitan has the largest 

capacity at 251 million gallons per day (mgd) followed by Blue Lake at 32 mgd, Empire 

at 24 mgd, Eagles Point at 10 mgd, St. Croix Valley at 4.5 mgd, and lastly Hastings at 

2.34 mgd. 

Sample Collection. The Metropolitan Council collected 24-hour composite 

effluent samples over several days during the week of May 20th, 2019. The 24-hour 

composite effluent samples were combined for each wastewater treatment plant in a 1-

gallon pre-combusted glass jug. Samples were processed and analyzed within 7 days of 

retrieval. 

Sample Processing. Samples were analyzed for antibiotics with the method stated 

in Section 2.2. Only 16 of the 25 antibiotics analyzed for in Section 2.2 were analyzed 

due to low to non-existent recoveries from the complex wastewater matrix. The 

sulfonamides (sulfapyridine, sulfadiazine, sulfamethoxazole, sulfamethazine, 

sulfachlorpyridazine, and sulfadimethoxine), trimethoprim, penicillin V, and penicillin G 

were excluded and these low recoveries have also been noted in previous studies.35 

Additionally, the use of MilliQ water to clean the cartridge before eluting instead of a 

MeOH:MilliQ mixture could have led to interferences in the MS analysis. This specific 

suite of antibiotics includes ones that are natural or synthetic, used in humans and/or 

animals, are commonly used in medicine, and have been previously detected in water, 

sediment, and wastewater samples.9,13,24,39,98 Degradation and isomerization products for 

erythromycin (erythromycin-H2O) and chlortetracycline (epi-chlortetracycline, iso-
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chlortetracycline, and epi-iso-chlortetracycline) were also quantified and combined with 

the reported parent concentration. The chemical sources and purities are listed in Section 

2.2. 

HPLC-MS/MS Analysis. Samples were analyzed on a Thermo Scientific TSQ 

Vantage triple quadrupole tandem mass spectrometer in positive ESI mode. Three 

separate methods were used to analyze samples for antibiotics. Quantification and 

confirmation values for single reaction monitoring are listed in Table A.1 and specific 

conditions are listed in Table A.2. Typically, parameter settings for the mass 

spectrometer were: 0.010 s scan time, 0.010 scan width, 0.7 Q1/Q2, 3300 V spray 

voltage, 50 psi sheath gas pressure, 300 °C capillary temperature, 1.5 mTorr collision 

pressure, 0 V declustering voltage, and 95 S lens. 

Limits of detection (LOD) were determined as three times the method blank 

concentration. Limits of quantification (LOQ) were set as ten times the method blank 

concentration minus one method blank concentration to account for noise. LODs and 

LOQs were not recovery corrected, but wastewater effluent samples were recovery 

corrected. Further details are in Appendix A.  

3.3 Results and Discussion 

Analytical Performance. Method blanks, used to calculate LODs and LOQs were 

run for each set of samples processed on a particular day so these values vary. Limits of 

detection (LOD) varied by compound and analysis day. Median LODs ranged from 1.1 to 

4.2 ng/L for the fluoroquinolones, from 6.0 to 90.7 ng/L for the tetracyclines, and from 

0.6 to 2.4 ng/L for the macrolides (Table 3.1). Median limits of quantification (LOQ) 
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varied from 3.4 to 12.7 ng/L for the fluoroquinolones, 17.3 to 271.7 ng/L for the 

tetracyclines, and 2.7 to 7.3 ng/L for the macrolides.  

Table 3.1. Limits of detection (LOD), limits of quantification (LOQ), and relative 

percent relative recovery in WWTP effluent samples for antibiotics with standard 

deviations. 

 LOD (ng/L) LOQ (ng/L) Recovery (%) 

Norfloxacin 1.8 ± 0.1 5.4 ± 0.3 76.8 ± 20.4 

Ciprofloxacin 4.2 ± 2.3 12.7 ± 6.9 84.1 ± 24.5 

Enrofloxacin 1.1 ± 0.5 3.4 ± 1.4 25.1 ± 6.4 

Ofloxacin 1.2 ± 0.4 3.7 ± 1.2 39.6 ± 15.1 

Tetracycline 64.0 ± 28.8 192.7 ± 86.0 144.4 ± 39.3 

Doxycycline 6.0 ± 3.0 17.3 ± 8.5 15.1 ± 4.0 

Oxytetracycline 90.7 ± 79.6 271.7 ± 237.8 245.7 ± 61.3 

Chlortetracycline 13.7 ± 1.2 40.0 ± 3.5 40.3 ± 11.6 

Erythromycin 2.3 ± 1.5 7.3 ± 4.5 41.5 ± 11.6 

Roxithromycin 2.4 ± 3.1 6.7 ± 9.0 37.2 ± 7.9 

Tylosin 1.0 ±1.0 2.7 ± 2.4 55.9 ± 13.5 

Azithromycin 1.7 ± 1.2 5.0 ± 4.4 158.0 ± 143.4 

Clarithromycin 0.6 ± 0.4 1.7 ± 1.2 39.7 ± 10.5 

Carbadox 3.0 ± 4.3 8.5 ± 12.6 73.1 ± 76.7 

Amoxicillin 0.4 ± 0.6 0.7 ± 1.1 24.1 ± 10.1 

N=4 for LOD/LOQ and N=7 for percent recovery. 

 Median analyte relative recoveries ranged from 25.1 to 84.1% for the 

fluoroquinolones, 15.1 to 245.7% for the tetracyclines, and 37.2 to 158.0% for the 

macrolides (Table 3.1). The variance in the analyte recoveries is likely due to the varied 

matrixes present in wastewater effluent. Sample antibiotic concentrations were recovery 

corrected using individual sample recoveries to account for the differences in matrices 

between samples. 

Four internal standards and three surrogates were added to the analysis to account 

for matrix effects and extraction efficiencies, respectively. The arithmetic mean relative 

surrogate recoveries were 42.52% for nalidixic acid and 95.22% for demeclocycline 

(Table 3.2). As with the sulfonamide antibiotics, 13C6-sulfamethazine was not detected in 
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any of the samples most likely due to the complex nature of the wastewater effluent 

matrices. 

 The arithmetic mean of the absolute recovery of internal standards also varied 

widely depending upon the sample. Clinafloxacin averaged 7.88% while simeton 

averaged 26.11% and 

Table 3.2. Relative percent recoveries for surrogates and absolute percent recoveries of 

internal standards. These are percent recoveries in the samples and method blank percent 

recoveries were excluded to accurately demonstrate matrix effects.  

 Arithmetic 

mean 

Recovery (%) 

Median 

Recovery (%) 

Standard 

Deviation (%) 

Surrogates    

Nalidixic Acid 42.5 37.7 22.3 

Demeclocycline 95.2 89.0 33.4 
13C6-Sulfamethazine 0.0 0.0 0.0 

    

Internal Standards    

Clinafloxacin 7.9 6.6 5.3 

Simeton 26.1 23.4 14.5 
13C2-Erythromycin 1.4 1.2 1.0 
13C6-Sulfamethoxazole 0.4 0.2 0.5 

N=24. 

13C2- erythromycin averaged 1.44% recovery (Table 3.2). As with the sulfonamide 

antibiotics and surrogate, the sulfonamide internal standard 13C6-sulfamethoxazole had 

very low recoveries with an arithmetic mean of 0.40%. These low recoveries suggest 

strong matrix effects in the samples. 

 Antibiotic Occurrence. Ciprofloxacin, ofloxacin, and azithromycin were the most 

frequently detected antibiotics with 100% detection (Table 3.3). Tetracycline, 

oxytetracycline, chlortetracycline, and carbadox were not detected. Tetracyclines are 
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known to sorb strongly onto sediments, and sewage sludge, so their absence is not 

surprising.20  

Roxithromycin was detected in some samples despite not being approved for use 

in the United States. This is accounted for by the presence of roxithromycin in the blanks 

at the same levels as in the unspiked samples indicating carryover contamination. Thus, 

when detected in the unspiked samples, roxithromycin concentrations were listed as less  

Table 3.3. Wastewater effluent antibiotic concentrations in ng antibiotic per L of water. 

“*” signifies that the value is between the LOD and LOQ, “<” indicates a value below the 

LOD. The value noted is the LOD. “#” signifies that the other spike recoveries were 

averaged using the arithmetic mean and used because the antibiotic did not appear in the 

spike for this particular sample. “--" means that the spike did not appear in the 

chromatography and using the arithmetic mean spike recoveries for the other samples 

resulted in an unrealistic value, so the value was excluded. 

(ng/L) Blue 

Lake 

Eagles 

Point 

East 

Bethel 

Empire Hastings Metropolitan St. 

Croix 

Valley 

Norfloxacin nd 2* 8 7 nd nd 3* 

Ciprofloxacin 57 337 69 152 59 93 91 

Enrofloxacin 2* 16 nd nd 3* 7 4 

Ofloxacin 108 597 130 95 5 117 94 

Tetracycline <69 <90 <64 <64 <69 nd <90 

Doxycycline nd 16* nd nd 16* 12* nd 

Oxytetracycline <102 <163 nd <90 <101 <101 <163 

Chlortetracycline  nd nd nd nd nd nd nd 

Erythromycin 28 64 nd nd 7* 30 84 

Roxithromycin <1 <5 nd nd <2 <2 <5 

Tylosin 7 7 nd 32 <2 5 3* 

Azithromycin 505# 832# 229 607 275 125 767 

Clarithromycin 59 119 nd nd 14 88 111 

Carbadox nd nd nd nd nd nd nd 

Lincomycin 2195 61 152 39 nd 217 25 

Amoxicillin nd -- nd 76 nd 601 381 

 

than the LOD. 

Oxytetracycline and carbadox are not used in human medicine so their absence 

from the WWTP effluent is expected. The absence of tetracycline and chlortetracycline is 

not surprising despite their use in human medicine because of the strong sorption of 



57 
 

tetracyclines to sediment and sewage sludge.20 All of the fluoroquinolones (norfloxacin, 

ciprofloxacin, and ofloxacin) except for enrofloxacin are used in human medicine. 

Enrofloxacin is utilized in both dogs and cats which could enter the wastewater effluent 

stream. While the fluoroquinolones are the most frequently detected out of all of the 

classes of antibiotics, they are not always at the highest concentrations. Enrofloxacin is 

detected in 71% of the samples, but its median concentration is only 3 ng/L. Additionally, 

a large portion of the fluroquinolones that enter the WWTP most likely are sorbed to 

sewage sludge and released into the environment via sewage sludge application instead of 

through WWTP effluent release.38  

Table 3.4. Percent detection of antibiotics greater than the LOD and median 

concentrations for both UV and chlorinated secondary treatments. Blue Lake, Hastings, 

and Metropolitan WWTPs use chlorination while Eagles Point, Empire, St. Croix River 

and East Bethel WWTPs use UV-disinfection. “^” signifies the Eagles Point was 

excluded due to nonsensical results so only six samples were counted. For all other 

antibiotics, n=7. Chlor stands for chlorination/dechlorination disinfection treatment. 

Antibiotic Percent 

Detected 

(%) 

Median 

Conc.  

(ng/L) 

UV 

Median 

Conc.  

(ng/L) 

Chlor. 

Median 

Conc. 

 (ng/L) 

UV 

Avg. 

Conc.  

(ng/L) 

Chlor. 

Avg. 

Conc. 

(ng/L) 

UV or 

Chlor 

Median 

higher? 

Norfloxacin 57 2 5 0 5 0 UV 

Ciprofloxacin 100 91 121 59 162 70 UV 

Enrofloxacin 71 3 10 3 10 4 UV 

Ofloxacin 100 108 113 108 229 77 UV 

Tetracycline 0 5 0 0 0 0 -- 

Doxycycline 43 0 16 14 16 14 UV 

Oxytetracycline 0 5 0 0 0 0 -- 

Chlortetracycline  0 0 0 0 0 0 -- 

Erythromycin 71 28 74 28 74 22 UV 

Roxithromycin 0 0 0 0 0 0 -- 

Tylosin 71 5 7 6 14 6 UV 

Azithromycin 100 505 687 275 609 302 UV 

Clarithromycin 71 59 115 59 115 54 UV 

Carbadox 0 0 0 0 0 0 -- 

Lincomycin 86 61 50 150 69 151 Chlor 

Amoxicillin^ 50 76 229 601 229 601 Chlor 

N=7 for percent detected and median concentration, N=4 for UV, and N=3 for 

chlorination. 
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 Chlorination vs UV Disinfection. Blue Lake, Metropolitan, and Hastings WWTPs 

use advanced secondary treatment with chlorination/dechlorination while St. Croix 

Valley, Empire, East Bethel and Eagles Point WWTPs use advanced secondary treatment 

with UV disinfection. Of the 11 antibiotics that were detected above the LOD, UV 

disinfection WWTPs had both the higher median and arithmetic mean concentration for 

all but two antibiotics: lincomycin and amoxicillin (Table 3.4). These findings are in 

agreement with previous studies that have found that chlorination significantly 

outperformed UV disinfection for the removal of the vast majority of antibiotics.24 UV 

disinfection was not found to be universally less effective than chlorination across all 

antibiotics because lincomycin and amoxicillin had higher concentrations for chlorination 

than UV disinfection. This highlights the complex nature of treating antibiotics in 

wastewater effluent.  

In general, the total sum of antibiotics present at WWTPs using chlorination was 

also lower than those at WWTPs with UV disinfection with 847 ng/L and 1303 ng/L 

respectively (Table 3.5). Two exceptions are the Metropolitan WWTP and East Bethel 

WWTP. The Metropolitan WWTP serves the largest population of people at 1.8 million 

with average flows of 173 million gallons per day (mgd). The next closest plant in size, 

Blue Lake WWTP, only serves 300,000 people and treats 32 mgd. Thus, the influent into 

the Metropolitan WWTP is likely to contain a more constant flow of antibiotics of a 

higher concentration given the number of people that it serves. 

