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ABSTRACT

Pharmaceuticals and active ingredients from personal care products (PPCPs) include
prescription and over-the-counter drugs, sunscreen, fragrances, and soaps. Recently
researchers have detected PPCPs in surface waters, posing a threat to aquatic biota and
human health. These compounds can enter the environment through dumping, direct
excretion, or sewage effluent streams. We tested 14 water samples from East Pond, Great
Pond, and Long Pond in Maine for the presence of 23 different PPCPs. Of those, we only
detected significant levels of caffeine, 1,7-dimethylxanthine, and amphetamine all below
Iug/L. There were no significant differences between any of the three lakes for any of the
compounds. The levels of these three compounds were relatively similar to more urban
lakes, but the prevalence of discrete PPCPs was much lower, indicating low overall PPCP
pollution. Additionally, there was higher concentration of PPCPs detected at public boat
launches opposed to private residences. Due to our small sample size and the timing of
our sampling, further research should be directed towards gaining more samples around
the lake to gain a more holistic picture of PPCPs in the Belgrade watershed, particularly
during summer months when seasonal population increases could increase the abundance
and types of PPCPs present within the lakes. Additionally, detailed land use patterns of
the region and an assessment of PPCP concentrations in freshwater mussels could reveal

important PPCP consumption patterns and temporal trends around the watershed.
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INTRODUCTION

Maine is renowned for its natural landscapes and plethora of outdoor recreational
activities. Its lakes cover over one million acres and generate $3.5 billion dollars through
recreation, residential living, and tourism (Maine DEP). In order to maintain the health of
these resources, the Maine Department of Environmental Protection (DEP) and the Maine
Volunteer Lake organization have been dedicated to protecting Maine’s lakes since 1971,
utilizing both water quality specialists and citizen science (DEP 2013, McCullough et al.
2013). Due to the ecological and economic importance of the Belgrade Lakes to the
region and the state of Maine, it is vital to explore the different causes of water quality
decline and assess the risk to the aquatic ecosystems and local human populations
(Bowles 2010).

In the past few years, anthropogenic intensification and eutrophication have caused a
decline the water quality resulting in milfoil invasions, algal blooms, hypoxia, and fish
kills (Liang and Guillory 2015). Recently, researchers around the world have also begun
to explore pharmaceuticals and personal care products (PPCPs) as another category of
contaminant concern for freshwater ecosystems. This project aims to document the
prevalence of PPCPs in East Pond, Great Pond, and Long Pond, located in the Belgrade
Lakes Watershed in central Maine. We also aim to assess the possible risks to aquatic
organisms and human health associated with PPCPs at these concentrations (Bruton et al.
2010b).

Pharmaceuticals and Personal Care Products: A Growing Concern
Pharmaceuticals and personal care products (PPCPs) are cosmetics, drugs, or other

consumer products used to cleanse, beautify, or treat humans or animals (Nutrition Center



for Food Safety and Applied Food and Drug Administration 2015). Examples of PPCPs
include prescription and over the counter drugs, soaps, fragrances, solvents, non-ionic
and anionic surfactants, bleaches, dyes, and sunscreen agents (Caldwell 2015). In order to
achieve their desired effects, PPCPs contain chemical compounds that are specially
designed to interact with physiological systems (Boxall et al. 2012). These reactive
components have been shown to persist in sediments, soils, and surface waters
(Adolfsson-Erici et al. 2002, Benotti et al. 2009, Banerjee et al. 2016). Recent
technological advances, including solid phase extraction followed by liquid
chromatography-mass spectrometry, have allowed for detection of PPCPs in the ng/L
range in aquatic samples (Lam et al. 2004). Given the widespread use of PPCPs, it is
important to consider how we dispose of them and the possible effects on both the
environment and human health (Daughton and Ternes 1999, Enick and Moore 2007,
Schirmer and Schirmer 2008, Caldwell 2015).

Research on PPCPs as micro-pollutants, or pollutants found in the pg/L or ng/L range,
only began about 15 years ago. Most of the literature focuses on the presence of certain
compounds in sewage effluent, medical waste effluent, groundwater, drinking water,
landfills, and surface waters. Recently, researchers have also begun to study psychoactive
and illicit drugs in the environment. Large data gaps exist documenting the occurrence,
fate, or activity of PPCPs or their metabolites in any of these types of water (Kiimmerer
2009). Furthermore, there is no current data about the presence of PPCPs or their impacts

on the environment or human health in central Maine lakes.



Current Knowledge on PPCPs in the Environment

Sources of PPCPs

The majority of PPCPs found in aquatic systems are the result of consumer use,
excretion, disposal of unused products flushed down toilets, or from wastewater
treatment facilities (Caldwell 2015). Wastewater treatment facilities treat water, typically
from homes