The East Bethel WWTP has a lower sum of antibiotics than the other UV 

disinfection WWTPs at 589 ng/L and 1540 ng/L respectively. The East Bethel WWTP 

sum of antibiotics is lower than all of the WWTPs in this study except for Hastings 
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Table 3.5. Total sum of antibiotics above the LOD from each WWTPs’ effluent. These 

results are grouped by treatment process type. Arithmetic means were included with and 

without East Bethel for UV disinfection due to the more intense treatment process 

employed at the East Bethel WWTP. 

 Antibiotic Total 

(ng/L) 

Chlorination  

Blue Lake 856 

Hastings 379 

Metropolitan 1305 

  

UV  

Eagles Point 2051 

Empire 1007 

St. Croix River 1563 

East Bethel 589 

  

Arithmetic means  

Chlorination 847 

UV w/ East Bethel 1303 

UV w/o East Bethel 1540 

N=3 for chlorination and N=4 for UV. 

WWTP. This is likely due to the fact that East Bethel WWTP treats its wastewater to a 

higher standard than the other WWTP because of its discharge into groundwater. East 

Bethel WWTP uses phosphorus and nitrogen removal as well as membrane filtration in 

addition to UV disinfection. The capacity of East Bethel is also much smaller than the 

other plants at only 0.47 mgd.99 The combination of a decreased wastewater flow and the 

increased treatment likely lead to a smaller sum of antibiotics. 

Potential Environmental Impact. It is important to consider the endpoint for these 

wastewater effluents. Wastewater effluents are often discharged into water bodies and 

thus interact and affect the surrounding environment. For the WWTPs in this study, four 

discharge into the Mississippi River, two discharge into the Minnesota River, one 
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discharges into the St. Croix River, and one is pumped into the ground to recharge 

surficial groundwater. In total, the wastewater from 550,000 people is discharged into the 

Minnesota River while the wastewater from 2,030,000 people is discharged into the 

Mississippi River from the seven plants in this study alone.99 While the removal of 

antibiotics depends on several factors such as influent origin, WWTP size, and treatment 

processes, each WWTP in this study was still found to be releasing measurable 

concentrations of multiple antibiotics. Thus, WWTPs are an important source of 

antibiotics entering into the environment.  

Limitations. A limitation in this study is that only one set of WWTP effluent 

samples were analyzed. WWTP streams often are highly variable and this was partially 

accounted for with the use of multiple 24-hour composite samples for each WWTP 

effluent site. WWTP streams though, also vary widely seasonally.35,89,90,100 Specifically, 

24.5% more antibiotics are prescribed during the winter than the summer which then 

impacts the concentration of antibiotics in the wastestreams.89 Thus, the dynamic nature 

of wastewater is only partially accounted for in this study. 
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Chapter 4: Antibiotic Concentrations in the San Francisco Bay Surface 

Sediments 

4.1 Introduction 

Antibiotics are used widely in human medicine. It is estimated that in U.S. 

hospitals, there are 817.8 days of antibiotic therapy per 1,000 patient days.30 For 

outpatient treatment, antibiotic prescriptions were written for 12.6% of visits.101 Given 

that when humans take antibiotics, up to 90% is excreted in its original, active form and 

sent to wastewater treatment plants (WWTP), WWTPs hold an important role in the 

release of human antibiotics to the environment.22 

The San Francisco Bay Area is of particular interest due to its high concentration 

of WWTPs (Figure 4.1).102,103 There are 34 WWTPs that discharge into the San Francisco 

Bay with up to 826 million gallons per day (mgd) permitted. On average, 446 million 

gallons of wastewater effluent are discharged into the bay daily.103 These effluents 

contain antibiotics and thus, a substantial load of antibiotics is likely being discharged 

into the bay every day. 

 

Figure 4.1. Map of the WWTPs that discharge into the San Francisco Bay.103  
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Antibiotics that are discharged from WWTPs in effluent enter the environment 

and may sorb to particles in the water which then settle-out to the sediment. This sorption 

occurs through cation-exchange, cation bridging, hydrogen bonding, and mineral 

complexation.88 The sediment antibiotic concentration in particular is an indicator of the 

long-term patterns of antibiotic use as they are often more stable than water 

concentrations.88 Thus, sediment antibiotic concentrations can be valuable indicators of 

long-term trends of antibiotic use and its accumulation in the environment. 

 The objective of this study was to quantify the antibiotics present in surface 

sediment samples taken from the San Francisco Bay. These samples were used to 

determine the long-term impact of the high density of wastewater effluent discharges into 

the environment. Twenty-one antibiotics were analyzed which included fluoroquinolones 

(norfloxacin, ciprofloxacin, enrofloxacin, and ofloxacin), tetracyclines (tetracycline, 

doxycycline, oxytetracycline, and chlortetracycline), macrolides (erythromycin, 

roxithromycin, tylosin, azithromycin, and clarithromycin), sulfonamides (sulfapyridine, 

sulfadiazine, sulfamethoxazole, sulfamethazine, sulfadimethoxine, and 

sulfachlorpyridazine), and other compounds (carbadox and trimethoprim). 

 

4.2 Materials and Methods 

 Sampling Sites. Sediment samples were collected from the San Francisco Bay in 

August 2018 (Figure 4.2). They were collected by the San Francisco Estuary Institute 

(SFEI) and Applied Marine Sciences for the San Francisco Regional Monitoring Program 

for Trace Substances (RMP). The sampling was designed to be unbiased, representative, 

and distributed spatially across the bay. Surface sediment samples were collected using a 

Van Veen grab, placed in glass sample jars with foil-lined lids, and frozen with dry ice in 
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the field. They were shipped overnight on ice and upon arrival were immediately stored 

at -18 °C. Loss-on-ignition tests were performed and the samples were freeze-dried on a 

Labconco Freezone for several days. 

 
Figure 4.2. A map of the sediment sampling sites and WWTPs in the San Francisco 

Bay.103 

 

Sample Processing. The sediment samples were processed using a method 

adapted from Kerrigan et al.35,36,78 Processing details are located in Section 2.2. For every 

sediment sample, two sub-samples were taken. One was left unspiked while the other was 

spiked with 100 ng of every antibiotic to account for matrix effects and recovery. 

 HPLC-MS/MS Analysis. A Thermo Scientific TSQ Vantage triple quadrupole 

tandem mass spectrometer in positive ESI mode was used to analyze the sediment 

samples. Prior to analysis, the column was cleaned with a 50:50 isopropanol: water 
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mixture, THF, dichloromethane, hexane, and a 50:50 isopropanol: water mixture. This 

column cleaning was followed by two hours of flushing the column with a 50:50 

methanol: 20mM EDTA solution and then 30 minutes of a 50:50 water: methanol 

solution prior to analysis. The cleaning method regenerated the column and allowed for 

the fluroquinolones and tetracyclines to be analyzed. 

Three methods were used to quantify antibiotics in the samples. The specific 

conditions for these methods are listed in Table 2.2. The quantification and confirmation 

values for single reaction monitoring are listed in Table A.1 and the gradients are listed in 

Table A.2 in Appendix A. Typical parameter settings for the mass spectrometer were: 

0.010 s scan time, 0.010 scan width, 0.7 Q1/Q2, 3300 V spray voltage, 50 psi sheath gas 

pressure, 300 °C capillary temperature, 1.5 mTorr collision pressure, 0 V declustering 

voltage, and 95 S lens. 

 The limits of detection (LOD) were determined as three times the method blank 

concentration. Limits of quantification (LOQ) were set as ten times the method blank 

concentration minus one method blank concentration to account for noise. LODs and 

LOQs were not recovery corrected, but sediment samples were recovery corrected. 

Further details are in Appendix A. 

4.3 Results and Discussion 

 Loss-on-Ignition. Loss-on-ignition was used to determine the percent water, 

organic, carbonate, and inorganic in the San Francisco sediments (Table 4.1). The 

samples contained 24 to 62% water. Of the remaining sample after water loss, 2 to 8% 

was organic, 1 to 13% was carbonate, and 80 to 97% was inorganic. 
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Table 4.1. Percent water, organic, carbonate, and inorganic in the San Francisco 

sediment samples determined through loss-on-ignition. 

Sample  
Water 

(%) 

Organic 

(%) 

Carbonate 

(%) 

Inorganic 

(%) 

BC11 49 6 6 88 

BG20 24 2 2 96 

BG30 25 2 1 97 

CB001S 45 5 3 92 

CB002S 56 7 5 88 

LSB001S 53 7 13 80 

LSB002S 58 7 5 87 

SB002S 48 6 5 89 

SPB001S 48 7 6 87 

SPB047S 57 7 5 88 

SU011S 62 8 10 82 

Arithmetic 

mean 

48 6 6 89 

 

Analytical Performance. The LODs and LOQs varied by compound and 

analytical run as method blanks, used to calculate LODs and LOQs, were run for each set 

of samples processes on a particular day (Table 4.2). Arithmetic mean LODs ranged from 

33.26 to 452.60 ng/g for the fluoroquinolones, 0.70 to 13.84 ng/g for the tetracyclines, 

15.70 to 38.75 ng/g for the macrolides, 0.32 to 0.71 ng/g for the other compounds, and 

13.91 to 148.87 ng/g for the sulfonamides. Arithmetic mean LOQs ranged from 98.80 to 

689.05 ng/g for the fluoroquinolones, 2.11 to 41.52 ng/g for the tetracyclines, 47.10 to 

116.25 ng/g for the macrolides, 0.97 to 2.12 ng/g for the other compounds, and 41.73 to 

446.62 ng/g for the sulfonamides. LODs and LOQs are higher than in water samples 

discussed in previous chapters due to the complex sediment matrix and intense extraction 

process. 

Relative percent recoveries for spiked sediment samples are listed in Table 4.2. 

Recoveries are lower than for water due to the reasons mentioned above. Arithmetic 

mean recoveries ranged from 2.92 to 12.21% for the tetracyclines, 49.80 to 121.04% for 
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the macrolides, 21.13 to 69.53% for the other compounds, and 60.19 to 88.45% for the 

sulfonamides. The fluoroquinolone and azithromycin spiked samples yielded 0% 

recoveries potentially due to sequestration by or reaction with the sediment matrix. Thus, 

samples were not recovery corrected for the fluoroquinolones. For all other antibiotics, 

samples were recovery corrected using the percent recovery for that particular sample to 

account for differences in the sample matrices. 

Table 4.2. Arithmetic mean LOD, LOQ and relative percent recoveries for San Francisco 

sediment samples with standard deviations Arithmetic mean values are listed in ng 

antibiotic per gram of sediment.  

 LOD (ng/g) LOQ (ng/g) Recovery (%) 

Norfloxacin 33.3 ± 21.6 99.8 ± 64.8 0.0 ± 0.0 

Ciprofloxacin 33.3 ± 21.0 98.8 ± 61.5 0.0 ± 0.0 

Enrofloxacin 62.2 ± 51.5 128.3 ± 96.4 0.0 ± 0.0 

Ofloxacin 452.6 ± 306.9 689.1 ± 761.6  0.0 ± 0.0 

Tetracycline 6.5 ± 0.7 19.5 ± 2.2 7.5 ± 10.8 

Doxycycline 5.1 ± 3.6 15.1 ± 10.7 7.4 ± 10.9 

Oxytetracycline 0.7 ± 0.3 2.1 ± 0.9 12.2 ± 13.9 

Chlortetracycline 13.8 ± 4.2 41.5 ± 12.6 2.9 ± 7.6 

Erythromycin 38.8 ± 51.4 116.3 ± 154.2 49.8 ± 38.8 

Roxithromycin 15.7 ± 12.4 47.1 ± 37.2 57.6 ± 39.0 

Tylosin 18.4 ± 3.8 55.0 ± 11.3 121.0 ± 80.7 

Azithromycin 12.1 ± 9.2 36.4 ± 27.5 0.0 ± 0.0 

Clarithromycin 23.4 ± 7.9 70.2 ± 23.7 74.7 ± 53.3 

Carbadox 0.3 ± 0.2 1.0 ± 0.5 69.5 ±15.2 
Trimethoprim 0.7 ± 0.5 2.1 ± 1.4 21.1 ± 13.1 

Sulfapyridine 148.9 ± 114.5 446.6 ± 343.5 60.2 ± 21.6 

Sulfadiazine 25.2 ± 5.1 75.6 ± 15.3 84.2 ± 29.7 

Sulfamethoxazole 26.5 ± 8.7 79.5 ± 26.0 86.9 ± 15.8 

Sulfamethazine 13.9 ± 4.0 41.7 ± 12.1 88.5 ± 19.9 

Sulfachlorpyridazine 33.1 ± 9.5 99.2 ± 28.5 78.6 ± 14.8 

Sulfadimethoxine 27.1 ± 14.1 81.3 ± 42.2 46.9 ± 14.5 

N=3 for LOD/LOQ and N=11 for percent recovery. 

Internal standards (IS) and surrogates were included to account for matrix effects 

and extraction efficiencies, respectively (Table 4.3). For the internal standards, arithmetic 

mean recoveries were 64.2% for clinafloxacin, 97.5% for simeton, 141.34% for 13C2-

erythromycin, and 17.5% for 13C6-sulfamethoxazole. For the surrogates, arithmetic mean 
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recoveries were 45.5% for nalidixic acid, 17.9% for demeclocycline, and 93.0% for 13C6-

sulfamethazine.  

Table 4.3. Arithmetic mean and median internal standard absolute percent recoveries and 

surrogate relative percent recoveries with standard deviations. 

 Arithmetic 

Mean 

Recovery (%) 

Median 

Recovery (%) 

Standard 

Deviation (%) 

Surrogates    

Nalidixic Acid 45.5 40.3 12.5 

Demeclocycline 17.9 13.3 16.2 
13C6-Sulfamethazine 93.0 98.5 26.1 

    

Internal Standards    

Clinafloxacin 64.2 68.2 16.6 

Simeton 97.5 95.1 20.9 
13C2-Erythromycin 141.3 160.0 98.6 
13C6-Sulfamethoxazole 17.5 13.1 10.6 

 N=22. 

 Antibiotic Occurrence. Of the 21 antibiotics, nine were detected above the LOD 

(Table 4.4). Oxytetracycline and erythromycin were the most frequently detected at 64% 

of the samples. For values above the LOD, erythromycin was detected at the highest with 

an arithmetic mean of 148 ng/g. Norfloxacin, ciprofloxacin, enrofloxacin, ofloxacin, and 

tetracycline were not detected in any samples.  

 Oxytetracycline and erythromycin are both naturally occurring in the 

environment. Erythromycin is also used for human medicine and could be a result of the 

wastewater discharge into the bay. The absence of ciprofloxacin, norfloxacin, and 

ofloxacin is slightly surprising due to their strong sorption to sediment and use in human 

medicine. While these antibiotics could be analyzed in the sediment samples from  
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Table 4.4. Concentration of each antibiotic for the San Francisco sediment samples in ng antibiotic per g of sediment. Values between 

the LOD and LOQ are noted with a “*”, values that have been detected but are below the LOD are denoted as “<LOD”, and values 

that have not been detected are considered non-detects (nd). Values that were not recovery corrected are noted with a “^”. A “#” 

signifies that the other spike recoveries were averaged using the arithmetic mean and used because the antibiotic did not appear in the 

spike for this particular sample.  

 

(ng/g) BC11 BG20 BG30 CB001S CB002S LSB001S LSB002S SB002S SPB001S SU001S SPB0475 

Norfloxacin nd^ nd^ nd^ nd^ nd^ nd^ nd^ nd^ nd^ nd^ nd^ 

Ciprofloxacin nd^ nd^ nd^ nd^ nd^ nd^ nd^ nd^ nd^ nd^ nd^ 

Enrofloxacin nd^ nd^ nd^ nd^ nd^ nd^ nd^ nd^ nd^ nd^ nd^ 

Ofloxacin nd^ nd^ nd^ nd^ nd^ nd^ nd^ nd^ nd^ nd^ nd^ 

Tetracycline nd nd nd nd nd nd nd nd nd nd nd 

Doxycycline nd 69 nd nd nd nd nd nd nd nd nd 

Oxytetracycline 5 41 nd nd nd 3 1* 1* 3 3 nd 

Chlortetracycline nd 21*# nd nd nd nd nd nd nd nd nd 

Erythromycin 17* 262# 26 164 <98 <98 <98 314 96* 154 <11 

Roxithromycin <3 <3 <3 <3 <28 <28 <28 <16 <16 <16 <17 

Tylosin <22 68# nd <22 <18 <18 <18 <18 <18 <18 <15 

Azithromycin nd^ nd^ 76^ nd^ <23^ <23^ <23^ <12^ nd^ nd^ 12*^ 

Clarithromycin 31* 201# 42* nd <32 <32 <32 nd 32* <23 <19 

Carbadox nd nd nd 3 nd 1 nd nd nd nd nd 

Trimethoprim 1* 7 13 nd nd 2* 92# nd nd nd nd 

Sulfapyridine <179 nd <179 <179 nd nd <245 nd nd nd nd 

Sulfadiazine <29 nd <29 <29 <27 nd <27 <25 <25 <25 nd 

Sulfamethoxazole nd nd nd <32 <31 nd <31 <27 <27 nd nd 

Sulfamethazine nd nd nd <13 <11 nd <11 <14 <14 <14 <18 

Sulfachlorpyridazine nd nd nd <31 <43 <43 <43 <33 <33 <33 <25 

Sulfadimethoxine nd nd nd nd <16 18* <16 <27 nd nd nd 
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Minnesota (Chapter 2), there could be effects from the San Francisco Bay sediment 

matrix that this method is not suited for resulting in their exclusion. Clarithromycin and 

trimethoprim were detected at least in one third of the samples above the LOD at 36% 

and 45% detection frequency, respectively. Clarithromycin and trimethoprim are not 

naturally occurring, but both are used in human medicine. Thus, these antibiotics could 

be in the sediment as a result of the wastewater input into the bay. 

Comparing Bays. Each bay within the San Francisco Bay receives different 

amounts of wastewater inputs (Table 4.5). While antibiotics were detected across all of 

these bays, there are differences in the concentrations and identities of the antibiotics that 

were detected in each bay (Table 4.6). Overall, the Suisan Bay had the highest total sum 

of antibiotics above the LOD detected at 907 ng/g despite having the second lowest 

average wastewater discharge at 58.8 mgd. The Suisan Bay, however, includes one more 

sample than the other bays and the sample site with the highest total sum of antibiotics: 

BG20. BG20 also contained the highest number of different antibiotics with seven 

distinct antibiotics being detected. The lowest amount of antibiotics above the LOD was 

found in the Lower South Bay with 117 ng/g with the second highest average wastewater 

discharge at 117.6 mgd.  Taking away the BG20 sample from the Suisan Bay though 

results in more similar results across each bay. Despite differences in tidal mixing and  

Table 4.5. Wastewater treatment plant permitted and averaged daily discharges for each 

subsection of the San Francisco Bay in million gallons per day (mgd). 

 Permitted  

(mgd) 

Average 2012-2018 

(mgd) 

Suisun Bay 100.2 58.8 

San Pablo Bay 62.8 32.4 

Central Bay 166.9 79.3 

South Bay 261.6 158.1 

Lower South Bay 235.5 117.6 

Total 826.0 446.2 
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Table 4.6. Detected antibiotic concentrations in ng antibiotic per g of sediment above the LOD and separated by bay. Both permitted 

and average wastewater discharges into each bay are listed in million gallons per day (mgd). 

 Suisan Bay San Pablo Bay Central Bay South Bay Lower South Bay 

Permitted/Average 

(mgd) 
100.2/58.8 62.8/32.4 166.9/79.3 261.6/158.1 235.5/117.6 

            

Concentrations 

(ng/g) 
BG20 BG30 SU001S SPB001S SPB0047S CB001S BC11 CB002S SB002S LSB001S LSB002S 

Doxycycline 69           

Oxytetracycline 41  3 3   5  1*   

Chlortetracycline 21*#         3 1* 

Erythromycin 262# 26 154 96*  164 17*  314   

Tylosin 68           

Clarithromycin 201# 42*  32*   31*     

Carbadox      3      

Trimethoprim 7 13     1*   1  

Sulfadimethoxine          2* 92# 

Sample Total 669 81 157 131 0 167 54 0 315 24 93 

Bay Total 907 131 221 315 117 

 

 

 



71 
 

wastewater effluent discharges there is no clear pattern throughout the bays in terms of 

the quantity or identity of antibiotics present. 

The high detection of antibiotics in the Suisan Bay is unexpected due to its 

relatively low wastewater inputs, high freshwater inputs, and high tidal mixing.104 Low 

levels of antibiotics were expected in both the Suisan Bay and San Pablo Bay due to these 

characteristics. The South Bay and Lower South Bay, on the other hand, are not well 

flushed and were expected to contain the highest amount of antibiotics. While the high 

detection of antibiotics in the Suisan Bay may seem counterintuitive considering its 

relatively low wastewater inputs, this could be explained by the smaller amount of water 

that the wastewater is discharging into. The South Bay, for example, is much larger than 

the Suisan Bay. Thus, the antibiotics assumed to be contained within the wastewater 

effluent could be more concentrated in the Suisan Bay than other larger bay sub-sections. 

This is backed by previous research which has found that sediment deposition and their 

chemical concentrations are affected by hydrological and morphological characteristics.88 
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Appendix A: Supporting Information for Chapter 2 

A.1. Materials and Methods 

Table A.1. Single reaction monitoring quantification and confirmation transitions and 

collision energy (CE) for all analytes. 

Analyte 
Parent 

Ion (m/z) 

Product 

Ion (m/z) 

CE 

(V) 

Quantification or 

Confirmation 

Sulfonamides 

Sulfapyridine 250.10 156.00 17 quantification 

250.10 108.05 25 confirmation 

Sulfadiazine 251.05 156.00 15 quantification 

251.05 108.05 24 confirmation 

Sulfamethoxazole 254.05 92.10 29 quantification 

254.05 108.00 24 confirmation 

Sulfamethazine 279.05 186.00 17 quantification 

279.05 156.00 20 confirmation 

Sulfachlorpyridazine 285.00 156.06 21 quantification 

285.00 92.05 35 confirmation 

Sulfadimethoxine 311.10 156.06 21 quantification 

311.10 92.05 35 confirmation 
13C6-sulfamethoxazole 

(internal standard) 

260.05 98.10 32 quantification 

260.05 114.10 27 confirmation 
13C6-sulfamethazine 

(surrogate) 

285.05 186.00 22 quantification 

285.05 123.00 20 confirmation 

Fluoroquinolones 

Norfloxacin 320.10 276.10 17 quantification 

320.10 302.10 21 confirmation 

Ciprofloxacin 332.10 231.05 35 quantification 

332.10 314.10 21 confirmation 

Enrofloxacin 360.10 245.10 25 quantification 

360.10 316.15 19 confirmation 

Ofloxacin 362.10 261.10 28 quantification 

362.10 318.10 19 confirmation 

Clinafloxacin             

(Internal Standard) 

366.10 348.00 20 confirmation 

366.10 305.00 22 quantification 

Nalidixic Acid  

(Surrogate) 

233.15 187.00 27 confirmation 

233.15 104.05 40 quantification 

Tetracyclines 

Tetracycline 445.10 410.10 19 quantification 

445.10 427.05 11 confirmation 

Doxycycline 

 

445.10 321.05 31 quantification 

445.10 428.15 18 confirmation 
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Table A.1. continued.     

Oxytetracycline 461.10 426.10 17 quantification 

461.10 443.10 12 confirmation 

Chlortetracycline and 

degradation products 

479.05 462.10 20 quantification 

479.05 444.10 17 confirmation 

481.05 464.10 20 quantification 

481.05 446.10 30 confirmation 

Demeclocycline  

(Surrogate) 

465.10 448.05 20 quantification 

465.10 430.05 17 confirmation 

Macrolides 

Azithromycin 375.26 83.08 24 quantification 

375.26 158.15 24 confirmation 

Clarithromycin 748.51 158.04 30 quantification 

748.51 590.49 17 confirmation 

Erythromycin 734.4 158.15 35 quantification 

734.4 576.35 15 confirmation 

Erythromycin-H2O 716.45 158.15 35 quantification 

716.45 558.35 15 confirmation 

Roxithromycin 837.45 158.10 35 quantification 

837.45 679.45 20 confirmation 

Tylosin 916.45 174.10 40 quantification 

916.45 772.45 30 confirmation 
13C2-erythomycin      

(Internal Standard) 

736.40 160.15 35 quantification 

736.40 578.35 20 confirmation 
13C2-erythromycin-H2O 

(Internal Standard) 

718.40 160.15 35 quantification 

718.40 560.35 20 confirmation 

Other Compounds 

Carbadox 263.10 130.05 22 quantification 

263.10 231.05 13 confirmation 

Trimethoprim 291.10 230.10 23 quantification 

291.10 123.05 24 confirmation 

Lincomycin 407.30 126.10 35 quantification 

407.30 359.20 18 confirmation 

Simeton   

(Internal Standard) 

198.20 68.10 33 quantification 

198.20 100.10 27 confirmation 

β-Lactams 

Amoxicillin 366.15 114.01 22 quantification 

366.15 349.20 8 confirmation 

Penicillin G 335.11 160.06 12 quantification 

335.11 176.11 15 confirmation 

Penicillin V 351.12 114.05 33 quantification 

351.12 160.07 15 confirmation 
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Table A.2 LC-MS/MS gradients for water and sediment samples. 

Sulfonamides, other compounds, 

macrolides, and β-lactams 
Tetracyclines and Fluoroquinolones 

Time (min) % B Time (min) % B 

0.0 0 0.0 0 

5.5 100 0.5 0 

7.5 100 4.0 40 

8.0 0 7.0 100 

20.0 0 9.0 100 

-- -- 10.0 0 

-- -- 20.0 0 

 

Calculations for Environmental Concentrations of Antibiotics 

The concentration for antibiotic ‘X’ in water and sediment was found through first 

obtaining a mass of antibiotics not corrected for the spiked antibiotics recovery. This 

value was calculated through: 

                    𝑋𝑠𝑎𝑚𝑝𝑙𝑒(𝑛𝑔) = (
𝑋𝑠𝑎𝑚𝑝𝑙𝑒

𝑃𝐴

𝐼𝑆𝑠𝑎𝑚𝑝𝑙𝑒
𝑃𝐴 ×

1

𝑚(
𝐿

𝑔
)

∗ 10−9) ∗ (
1

𝑉𝑓𝑖𝑛𝑎𝑙(𝐿)
) − 𝑋𝑀𝐵                  (A-1) 

where PA represents peak area, IS represents the internal standard, and MB represents the 

method blank. The XMB is calculated in the same manner as Xsample but does not subtract 

off the XMB as shown below. The slope (m) is calculated by: 

                                                    𝑚 = (
𝑋𝑠𝑎𝑚𝑝𝑙𝑒

𝑃𝐴

𝐼𝑆𝑠𝑎𝑚𝑝𝑙𝑒
𝑃𝐴 ) ∗

1

[𝑋](
𝑔

𝐿
)
                                              (A-2) 

From there, the antibiotic masses were recovery corrected from the spiked sample by first 

computing the recovery: 

                          𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦(%) =
𝑋𝑠𝑝𝑖𝑘𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒−𝑋𝑢𝑛𝑠𝑝𝑖𝑘𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒,𝑎𝑣𝑔

𝑋𝑠𝑝𝑖𝑘𝑒𝑑
× 100                   (A-3) 

And then applying the recovery to the previously calculated mass for water: 
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              𝑋𝑠𝑎𝑚𝑝𝑙𝑒
𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑

(
𝑛𝑔 𝑋

𝐿 𝑤𝑎𝑡𝑒𝑟
) =

𝑋𝑢𝑛𝑠𝑝𝑖𝑘𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒(𝑛𝑔)

 𝑉𝑤𝑎𝑡𝑒𝑟(𝐿)
×

1

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦
                       (A-4) 

As well as for sediment: 

              𝑋𝑠𝑎𝑚𝑝𝑙𝑒
𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑

(
𝑛𝑔 𝑋

𝑔 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡
) =

𝑋𝑢𝑛𝑠𝑝𝑖𝑘𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒(𝑛𝑔)

𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑚𝑎𝑠𝑠 (𝑔)
×

1

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦
                  (A-5) 

Calculations for the Limits of Detection and Quantification 

To determine the limits of detection (LOD) and limits of quantification (LOQ) for 

water samples, the mass of antibiotic in the method blank was found: 

                       𝑋𝑀𝐵
𝑤𝑎𝑡𝑒𝑟(𝑛𝑔) = (

𝑋𝑀𝐵
𝑃𝐴

𝐼𝑆𝑀𝐵
𝑃𝐴 ×

1

𝑚(
𝐿

𝑔
)

∗ 10−9) ∗ (
1

𝑉𝑓𝑖𝑛𝑎𝑙(𝐿)
)                                (A-6) 

The LOD for water was found using: 

                                  𝑋𝑀𝐵
𝐿𝑂𝐷 (

𝑛𝑔 𝑋

𝐿 𝑤𝑎𝑡𝑒𝑟
) = 𝑋𝑀𝐵 (

𝑛𝑔 𝑋

𝐿 𝑤𝑎𝑡𝑒𝑟
) ∗ 3                                           (A-7) 

The LOQ for water was found using: 

                        𝑋𝑀𝐵
𝐿𝑂𝑄 (

𝑛𝑔 𝑋

𝐿 𝑤𝑎𝑡𝑒𝑟
) = 𝑋𝑀𝐵 (

𝑛𝑔 𝑋

𝐿 𝑤𝑎𝑡𝑒𝑟
) ∗ 10 − 𝑋𝑀𝐵 (

𝑛𝑔 𝑋

𝐿 𝑤𝑎𝑡𝑒𝑟
)                        (A-8) 

For sediment samples, similar equations were used to obtain the LOD and LOQ values: 

                     𝑋𝑀𝐵
𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡(𝑛𝑔) = (

𝑋𝑀𝐵
𝑃𝐴

𝐼𝑆𝑀𝐵
𝑃𝐴 ×

1

𝑚(
𝐿

𝑔
)

∗ 10−9) ∗ (
1

0.5 𝑔
)                                    (A-9) 

                    𝑋𝑀𝐵
𝐿𝑂𝐷 (

𝑛𝑔 𝑋

𝑔 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡
) = 𝑋𝑀𝐵 (

𝑛𝑔 𝑋

𝑔 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡
) ∗ 3                                             (A-10) 

   𝑋𝑀𝐵
𝐿𝑂𝑄 (

𝑛𝑔 𝑋

𝑔 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡
) = 𝑋𝑀𝐵 (

𝑛𝑔 𝑋

𝑔 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡
) ∗ 10 − 𝑋𝑀𝐵 (

𝑛𝑔 𝑋

𝑔 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡
)                            (A-11) 

Calculations for the Absolute Percent Recovery 

To determine the absolute percent recovery for the internal standards, the 

following calculation was done for each sample: 

                      𝐴𝑏𝑠𝑅𝑒𝑐(%) =
𝑋𝑠𝑎𝑚𝑝𝑙𝑒

𝑃𝐴

𝑋𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑(𝑎𝑣𝑔)
𝑃𝐴 ∗

𝑋𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 (
𝜇𝑔

𝜇𝐿
)

𝑋𝑠𝑎𝑚𝑝𝑙𝑒(
𝜇𝑔

𝜇𝐿
)

∗ 100                               (A-12) 
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Calculations for the Relative Percent Recovery 

 Surrogate relative percent recovery was determined by using equation A-1 and 

then a modified A-3 equation: 

                              𝑅𝑒𝑙𝑅𝑒𝑐 (%) =
𝑋𝑠𝑎𝑚𝑝𝑙𝑒

𝑠𝑢𝑟𝑟𝑜𝑔𝑎𝑡𝑒
(𝑛𝑔)

𝑋
𝑠𝑝𝑖𝑘𝑒𝑑
𝑠𝑢𝑟𝑟𝑜𝑔𝑎𝑡𝑒

(𝑛𝑔)
∗ 100                                              (A-13) 

A.2. Results and Discussion 

A.2.1 2019 Samples 

Pine River. The Pine River samples are wastewater impacted with one sample 

taken upstream (U1), at the WWTP discharge point (WWTP), and one downstream (D1) 

for both water and sediment samples (Figure A.1). An additional downstream sediment 

sample was also taken (D2). The sediment data on the Pine River is limited though due to 

the lack of organic matter in the sample. Additionally, there is no fluoroquinolone data 

for any of the sediment and no tetracycline data for D2. The Pine River receives 

discharge from the Crosslake WWTP which discharges an average of 0.15 mgd and uses 

UV disinfection.80 These sites are located in Crosslake, MN with a population of 2,277 

people. There are no agricultural animal farms within 2 miles of these sites. 

Overall, the water and sediment samples contain very distinct antibiotics from 

each other though part of the difference could be due to the absence of fluroquinolones 

and/or tetracyclines for the sediment samples. In the water samples, antibiotic levels were 

quite low with 14 ng/L being the highest sum of antibiotics concentration for one sample. 

U1 and D1 show the same pattern of antibiotics with clarithromycin, erythromycin, 

carbadox, lincomycin, trimethoprim, and amoxicillin all at very similar concentrations.  
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Figure A.1. The antibiotic concentrations in water (A) and sediment (B) samples for Pine 

River. The pie chart for each sample represents the total antibiotics found at that site 

above the LOD. The relative size of the pie chart represents the total relative sum of all 

antibiotics found at that site. In the legend, the grayed-out antibiotics were not found in 

any of the sites in these maps. Data from Minnesota Geospatial Commons.82 

 

A 

B 

(ng/g) 
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There is a slight difference in the WWTP sample with ofloxacin and enrofloxacin 

also being detected. With the exception of enrofloxacin and carbadox, all of these 

antibiotics are used in human medicine or are naturally occurring. In the sediment 

samples. The WWTP sample has a higher sum of antibiotics than the downstream 

samples. The WWTP sample contains both clarithromycin and sulfamethoxazole while 

the D2 sample contains trimethoprim, all human antibiotics. 

 

 

 

Figure A.2. The antibiotic concentrations in water samples for Otsego Creek. The 

WWTP sample is direct effluent from the plant. The pie chart for each sample represents 

the total antibiotics found at that site above the LOD. The relative size of the pie chart 

represents the total relative sum of all antibiotics found at that site. In the legend, the 

grayed-out antibiotics were not found in any of the sites in these maps. Data from 

Minnesota Geospatial Commons.82 
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Otsego. The Otsego WWTP West, located in a city of 13,571 people, discharges 

an average of 0.6 mgd into the Otsego Creek and uses UV disinfection (Figure A.2). 

Water samples were taken upstream of the WWTP (U1), at the WWTP (WWTP), and 

downstream of the WWTP discharge (D1). Effluent directly form the plant was taken for 

the WWTP sample due to a lack of access to Otsego Creek. A sediment sample was only 

taken for U1 as D1 was too rocky. There is only 1 dairy cattle farm within 2 miles of 

these sites. 

Overall, the antibiotics present in the upstream, effluent, and downstream samples 

were very similar. The total antibiotic concentration was much higher in the effluent than 

U1 or D1. The D1 total antibiotic concentration was larger than the upstream quantity, 

but much less than WWTP.  

Ciprofloxacin, tetracycline, and sulfadiazine which are used in human medicine 

were all detected in the wastewater effluent, but not detected upstream or downstream of 

the discharge. Ofloxacin, azithromycin, clarithromycin, and trimethoprim were detected 

in all of the samples with an increased concentration in the WWTP effluent. These are all 

used in human medicine and their concentrations do decrease after being discharged into 

the creek. They decrease either back to similar levels as U1 or to higher concentrations 

than U1. A similar phenomenon occurs with sulfapyridine except that it is not detected 

upstream of the wastewater effluent. Thus, the input of wastewater appears to increase 

the concentration of antibiotics in the creek for some antibiotics, but not all. 

Unfortunately, only sediment upstream of the WWTP was able to be collected so 

the impact of the WWTP discharge could not be analyzed in regard to the sediment 
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samples. Additionally, no fluoroquinolones were analyzed. No antibiotics were detected 

above the LOD for the U1 sediment sample. 

Figure A.3. The antibiotic concentrations in water (A) and sediment (B) samples for 

Ocheda Lake. The pie chart for each sample represents the total antibiotics found at that 

site above the LOD. The relative size of the pie chart represents the total relative sum of 

all antibiotics found at that site. In the legend, the grayed-out antibiotics were not found 

in any of the sites in these maps. Data from Minnesota Geospatial Commons.82 

A 

B 

(ng/g) 
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Ocheda Lake. Two water and two sediment samples were taken in Ocheda Lake 

in the Bigelow Township, population 384 (Figure A.3). There are 2 swine farms, 4 dairy 

cattle farms, 7 beef cattle farms, and 1 chicken farm within 2 miles of these sites. All four 

of these samples have very different antibiotic profiles though chlortetracycline was 

excluded from the sediment samples. The two sampling locations, however, are located 

in different basins of the lake which could account for some of these differences.  

In the water sample for Ocheda 1, erythromycin and sulfadimethoxine are present. 

Erythromycin is naturally occurring, but also could be coming from the chicken farm 

upstream of the lake. Sulfadimethoxine is present in both water samples. While the lake 

is not stocked by the Minnesota DNR, sulfadimethoxine is also used in poultry 

production. Lastly, sulfapyridine is found in Ocheda 2, is not naturally occurring, and is 

only used in human medicine. While there is no direct wastewater discharge into Ocheda 

Lake, the creek that flows into the basin where Ocheda 2 is located receives wastewater 

intermittently from the Worthington WTP. On average 0.05 mgd is discharged to the 

north end of the creek near Lake Okabena, about 2.4 miles north of Ocheda Lake.80,105  

In the sediment samples, sulfapyridine was again present, but in Ocheda 1, not 

Ocheda 2. Like the Ocheda 1 water sample, the Ocheda 1 sediment sample also contained 

sulfadimethoxine. Trimethoprim and sulfamethoxazole were also present in Ocheda 1 

which are both not naturally occurring and used in human medicine. Trimethoprim 

however is also used in horse medicine and there are several horse farms in the 

surrounding area. 

Ocheda 2 sediment is dominated by doxycycline which is used in humans and 

dogs and could be a result of the wastewater discharge upstream. Enrofloxacin likely is a 
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result of cattle and swine farms in the area. Trimethoprim, again, is likely from the 

surrounding horse farms. Despite the cattle farms surrounding the area, there is little 

tetracycline which is one of the most commonly used antibiotics and in the greatest 

quantity in agriculture.39 While the locations of the farms is known, treatment 

philosophies, the health of the animals, the size, exact flow patterns, and the exact 

location of the manure application is largely unknown. Overall, there seems to be a large 

amount of non-natural, human antibiotics present in a largely agricultural area. 

Shakopee Creek. Three water and three sediment samples were taken in the town 

of Lake Andrew with a population of 1, 051 (Figure A.4). This is an area largely 

surrounded by agricultural activity with 9 dairy cattle farms, 2 turkey farms, 7 beef cattle 

farms, and 1 swine farm within 2 miles of the sites. The antibiotic profiles of the water 

and sediment samples were very different, although the fluoroquinolones and 

tetracyclines were not analyzed for in the sediment samples.  

For the water samples, tetracycline, doxycycline, and oxytetracycline dominated. 

Tetracycline and oxytetracycline are both utilized in cattle medicine. There are several 

cattle farms surrounding this area which could be the source of these antibiotics. 

Doxycycline though is not naturally occurring and used in human and dog medicine, so 

its source is not as clear. 

For the sediment samples, trimethoprim is present in all of the samples. 

Trimethoprim is used in human, dog, and horse medicine. There are a couple of horse 

farms located near the bodies of water that were sampled which could account for the 

trimethoprim presence. 
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Figure A.4. The antibiotic concentrations in water (A) and sediment (B) samples for the 

Shakopee Creek area. The pie chart for each sample represents the total antibiotics found 

at that site above the LOD. The relative size of the pie chart represents the total relative 

sum of all antibiotics found at that site. In the legend, the grayed-out antibiotics were not 

found in any of the sites in these maps. Data from Minnesota Geospatial Commons.82 

 

A 

B 
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Figure A.5. The antibiotic concentrations in water (A) and sediment (B) samples for 

Little Rock Lake. The pie chart for each sample represents the total antibiotics found at 

that site above the LOD. The relative size of the pie chart represents the total relative sum 

of all antibiotics found at that site. In the legend, the grayed-out antibiotics were not 

found in any of the sites in these maps. Data from Minnesota Geospatial Commons.82 
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.Little Rock Lake. The Little Rock Lake does not directly receive wastewater 

effluent but has 2 chicken and 3 beef cattle farms within 2 miles of the sites (Figure A.5). 

There are however, several more agricultural animal farms upstream of these farms that 

are located on waters which flow into Little Rock Lake. Little Rock Lake is located in the 

townships of Watab and Langola with populations of 1,027 and 906 respectively. 

Chlortetracycline was not analyzed in samples 2-4. Overall, the water and sediment 

samples contained some similar antibiotics. 

Enrofloxacin and sulfadimethoxine were found most frequently among the water 

and sediment samples. Enrofloxacin is used in cattle, swine, and poultry which are all 

found near waters that lead into the lake. Sulfadimethoxine is used in poultry and there 

are poultry farms near the water that lead into the lake. 

Metropolitan. Three lakes in the Twin Cities were sampled for water and 

sediment (Figure A.6). Lake Owasso is located in Roseville and Shoreview with 

populations of 36,433 and 27,210 respectively. Medicine Lake is located in Plymouth 

while Lake Harriet is located in Minneapolis with populations of 79,450 and 425,403 

respectively. None of these lakes receive direct wastewater effluent nor are agriculturally 

impacted. Sulfadimethoxine dominates in the sediment samples while doxycycline, 

oxytetracycline, and tetracycline dominate in the water samples. The fluoroquinolones 

and chlortetracycline were not analyzed in the sediment samples. 

Lake Owasso has been stocked with walleye and muskellunge every year since 

2012. In 2019, 33 lbs. of muskellunge and 299 lbs. of walleye were stocked. Medicine 

Lake is stocked every other year with about 800 lbs. of walleye on average. Lake Harriet 

is also stocked with walleye and muskellunge every year. Generally about 100 lbs. of  



95 
 

 

 

Figure A.6. The antibiotic concentrations in water (A) and sediment (B) samples for the 

Metropolitan area. The pie chart for each sample represents the total antibiotics found at 

that site above the LOD. The relative size of the pie chart represents the total relative sum 

of all antibiotics found at that site. In the legend, the grayed-out antibiotics were not 

found in any of the sites in these maps. Data from Minnesota Geospatial Commons.82 

agriculturally impacted. Antibiotics, however, were still found in these three lakes. 
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B 

(ng/g) 
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walleye and 10-30 lbs. of muskellunge are stocked every year.93 As mentioned before, 

fish stocking could be a source of antibiotics into the lakes due to either the fish 

containing antibiotics and/or the water in which they are transported and dumped into the 

lake. 

Oxytetracycline and tetracycline are naturally occurring. Tetracycline and 

doxycycline are used in humans while oxytetracycline is used in agricultural animals. 

 

Table A.3. Water and sediment sampling names, dates, and GPS locations. 

Sample Site 
Date 

Sampled 
GPS Location 

Water 

Collected

? 

Sediment 

Collected

? 

Lake Sakatah U1  6/25/19 44.222001, -93.568353 Y Y 

Lake Sakatah WWTP 6/25/19 44.218541, -93.553334 Y Y 

Lake Sakatah D1 6/25/19 44.224599, -93.538933 Y Y 

Lake Sakatah D2 6/25/19 44.226975, -93.519374 N Y 

Otsego Creek U1 7/1/19 45.255603, -93.659329 Y Y 

Otsego WWTP 

Effluent 

7/1/19 45.26085, -93.65698 
Y N 

Otsego Creek D1 7/1/19 45.255603, -93.659329 Y N 

Little Rock Lake 1 7/8/19 45.745028, -94.162097 Y Y 

Little Rock Lake 2 7/8/19 45.734215, -94.173001 Y Y 

Little Rock Lake 3 7/8/19 45.714293, -94.176900 Y Y 

Little Rock Lake 4 7/8/19 45.701419, -94.176489 N Y 

Pine River U1 7/10/19 46.670516, -94.11296 Y N 

Pine River WWTP 7/10/19 46.666987, 94.110894 Y Y 

Pine River D1 7/10/19 46.660770, -94.105207 Y Y 

Pine River D2 7/10/19 46.657063, -94.101796 N Y 

Lake Shetek 1 7/15/19 44.168632, -95.727386 Y Y 

Lake Shetek 2 7/15/19 44.115218, -95.704391 Y Y 

Lake Shetek 3 7/15/19 44.102524, -95.718588 Y Y 

Lake Ocheda 1 7/16/19 43.557620, -95.634086 Y Y 

Lake Ocheda 2 7/16/19 43.578156, -95.577512 Y Y 

Lake Bemidji U1 7/22/19 47.463519, -94.884108 Y Y 

Lake Bemidji WWTP 7/22/19 47.466574, -94.878920 Y N 

Lake Bemidji D1 7/22/19 47.470277, -94.867867 Y Y 

Lake Bemidji D2 7/22/19 47.476066, -94.866506 N Y 

Lake Bemidji D3 7/22/19 47.488560, -94.879822 N Y 

Pepin Lake 7/24/19 45.910335, -94.648683 N Y 

Long Lake 1 7/24/19 45.712663, -94.714193 N Y 

Long Lake 2 7/24/19 45.704821, -94.713868 N Y 
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Table A.3. continued.    

Sample Site 
Date 

Sampled 
  GPS Location 

Water  

Collected 

? 

Sediment  

Collected 

? 

Madison Lake 2 7/31/19 44.194580, -93.792708 N Y 

Blue Earth River 7/31/19 44.131689, -94.045946 Y Y 

Lake Emily 7/31/19 44.308533, -93.917826 Y Y 

Lake Owasso 8/12/19 45.003792, -93.119813 Y Y 

Medicine Lake 8/12/19 45.010519, -93.422811 Y Y 

Lake Harriet 8/12/19 44.922059, -93.305840 Y Y 

North Creek 8/20/19 45.093713, -95.037826 Y Y 

Lake Wakanda 8/20/19 45.057324, -94.969886 Y Y 

South Creek 8/20/19 45.048645, -94.980284 Y Y 

Shakopee Creek 8/20/19 45.251787, -95.074236 Y N 

Florida Slough Lake 8/20/19 45.247193, -95.074202 Y Y 

Lake Andrew 8/20/19 45.313651, -95.046871 Y Y 

Florida Lake 8/20/19 45.256915, -95.060194 N Y 

Long Prairie River 8/27/19 45.980074, -95.312084 Y N 

Lake Ida 8/27/19 45.981410, -95.399803 Y N 

Lake Winona 8/27/19 45.875179, -95.405141 Y Y 

 

Table A.4. Water temperature, pH, specific conductivity, and percent dissolved oxygen 

for the 2019 water and sediment samples. 

Sample Site 

Water 

Temperature 

(⁰C) 

pH 
Conductivity 

(mS/cm) 

Dissolved 

Oxygen 

(%) 

Lake Sakatah U1 21.4 8.90 -- -- 

Lake Sakatah WWTP 22 8.50 -- -- 

Lake Sakatah D1 21.5 8.50 -- -- 

Lake Sakatah D2 21.8 8.90 -- -- 

Otsego U1 23.5 8.10 -- -- 

Otsego WWTP Effluent -- 7.64 -- -- 

Otsego D1 22.3 8.70 -- -- 

Little Rock Lake 1 26.18 8.77 0.298 -- 

Little Rock Lake 2 25.3 8.65 0.303 -- 

Little Rock Lake 3 25.92 8.19 0.276 -- 

Little Rock Lake 4 27.09 8.67 0.260 -- 

Pine River U1 24.04 8.40 0.220 -- 

Pine River WWTP 24.77 7.87 0.217 -- 

Pine River D1 25.08 8.03 0.219 -- 

Pine River D2 25.39 8.30 0.218 -- 

Lake Shetek 1 27.45 8.06 0.733 -- 

Lake Shetek 2 25.91 7.98 0.562 -- 

Lake Shetek 3 27.32 8.29 0.546 -- 

Lake Ocheda 1 26.63 7.84 0.434 -- 
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Table A.4. continued.     

Sample Site 

Water 

Temperature 

(⁰C) 

pH 
Conductivity 

(mS/cm) 

Dissolved 

Oxygen 

(%) 

Lake Bemidji WWTP 23.43 8.17 0.351 97.8 

Lake Bemidji D1 24.01 8.46 0.325 107.7 

Lake Bemidji D2 23.85 

 

8.40 0.326 102.4 

Lake Bemidji D3 23.63 8.27 0.330 99.2 

Pepin Lake 23.36 8.29 0.425 -- 

Long Lake 1 26.37 8.17 0.487 -- 

Long Lake 2 26.92 8.26 0.485 -- 

Lake St. Anna 26.66 8.45 0.382 -- 

Madison Lake 1 24.56 8.41 0.297 116.8 

Madison Lake 2 24.8 8.49 0.295 140.02 

Blue Earth River 21.77 8.07 0.560 117.7 

Lake Emily 25.53 8.47 0.381 116.2 

Lake Owasso 24.53 8.65 0.375 98.5 

Medicine Lake 24.40 8.25 0.684 103.8 

Lake Harriet 24.71 8.41 0.605 117 

North Creek 22.6 6.48 0.551 39.4 

Lake Wakanda 23.88 8.18 0.602 78.9 

South Creek 22.16 7.53 0.517 80.2 

Shakopee Creek 23.12 6.69 0.449 47 

Florida Slough Lake 24.82 7.72 0.415 92.4 

Lake Andrew 24.92 7.88 0.389 86.8 

Florida Lake 24.6 7.95 0.404 88.4 

Long Prairie River 19.89 8.19 0.424 88.6 

Lake Ida 19.33 8.14 0.332 82.2 

Lake Winona 19.41 8.17 1.77 100.4 
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Table A.5. Percent water, organic, carbonate, and inorganic in the 2019 Minnesota 

sediment samples determined through loss-on-ignition. 

Sample Water 

(%) 

Organic 

(%) 

Carbonate 

(%) 

Inorganic 

(%) 

Lake Sakatah U1 54 7 17 76 

Lake Sakatah WWTP 45 3 8 88 

Lake Sakatah D1 82 15 26 59 

Lake Sakatah D2 69 15 37 48 

Otsego Creek U1 27 2 3 95 

Little Rock Lake 1 87 23 22 55 

Little Rock Lake 2 31 1 1 97 

Little Rock Lake 3 90 27 22 51 

Little Rock Lake 4 85 23 16 61 

Pine River WWTP 17 1 2 97 

Pine River D1 26 1 1 98 

Pine River D2 14 1 1 99 

Lake Shetek 1 71 10 36 53 

Lake Shetek 2 82 16 30 53 

Lake Shetek 3 77 12 27 61 

Lake Ocheda 1 75 12 28 60 

Lake Ocheda 2 75 19 20 62 

Lake Bemidji U1 82 27 36 37 

Lake Bemidji D1 86 23 49 28 

Lake Bemidji D2 85 22 51 27 

Lake Bemidji D3 86 21 55 24 

Pepin Lake 89 17 59 25 

Long Lake 1 83 18 42 40 

Long Lake 2 80 16 33 51 

Lake St. Anna 85 20 45 35 

Madison Lake 1 86 18 21 61 

Blue Earth River 16 1 10 89 

Lake Emily 84 29 20 51 

Lake Owasso 92 55 5 40 

Medicine Lake 82 26 28 46 

Lake Harriet 90 27 31 42 

Lake Wakanda 71 13 30 57 

Shakopee Creek 86 48 6 46 

Florida Slough Lake 87 31 35 34 

Lake Andrew 80 15 30 55 

Lake Winona 79 17 60 23 
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(ng/L) 

Lake 

Sakatah 

U1 

Lake 

Sakatah 

WWTP 

Lake 

Sakatah 

D1 

Otsego 

Creek 

U1 

Otsego 

WWTP 

Effluent 

Otsego 

Creek 

D1 

Little 

Rock 

Lake 1 

Little 

Rock 

Lake 2 

Little 

Rock 

Lake 3 

Pine 

River 

U1 

Norfloxacin nd nd nd nd nd nd nd nd nd nd 

Ciprofloxacin nd nd nd nd 228 nd nd nd nd nd 

Enrofloxacin nd nd nd 3* 5 <1 45 3* nd <3 

Ofloxacin nd <1 <1 14 172 6 <2 <2 <2 <2 

Tetracycline nd nd nd nd 7* nd nd nd nd nd 

Doxycycline nd nd nd nd nd nd nd nd nd nd 

Oxytetracycline nd nd 9 nd nd nd nd nd nd nd 

Chlortetracycline nd nd nd nd nd nd nd nd nd nd 

Erythromycin 5* <2 <2 2* 2* <2 nd nd nd 2 

Roxithromycin <1 <1 <1 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.1 

Tylosin nd^ 7^ 7^ 8^ 8^ 9^ nd nd nd nd 

Azithromycin nd nd nd 22 596^ 6 nd nd nd nd 

Clarithromycin nd 2* 3 2 10 3 1 1 1 3 

Carbadox nd nd nd nd nd nd nd nd nd nd 

Trimethoprim nd 4 18 15 24^ 5 3 1* 1* 1* 

Lincomycin 1 4 7 nd nd nd 2 1 2 1 

Amoxicillin 3^ nd nd nd nd nd 1^ 1^ 1^ 0.1^ 

Penicillin V nd^ nd nd nd nd nd nd nd nd nd 

Penicillin G nd nd nd nd nd nd nd nd nd nd 

Sulfapyridine 11 nd nd nd 82^ 45^ nd nd nd nd 

Sulfadiazine 4* nd nd nd 154^ nd nd nd nd nd 

Sulfamethoxazole nd nd nd nd nd nd nd nd nd nd 

Sulfamethazine nd nd nd nd nd nd nd nd nd nd 

Sulfachlorpyridazine nd nd 36 42^ 141^ 102^ nd nd nd nd 

Sulfadimethoxine 15 nd nd nd nd nd 14 nd nd nd 

Table A.6. 2019 Minnesota water sample antibiotic concentrations. “nd” signifies non-detect, values below the LOD is signified by 

“<LOD”, “*” means that the value is between the LOD and LOQ, and “^” means that the value was not recovery corrected.  
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Table A.6.continued. 

 

(ng/L) 

Pine 

River 

WWTP 

Pine 

River 

D1 

Lake 

Shetek 

1 

Lake 

Shetek 

2 

Lake 

Shetek 

3 

Lake 

Ocheda 

1 

Lake 

Ocheda 

2 

Lake 

Bemidji 

U1 

Lake 

Bemidji 

WWTP 

Bemidji 

D1 

Norfloxacin nd nd nd 192 nd nd^ nd nd nd nd 

Ciprofloxacin nd nd nd 173 nd nd^ nd nd nd nd 

Enrofloxacin 4* <3 <3 233 <3 nd^ nd^ <2 <2 <2 

Ofloxacin 2* <2 nd 131 <3 nd^ nd nd <2 3* 

Tetracycline nd nd 865 nd nd nd nd 7 11 6 

Doxycycline nd nd nd nd nd nd nd nd nd nd 

Oxytetracycline nd nd nd nd nd nd nd nd nd nd 

Chlortetracycline nd nd nd nd nd nd nd 14 19 9 

Erythromycin 3 3 3* 56 <2 96 nd <2 <2 3* 

Roxithromycin <0.1 <0.1 <3 nd <3 nd nd <1 <1 <1 

Tylosin nd nd nd nd nd nd nd nd nd nd 

Azithromycin nd nd nd nd <7 nd^ nd^ nd nd 29 

Clarithromycin 3 3 nd nd nd nd nd <2 2* 2* 

Carbadox nd nd nd nd <14 <9 <9 nd nd nd 

Trimethoprim 1* 2* <20 <20 <20 <22 <22 1* <24 <24 

Lincomycin 1 1 <4 <4 <4 <6 <6 1 <6 <6 

Amoxicillin 1*^ 0.8^ nd nd nd nd nd 1* nd nd 

Penicillin V nd nd nd nd nd nd nd nd nd nd 

Penicillin G nd nd nd nd nd nd nd nd nd nd 

Sulfapyridine <3 nd nd nd nd <44 63* <3 nd nd 

Sulfadiazine nd nd nd nd nd nd nd nd nd nd 

Sulfamethoxazole nd nd nd nd nd nd nd nd nd nd 

Sulfamethazine nd nd nd nd nd nd nd nd nd nd 

Sulfachlorpyridazine nd nd nd nd nd nd nd nd nd nd 

Sulfadimethoxine nd nd 36* <13 <13 12* 91 nd 31 20* 
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Table A.6. continued. 

(ng/L) 
Madison 

Lake 1 

Blue 

Earth 

River 

Lake 

Emily 

Lake 

Owasso 

Medicine 

Lake 

Lake 

Harriet 

North 

Creek 

Lake 

Wakanda 

South 

Creek 

Shakopee 

Creek 

Norfloxacin nd nd nd 19* 9* <9 nd nd nd nd 

Ciprofloxacin nd nd nd nd nd nd nd nd nd nd 

Enrofloxacin nd nd nd nd nd nd nd nd nd <372 

Ofloxacin nd nd nd nd nd nd nd nd nd nd 

Tetracycline nd nd nd 121^ 66 145^ 35 17 46 49* 

Doxycycline nd nd nd 135^ 84 162^ 55 21 49 60* 

Oxytetracycline nd nd nd 288^ 189 220 25 12 31 39 

Chlortetracycline nd nd nd nd nd nd nd 1 nd nd 

Erythromycin nd 2* nd <3 nd nd nd 18* nd nd 

Roxithromycin nd nd nd nd nd nd nd nd nd nd 

Tylosin nd nd nd <65 <65 145* <312 nd nd nd 

Azithromycin <8 nd^ <8 nd nd nd nd nd nd nd 

Clarithromycin nd nd nd 19 22 19 13* <12 <12 <1 

Carbadox nd nd nd nd nd nd nd nd nd nd 

Trimethoprim <1 1* <1 nd nd nd nd nd nd <1 

Lincomycin nd nd nd <1 <1 <1 <0.4 nd nd nd 

Amoxicillin 9 7 4 nd nd nd nd nd nd nd 

Penicillin V nd nd nd nd nd nd nd nd nd nd 

Penicillin G nd nd nd 15 14 33 nd nd nd nd 

Sulfapyridine nd nd nd nd <4 nd nd nd nd nd 

Sulfadiazine nd nd nd nd nd nd nd nd nd nd 

Sulfamethoxazole nd nd nd 15 10 nd 146 nd nd nd 

Sulfamethazine nd nd nd nd nd nd nd nd nd nd 

Sulfachlorpyridazine nd nd nd nd nd nd nd nd nd nd 

Sulfadimethoxine nd nd nd 3* <3 nd 82 2* nd nd 
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Table A.6. continued. 

(ng/L) 

Florida 

Slough 

Lake 

Lake 

Andrew 

Long 

Prairie 

River 

Lake 

Ida 

Lake 

Winona 

Lake 

Harriet 

North 

Creek 

Lake 

Wakanda 

South 

Creek 

Shakopee 

Creek 

Norfloxacin nd nd nd nd nd <9 nd nd nd nd 

Ciprofloxacin nd nd nd nd nd nd nd nd nd nd 

Enrofloxacin <372 <372 nd nd nd nd nd nd nd <372 

Ofloxacin nd nd nd nd 6* nd nd nd nd nd 

Tetracycline 73* 131 nd 7 19 145^ 35 17 46 49* 

Doxycycline 79* 120 nd nd 21 162^ 55 21 49 60* 

Oxytetracycline 47 53 9* nd 11* 220 25 12 31 39 

Chlortetracycline nd nd nd nd nd nd nd 1 nd nd 

Erythromycin 9* nd <4 <4 5* nd nd 18* nd nd 

Roxithromycin nd nd nd nd nd nd nd nd nd nd 

Tylosin nd <144 <4 <4 <4 145* <312 nd nd nd 

Azithromycin nd nd nd nd nd nd nd nd nd nd 

Clarithromycin 8 nd <3 <3 nd 19 13* <12 <12 <1 

Carbadox nd nd nd nd nd nd nd nd nd nd 

Trimethoprim nd nd <5 nd 30 nd nd nd nd <1 

Lincomycin <1 <1 <1 <1 <1 <1 <0.4 nd nd nd 

Amoxicillin nd nd nd nd nd nd nd nd nd nd 

Penicillin V nd nd nd nd nd nd nd nd nd nd 

Penicillin G 3 15 nd nd nd 33 nd nd nd nd 

Sulfapyridine nd nd nd nd 63 nd nd nd nd nd 

Sulfadiazine nd nd nd nd nd nd nd nd nd nd 

Sulfamethoxazole nd 7* nd nd 445 nd 146 nd nd nd 

Sulfamethazine nd nd nd nd nd nd nd nd nd nd 

Sulfachlorpyridazine nd nd nd nd nd nd nd nd nd nd 

Sulfadimethoxine 6* <6 1* <2 nd nd 82 2* nd nd 
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Table A.7. 2019 Minnesota sediment sample antibiotic concentrations. The following symbols have the following meanings: nd is 

non-detect, <LOD is a values below the LOD, * is a value between the LOD and LOQ, ^ is a value no recovery corrected, and – is a 

value that was excluded due to the inability to rerun the sample due to the COVID-19 university shutdown. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Lake 

Sakatah 

U1 

Lake 

Sakatah 

WWTP 

Lake 

Sakatah 

D1 

Lake 

Sakatah 

D2 

Otsego 

Creek 

U1 

Little 

Rock 

Lake 1 

Little 

Rock 

Lake 2 

Little 

Rock 

Lake 3 

Little 

Rock 

Lake 4 

Pine 

River 

WWTP 

Norfloxacin 79* 330 <44 81* -- nd nd nd <20 -- 

Ciprofloxacin nd 54* nd nd -- 75 nd <19 nd -- 

Enrofloxacin 131 559 nd 95* -- 829 33* 413 nd -- 

Ofloxacin nd nd nd nd -- nd nd nd nd -- 

Tetracycline 16* 49 15* nd nd 12* nd <11 10 nd 

Doxycycline 97 96 93 152 nd 30* <10 <10 18 nd 

Oxytetracycline nd nd nd nd nd 20* nd <16 7 nd 

Chlortetracycline -- -- -- -- nd 522 -- -- -- nd 

Erythromycin nd nd nd nd nd# nd nd nd nd nd 

Roxithromycin nd nd nd nd <15# <213 nd <213 nd <16 

Tylosin nd nd nd nd nd# nd nd nd nd <12 

Clarithromycin nd <40 nd <181 <23# nd nd nd nd 69* 

Carbadox 5 9 4 5 nd nd nd nd nd nd 

Trimethoprim 24 nd 5 144 nd nd nd nd 3 nd 

Sulfapyridine nd nd nd nd <49 nd nd nd nd nd 

Sulfadiazine 8* 10* 7* 7* <19 28* 23* nd 2 nd 

Sulfamethoxazole nd nd <16 nd <57 <87 nd nd nd 64* 

Sulfamethazine 322 353 184 273 nd nd <32 nd 7 nd 

Sulfachlorpyridazine nd nd <195 nd <14 nd nd nd nd <11 

Sulfadimethoxine 352 491 306 444 nd 294 541 nd 533 nd 
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Table A.7. continued. 

(ng/g) 

Pine 

River 

D1 

Pine 

River 

D2 

Lake 

Shetek 

1 

Lake 

Shetek 

2 

Lake 

Shetek 

3 

Lake 

Ocheda 

1 

Lake 

Ocheda 

2 

Lake 

Bemidji 

U1 

Lake 

Bemidji 

D1  

Lake 

Bemidji 

D2 

Norfloxacin -- -- nd^ nd^ nd^ nd <64 <9 <9 -- 

Ciprofloxacin -- -- <25^ nd^ <25^ nd nd nd <11 -- 

Enrofloxacin -- -- nd^ nd^ nd^ nd 121* <7 21* -- 

Ofloxacin -- -- nd^ nd^ <221^ nd nd nd <118 -- 

Tetracycline nd -- <8 31 nd nd 20* nd nd nd 

Doxycycline nd -- 14* 43 nd <16 378 nd nd 32 

Oxytetracycline nd -- nd 67 <14 nd nd nd 1* <10 

Chlortetracycline nd -- 63# 371 107# -- -- nd nd 25 

Erythromycin nd <38 nd nd nd nd nd <11 <11 nd 

Roxithromycin nd <63 nd nd nd nd nd <17 <17 <19 

Tylosin nd <10 nd nd nd nd nd <15 <15 <10 

Clarithromycin nd <231 nd nd nd nd nd <19 <19 <33 

Carbadox nd nd nd nd nd nd nd nd nd 2 

Trimethoprim nd 52# nd nd 5 25 43 3 5 6 

Sulfapyridine nd nd <53 nd 247 328 nd <22 <22 46* 

Sulfadiazine nd <42 <9 <9 <9 <3 9 <19 <19 nd 

Sulfamethoxazole nd nd <77 nd <77 56 <16 nd <17 nd 

Sulfamethazine nd <5 nd nd <486 1* nd nd <18 <6 

Sulfachlorpyridazine nd nd nd nd <312 <201 <201 nd <25 <11 

Sulfadimethoxine nd nd nd nd <325 11* <9 <22 28* nd 
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Table A.7. continued. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(ng/g) 

Lake 

Bemidji 

D3 

Pepin 

Lake 

Long 

Lake 1 

Long 

Lake 2 

Lake 

St. 

Anna 

Madison 

Lake 1 

Blue 

Earth 

River 

Lake 

Emily 

Lake 

Owasso 

Medicine 

Lake 

Norfloxacin -- -- 83 nd -- -- -- -- -- -- 

Ciprofloxacin -- -- nd nd -- -- -- -- -- -- 

Enrofloxacin -- -- 388 nd -- -- -- -- -- -- 

Ofloxacin -- -- nd nd -- -- -- -- -- -- 

Tetracycline <8 nd nd 66 nd 390 nd 52 nd <15 

Doxycycline 12 <15 43 179 nd 380 nd nd 28* 37* 

Oxytetracycline <10 nd 33 25 nd nd nd 44* <28 32* 

Chlortetracycline 15 nd -- -- nd nd nd 84 -- -- 

Erythromycin nd <26 nd nd <26 nd nd# <26# <29 <29 

Roxithromycin <19 <9 nd nd <9 <16 nd# <9# nd nd 

Tylosin <10 <34 nd nd <34 <12 nd# <34# nd nd 

Clarithromycin <33 <10 nd 309 26* <26 nd# 16*# nd nd 

Carbadox nd nd nd 4 nd nd nd nd# nd nd 

Trimethoprim 12 nd# 13 nd 1 nd nd 17# 1 2 

Sulfapyridine <35 <66 nd 6* <66 <45 nd <66# nd nd 

Sulfadiazine <17 <29 27 3 <29 <11 nd <29# nd nd 

Sulfamethoxazole nd <105 nd 3* <105 <42 nd <105# nd nd 

Sulfamethazine <6 <21 21 nd <21 <6 nd <21# nd nd 

Sulfachlorpyridazine nd <19 <5 9* <19 nd nd nd# 6* <4 

Sulfadimethoxine nd nd 179 2* nd nd nd nd# 652 733 
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Table A.7. continued. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(ng/g) 

Lake 

Harriet 

Lake 

Wakanda 

Florida 

Slough 

Lake 

Lake 

Andrew 

Shakopee 

Creek 

Lake 

Winona 

Norfloxacin -- -- -- -- -- -- 

Ciprofloxacin -- -- -- -- -- -- 

Enrofloxacin -- -- -- -- -- -- 

Ofloxacin -- -- -- -- -- -- 

Tetracycline 40* -- -- -- -- nd 

Doxycycline 66 -- -- -- -- 10 

Oxytetracycline 59* -- -- -- -- nd 

Chlortetracycline -- -- -- -- -- nd 

Erythromycin <29 <38 nd nd nd <76 

Roxithromycin <355 <63 nd nd nd <19 

Tylosin nd <10 <3 11 10 <10 

Clarithromycin nd <231 nd nd nd <33 

Carbadox nd nd nd nd nd nd 

Trimethoprim 1 49 726 17 107 48 

Sulfapyridine nd <100 <13 nd nd 131 

Sulfadiazine nd <42 nd nd nd <17 

Sulfamethoxazole nd nd nd nd 35* nd 

Sulfamethazine nd <5 nd <4 10* <6 

Sulfachlorpyridazine <4 nd <10 <10 nd <11 

Sulfadimethoxine 252 nd nd nd nd nd 
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A.2.2 2018 Water Samples 

2018 Water Sampling. Eighteen water samples of rivers, lakes, and one WWTP 

pond were taken in the summer of 2018 from across Minnesota (Figure A.7). After 

collection, these samples were filtered, pH adjusted, and stored at 1 °C until they were 

processed and analyzed in January of 2019 as outlined in Section 2.2. There was a delay 

in the processing of these samples because of a need to learn the procedure first. Thus, 

certain chemical reactions could have taken place while the water samples were being 

stored for four months, slightly altering the results. Additionally, only 19 antibiotics were 

analyzed due to low recoveries of the others. These low recoveries were mainly due to 

old chemical standards, and this was resolved before the 2019 sampling. Details of the 

sampling locations are given in Table A.8. 

Figure A.7. Map of 2018 water sampling sites in Minnesota. 
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Table A.8. 2018 water sampling sites with sampling date and GPS coordinates. 

Sample Site Date GPS Coordinates 

Lake Owasso 7/23/2018 45.04219, -93.1125 

Medicine Lake 7/23/2018 45.00749, -93.4204 

Lake Harriet 7/23/2018 44.9219, -93.3055 

St. Croix River 7/30/2018 45.01929, -92.7634 

St. Louis River 7/30/2018 47.37198, -92.57586 

White Iron Lake 7/30/2018 47.89115, -91.77623 

Fenske Lake 7/31/2018 47.99670, -91.91271 

Cedar Lake 7/31/2018 47.96364, -91.77774 

Baptism River 7/31/2018 47.37300, -91.22881 

Pine River 8/13/2018 46.57242, -94.02843 

Mississippi River 8/13/2018 46.50189, -94.08534 

Lake Edward 8/13/2018 46.50913, -94.16067 

Little Rabbit Lake 8/14/2018 46.46411, -94.05332 

Serpent Lake 8/14/2018 46.4779, -93.94057 

Crosby WWTP 8/20/2018 46.48416, -93.96215 

Lake Ida 8/20/2018 45.98761, -95.41086 

Long Prairie River 8/20/2018 45.97991, -95.31126 

Lake Winona 8/20/2018 45.87429, -95.40507 

 

Analytical Performance. LODs ranged from 0.3 to 2.9 ng/L for the 

fluoroquinolones, 0.8 to 1.4 ng/L for the tetracyclines, 0.1 to 2.9 ng/L for the macrolides, 

and 0.4 to 4.2 ng/L for the sulfonamides (Table A.9). LOQs ranged from 1.0 to 8.6 ng/L 

for the fluoroquinolones, 2.5 to 4.3 ng/L for the tetracyclines, 0.3 to 8.7 ng/L for the 

macrolides, and 1.3 to 12.6 ng/L for the sulfonamides. 

Percent recoveries for the antibiotics varied from 14.1 to 29.6% for the 

fluoroquinolones, 39.7 to 93.6 % for the tetracyclines, 99.9 to 638.3 % for the 

macrolides, and 13.1 to 47.1% for the sulfonamides (Table A.9). 

Relative recoveries for the surrogates arithmetic meand 114.7% for nalidixic acid, 

70.2% for demeclocycline, and 171.7% for 13C6-sulfamethazine. Absolute recoveries for 

internal standards averaged 26.6% for simeton, 3.2% for 13C2-erythromycin, and 0.6% for 
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13C6-sulfamethoxazole using the arithmetic mean. The low recoveries for the internal 

standards suggest that there may be  

Table A.9. Arithmetic mean values with standard deviations for LOD, LOQ, and relative 

percent recoveries for each of the antibiotics for the 2018 water samples. LOD and LOQ 

are presented in ng of antibiotic per liter of water. Recovery is for the recovery of each 

antibiotic in the spiked samples. 

N=6 for LOD/LOQ and N=18 for percent recovery. 

Table A.10. Surrogate relative percent recoveries and internal standard absolute percent 

recoveries for 2018 Minnesota water samples.  

 Arithmetic 

mean 

Recovery (%) 

Median 

Recovery (%) 

Standard 

Deviation (%) 

Surrogates    

Nalidixic Acid 114.7 94.1 175.8 

Demeclocycline 70.2 56.8 131.3 
13C6-Sulfamethazine 171.7 187.1 216.5 

    
Internal Standards    

Simeton 26.6 24.7 18.3 
13C2-Erythromycin 3.2 0.5 16.6 
13C6-Sulfamethoxazole 0.6 0.2 0.8 

 N=54. 

 LOD (ng/L) LOQ (ng/L) Recovery (%) 

Norfloxacin 2.3 ± 2.4 7.0 ± 7.1 29.6 ± 75.0 

Ciprofloxacin 0.3 ± 0.2 1.0 ± 0.6 22.2 ± 55.5 

Enrofloxacin 2.9 ± 6.0 8.6 ± 17.9 14.1 ± 37.9 

Ofloxacin 1.1 ± 1.5 3.2 ± 4.3 19.6 ± 47.5 

Oxytetracycline 1.4 ± 1.2 4.3 ± 3.7 93.6 ± 284.6 

Chlortetracycline 0.8 ± 0.6 2.5 ± 1.9 39.7 ± 138.2 

Erythromycin 2.9 ± 1.9 8.7 ± 5.6 126.3 ± 269.0 

Roxithromycin 0.6 ± 0.3 1.8 ± 0.8 99.9 ± 136.6 

Tylosin 0.1 ± 0.1 0.3 ± 0.2 131.3 ± 291.5 

Azithromycin 1.2 ± 0.8 3.7 ± 2.3 638.3 ± 2008.2 

Clarithromycin 1.3 ± 0.4 3.9 ±1.2 148.1 ± 244.1 

Trimethoprim 0.9 ± 0.7 2.7 ± 2.2 13.1 ± 14.1 

Sulfapyridine 4.2 ± 5.6 12.6 ± 6.6 47.1 ± 59.1 

Sulfadiazine 0.7 ± 0.4 2.0 ± 1.2 41.3 ± 48.9 

Sulfamethoxazole 1.1 ± 0.4 3.3 ± 1.3 18.5 ± 25.4 

Sulfamethazine 0.4 ± 0.3 1.3 ± 0.9 35.4 ± 52.9 

Sulfachlorpyridazine 1.3 ± 0.4 3.8 ± 1.3 13.4 ± 18.4 

Sulfadimethoxine 2.2 ± 1.3 6.5 ± 4.0 22.1 ± 22.12 
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strong matrix effects present in these samples. Also, clinafloxacin was not analyzed so 

simeton was used in place of clinafloxacin for the fluoroquinolones’ analysis. 

2018 Water Sample Introduction. In the following section, the 2018 water 

samples are analyzed and discussed site by site. Some of the 2018 sites were also 

sampled in 2019 so when possible, the two are compared in the following section. The 

full dataset for the antibiotic concentrations at all of these sites in at the end of this 

section in Table A.13. 

Figure A.8. The antibiotic concentrations in the 2018 water samples for the Alexandria, 

MN area. The pie chart for each sample represents the total antibiotics found at that site 

above the LOD. The relative size of the pie chart represents the total relative sum of all 

antibiotics found at that site. In the legend, the grayed-out antibiotics were not found in 

any of the sites in this map. Data from Minnesota Geospatial Commons.82 
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Alexandria. Two lakes and one river were sampled in Alexandria, MN (Figure 

A.8). As with the 2019 water samples from the Alexandria area, the water body directly  

impacted by WWTP effluent (Lake Winona) had a substantially higher total 

concentration of antibiotics than the two not directly impacted by a WWTP (Long Prairie 

River and Lake Ida). Similar antibiotics were found throughout all three of the water 

bodies. Specifically, norfloxacin, ciprofloxacin, enrofloxacin, chlortetracycline, and 

trimethoprim were found in all three locations with substantially higher values in the 

Lake Winona sample. Of these antibiotics, all except for enrofloxacin and 

chlortetracycline are used in human medicine indicating that the WWTP discharge is 

likely the source of the increase in antibiotics in Lake Winona. Tylosin, lincomycin, 

sulfadiazine, and sulfamethazine are also found at all three sites. Tylosin, lincomycin, and 

sulfamethazine all are used in agricultural animals so their presence could be due to the 

surrounding areas agricultural activity. Sulfadiazine, while used in human medicine, is 

also use in horse medicine and there is a horse farm near the sampling point for Long 

Prairie River. 

These three bodies of water were also sampled in 2019 (Table A.11). Overall, a 

more diverse set of antibiotics was found in the 2018 samples than in the 2019 samples. 

At all three locations, the total sum of antibiotics was higher in 2018 than 2019. For Lake 

Ida and Long Prairie River, none of the antibiotics found in 2018 were also found above 

the LOD in 2019. For Lake Winona, of the 17 antibiotics found in 2018, only 6 were 

found above the LOD in 2019. This demonstrates the temporal variability of water 

samples. 
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Table A.11. 2018 and 2019 antibiotic concentrations in water found in Lake Ida, Long 

Prairie River, and Lake Winona in Alexandria, MN. Only antibiotics that were analyzed 

in both the 2018 and 2019 samples were included. 

 
Lake Ida 

Long Prairie 

River 
Lake Winona 

 2018 2019 2018 2019 2018 2019 

Norfloxacin 5 nd 7 nd 90 nd 

Ciprofloxacin 2 nd 6 nd 51 nd 

Enrofloxacin 6 nd 28 nd 188* nd 

Ofloxacin 2 nd 3 nd 27 6* 

Oxytetracycline <1 nd nd 9* 37 11* 

Chlortetracycline 8 <4 16 nd 57 nd 

Erythromycin nd nd <3 <4 11 5* 

Roxithromycin <1 <4 <1 nd <1 nd 

Tylosin 1 nd 1 <4 1 <4 

Azithromycin <2 nd 3* nd 4* nd 

Clarithromycin 3* <3 <2 <3 2* nd 

Trimethoprim 2 nd 2 <5 57 30 

Lincomycin 41 <1 20 <1 16 <1 

Sulfapyridine <2 nd 2* nd 30 63 

Sulfadiazine 6 nd 7 nd 2 nd 

Sulfamethoxazole 6 nd nd nd 64# 445 

Sulfamethazine 1* nd 27 nd 27 nd 

Sulfachloropyridazine nd nd 23 nd nd nd 

Sulfadimethoxine 4 <2 nd 1* 59 nd 

 

Baptism River. Baptism River is a relatively undisturbed area in northern 

Minnesota near Finland, MN (Figure A.9). There are no nearby WWTP discharges nor 

are there any agricultural animals in the surrounding area.  

 The four main antibiotics found in this river were chlortetracycline, 

clarithromycin, sulfamethazine, and sulfachlorpyridazine. Despite the absence of 

WWTPs and agricultural animals, only one of these antibiotics, chlortetracycline, is 

naturally occurring. Sulfamethazine and sulfachlorpyridazine are used in swine and cattle 

while clarithromycin is used in humans. While there are failing septic systems in the 

town where this sampling point is located which could be leaking antibiotics into the  
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Figure A.9. The antibiotic concentrations in the 2018 water samples for Baptism River 

near Finland, MN. The pie chart for each sample represents the total antibiotics found at 

that site above the LOD. The relative size of the pie chart represents the total relative sum 

of all antibiotics found at that site. In the legend, the grayed-out antibiotics were not 

found in any of the sites in this map. Data from Minnesota Geospatial Commons.82 

 

river, there are no agricultural animals that can directly account for the sulfonamides 

found here.106 

North Crosby. Two rivers and one lake were sampled around Crosby, MN (Figure 

A.10). There are no WWTP discharges near these sites and only a few cattle farms 

nearby. Despite the lack of nearby livestock and WWTP discharges, antibiotics were still 

found in all three locations. 

The main antibiotics found in Lake Edward were lincomycin, enrofloxacin, 

clarithromycin, and chlortetracycline. Lincomycin and chlortetracycline are naturally  
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Figure A.10. The antibiotic concentrations in the 2018 water samples for Pine River, 

Mississippi River, and Lake Edward near Crosby, MN. The pie chart for each sample 

represents the total antibiotics found at that site above the LOD. The relative size of the 

pie chart represents the total relative sum of all antibiotics found at that site. In the 

legend, the grayed-out antibiotics were not found in any of the sites in this map. Data 

from Minnesota Geospatial Commons.82 

 

occurring. Enrofloxacin and chlortetracycline are also used in cattle medicine so the  

cattle farm nearby may be a source of these antibiotics into the lake. Clarithromycin, on 

the other hand, is only used in human medicine so there is not a clear potential source of 

this antibiotic in the lake. 

 The Mississippi River had the highest total sum of antibiotics of the three sites. 
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The two main antibiotics found were chlortetracycline and ofloxacin. Again, 

chlortetracycline is naturally occurring, but ofloxacin is used in poultry and human 

medicine. The presence of ofloxacin too does not have a clear source although a fair 

number of WWTP discharge into the Mississippi River throughout the state.80  

 The Pine River sample was mainly comprised of lincomycin, azithromycin, and 

oxytetracycline. Two of the three antibiotics, lincomycin and oxytetracycline, are 

naturally occurring. Azithromycin is another human antibiotic without a clear direct 

source into this water body. 

Ely. Three lake samples were taken near Ely, MN (Figure A.11). Despite the lack 

of agricultural animals and direct wastewater discharges to these lakes, antibiotics were 

still found. In all three locations, but especially in Fenske Lake and Cedar Lake, there 

were many different antibiotics found.  

In Fenske Lake, exclusively human antibiotics (clarithromycin, sulfapyridine, and 

sulfamethoxazole) and exclusively agricultural animal antibiotics (enrofloxacin, 

oxytetracycline, chlortetracycline, tylosin, lincomycin, sulfamethazine, and 

sulfadimethoxine) were both found. Antibiotics used in both agricultural and human 

medicine were also found (norfloxacin, ciprofloxacin, ofloxacin, erythromycin, 

trimethoprim, and sulfadiazine) as well as naturally occurring antibiotics 

(oxytetracycline, chlortetracycline, erythromycin, tylosin, and lincomycin). Thus, there 

does not seem to be a specific pattern or clear direct source that can be identified for the 

antibiotics in the lake. 

For Cedar Lake, all of the same antibiotics as in Fenske Lake were found except 

for the sulfonamides. Only sulfadimethoxine was found in Cedar Lake for the  
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Figure A.11. The antibiotic concentrations in the 2018 water samples near Ely, MN. The 

pie chart for each sample represents the total antibiotics found at that site above the LOD. 

The relative size of the pie chart represents the total relative sum of all antibiotics found 

at that site. In the legend, the grayed-out antibiotics were not found in any of the sites in 

this map. Data from Minnesota Geospatial Commons.82 

 

sulfonamides. Only sulfadimethoxine was found in Cedar Lake for the sulfonamides. The 

two lakes had similar concentrations for all of the antibiotics except  

for norfloxacin, enrofloxacin and chlortetracycline. These were all present in higher 

concentrations in Cedar Lake despite not having a clear source of antibiotics in the 

surrounding area. 
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White Iron Lake had the lowest total sum of antibiotics of the three lakes. The two 

main antibiotics found here were erythromycin and chlortetracycline. These are both 

naturally occurring antibiotics.  

Figure A.12. The antibiotic concentrations in the 2018 water samples for the 

Metropolitan area in Minnesota. The pie chart for each sample represents the total 

antibiotics found at that site above the LOD. The relative size of the pie chart represents 

the total relative sum of all antibiotics found at that site. In the legend, the grayed-out 

antibiotics were not found in any of the sites in this map. Data from Minnesota 

Geospatial Commons.82 

Metropolitan. Three lakes were sampled in the Twin Cities, MN (Figure A.12).  

None of these lakes receive direct wastewater discharge nor are surrounded by 

agricultural animals. They, however, are located in densely populated spaces. All three 

lakes had similar levels of antibiotics. 
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Antibiotics found in all three lakes include norfloxacin, enrofloxacin, 

oxytetracycline, chlortetracycline, azithromycin, clarithromycin, and lincomycin. All of 

these antibiotics are used in human medicine or are naturally occurring except for 

enrofloxacin which is used in cat and dog medicine. There are many dogs that are walked 

along the paths around these lakes so they could be contributing antibiotics to the lake. 

Additionally, there could be leaking sewers in the area as there are many sewer pipes and 

connections metropolitan area which could contribute antibiotics to the lake.107 

These three lakes were also sampled in 2019 (Table A.12). As with the  

Table A.12. 2018 and 2019 antibiotic concentrations for the metropolitan area lakes in 

Minnesota. Only antibiotics that were analyzed in both the 2018 and 2019 samples were 

included. 

 Lake Owasso Medicine Lake Lake Harriet 

 2018 2019 2018 2019 2018 2019 

Norfloxacin 63 19* 234# 9* 253# <9 

Ciprofloxacin 1 nd 3 nd nd nd 

Enrofloxacin 23 nd 32 nd 20 nd 

Ofloxacin <4 nd 50 nd nd nd 

Oxytetracycline 4 288^ 4 189 7 220 

Chlortetracycline 30 nd 13 nd 72 nd 

Erythromycin nd <3 <3 nd 24 nd 

Roxithromycin <1 nd <1 nd <1 nd 

Tylosin 1 <65 1 <65 1 145* 

Azithromycin 109 nd 13 nd 10 nd 

Clarithromycin 205 19 64 22 35 19 

Trimethoprim 2 nd nd nd 1* nd 

Lincomycin 20 <1 3 <1 4 <1 

Sulfapyridine 39 nd nd <4 nd nd 

Sulfadiazine 5 nd nd nd nd nd 

Sulfamethoxazole nd 15 nd 10 7 nd 

Sulfamethazine 9 nd nd nd nd nd 

Sulfachloropyridazine nd nd nd nd nd nd 

Sulfadimethoxine nd 3* 5* <3 <4 nd 

 

Alexandria area 2018 and 2019 samples, there are a greater number of different 

antibiotics found in 2018 than 2019.  Additionally, while some of the antibiotics were the 
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same between 2018 and 2019, many antibiotics not detected in 2018 were detected in 

2019. One consistency throughout all of the samples in both 2018 and 2019 is the 

presence of clarithromycin. Oxytetracycline is also detected throughout all of the 

samples, though the concentrations in 2019 are much higher than in 2018. Thus, like the 

Alexandria area water, there is great variability in antibiotic concentrations in water from 

year to year. 

Figure A.13. The antibiotic concentrations in the 2018 water samples for the St. Louis 

River near Forbes, MN. The pie chart for each sample represents the total antibiotics 

found at that site above the LOD. The relative size of the pie chart represents the total 

relative sum of all antibiotics found at that site. In the legend, the grayed-out antibiotics 

were not found in any of the sites in this map. Data from Minnesota Geospatial 

Commons.82 
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St. Louis River. The St. Louis River is located near Forbes, MN in northern 

Minnesota (Figure A.13). There are no direct wastewater discharges or agricultural 

animals in the surrounding area. Despite the lacke of clear sources of antibiotcs, a large 

concentration of sulfachlorpyridazine as well as chlortetracycline were found. While 

chlortetracycline is found naturally, sulfachlorpyridazine is not and is used for swine, 

calves, and dogs. 

Figure A.14. The antibiotic concentrations in the 2018 water samples for the St. Croix 

River near Stillwater, MN. The pie chart for each sample represents the total antibiotics 

found at that site above the LOD. The relative size of the pie chart represents the total 

relative sum of all antibiotics found at that site. In the legend, the grayed-out antibiotics 

were not found in any of the sites in this map. Data from Minnesota Geospatial 

Commons.82 
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St. Croix River. A sample from the St. Croix River near Stillwater, MN was taken 

(Figure A.14). There are no direct wastewater discharges and few agricultural animals in 

the surrounding area. The main three antibiotics found in this sample were 

chlortetracycline, azithromycin, and clarithromycin. Chlortetracycline is naturally 

occurring while azithromycin and clarithromycin are both human antibiotics. 

South Crosby. Two lakes and one wastewater retention pond were sampled near 

Serpent Lake, MN (Figure A.15). The Serpent Lake WWTP discharges on average 0.672 

mgd and discharges into the Rabbit River which flows southwest to Little Rabbit Lake.80 

Overall, Little Rabbit Lake had the least total sum of antibiotics of the three sites.  

Figure A.15. The antibiotic concentrations in the 2018 water samples for Little Rabbit 

Lake, Serpent Lake WWTP, and Serpent Lake near Crosby, MN. The pie chart for each 

sample represents the total antibiotics found at that site above the LOD. The relative size 

of the pie chart represents the total relative sum of all antibiotics found at that site. In the 

legend, the grayed-out antibiotics were not found in any of the sites in this map. Data 

from Minnesota Geospatial Commons.82 
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Serpent Lake contained the largest total sum of antibiotics of the three sites and 

was mainly comprised of chlortetracycline and lincomycin, two naturally occurring 

antibiotics. These two antibiotics are also utilized in agricultural animals though there are 

not many agricultural animals in the surrounding area. The Serpent Lake WWTP 

retention pond sample also mainly contained chlortetracycline and lincomycin but also 

trimethoprim. Trimethoprim is a human prescribed antibiotic. 
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Table A.13. Summary of the antibiotic concentrations detected in 2018 water samples. Sulfonamide concentrations were omitted from 

the Crosby WWTP data because of matrix complications from it being wastewater effluent and is noted by --.  

(ng/L) Lake 

Owasso 

Medicine 

Lake 

Lake 

Harriet 

St. 

Croix 

River 

St. 

Louis 

River 

White Iron 

Lake 

Fenske 

Lake 

Cedar 

Lake 

Baptism 

River 

Cedar 

Lake 

Norfloxacin 63 234+ 253+ nd nd nd 5+ 44+ 4+ 44+ 

Ciprofloxacin 1 3 nd nd nd 6 14+ 19 2 19 

Enrofloxacin 23 32 20 nd nd nd 7+ 172+ 2 172+ 

Ofloxacin <4 50 nd nd nd 1* 17+ 26 nd 26 

Oxytetracycline 4 4 7 nd nd nd 17+ 43+ nd 43+ 

Chlortetracycline 30 13 72 15 78 39 7 98 22 98 

Erythromycin nd <3 24 <1 3* 45 38 33 <1 33 

Roxithromycin <1 <1 <1 <1 nd <1 <1 <1 nd <1 

Tylosin 1 1 1 3 10+ nd 4 159 nd 159 

Azithromycin 109 13 10 17 5 nd nd nd nd nd 

Clarithromycin 205 64 35 15 7 6 45 5+ 18+ 5+ 

Trimethoprim 2 nd 1* 1* 1* 1 12 6 1* 6 

Lincomycin 20 3 4 1 3 2 17 3 2 3 

Sulfapyridine 39 nd nd nd nd nd 46+ nd nd nd 

Sulfadiazine 5 nd nd nd nd nd 26+ nd nd nd 

Sulfamethoxazole nd nd 7 nd nd nd 26+ nd nd nd 

Sulfamethazine 9 nd nd 3 nd nd 46+ nd 34 nd 

Sulfachlorpyridazine nd nd nd nd 477+ nd nd nd 50 nd 

Sulfadimethoxine nd 5* <4 nd nd nd 123+ 80 nd 80 
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Table A.13. continued. 

 

 

 

 

(ng/L) Baptism 

River 

Pine 

River 

Mississippi 

River 

Lake 

Edward 

Little 

Rabbit 

Lake 

Serpent 

Lake 

Crosby 

WWTP 

Lake 

Ida 

Long 

Prairie 

River 

Lake 

Winona 

Norfloxacin 4+ nd nd <3 <2 nd 3* 5 7 90 

Ciprofloxacin 2 nd 4 1* 1* 1* 1* 2 6 51 

Enrofloxacin 2 nd nd 19 2 2 4 6 28 188* 

Ofloxacin nd 1* nd 2 <10 <1 4 2 3 27 

Oxytetracycline nd 17 9 <1 <4 4 <4 <1 nd 37 

Chlortetracycline 22 6 175 7 nd 147 20 8 16 57 

Erythromycin <1 <6 nd <6 <3 <3 <3 nd <3 11 

Roxithromycin nd <1 <1 <1 <1 <1 <1 <! <1 <1 

Tylosin nd 3 nd 1 <1 1 <1 1 1 1 

Azithromycin nd 32 nd 4* <1 3* <1 <2 3* 4* 

Clarithromycin 18+ 8 6 9 <1 4 <1 3* <2 2* 

Trimethoprim 1* 5 <1 1* <2 8 19 2 2 57 

Lincomycin 2 71 9* 57 <7 46 31 41 20 16 

Sulfapyridine nd nd nd <3 <2 5* -- <2 2* 30 

Sulfadiazine nd nd nd <1 <1 3* -- 6 7 2 

Sulfamethoxazole nd nd nd nd nd 4 -- 6 nd 64+ 

Sulfamethazine 34 nd nd nd <1 4 -- 1* 27 27 

Sulfachlorpyridazine 50 nd 107 nd nd nd -- nd 23 nd 

Sulfadimethoxine nd 64 20 <3 nd <3 -- 4 nd 59 
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Appendix B: Supporting Information for Chapter 4 

B.1. Materials and Methods 

Table B.1. San Francisco sediment sampling sites and their respective GPS coordinates. 

Sample Site         GPS Coordinates 

BC11 37.82232768, -122.3492815 

BA10 37.46823888, -122.0639734 

BG20 38.05895268, -121.8143678 

BG30 38.02282086, -121.8083671 

BA41 37.55903527, -122.210577 

CB001S 37.87631112, -122.3615019 

CB002S 37.62508623, -122.3472116 

LSB001S 37.49183613, -122.0985143 

LSB002S 37.47912655, -122.0779838 

SB002S 37.61019366, -122.1673764 

SPB001S 38.07196053, -122.3865946 

SPB047S 38.00754627, -122.4580252 

SU011S 38.07633053, -122.1042465 
 

 

 

 

 

 

 

 

 

 

 

 

 

 


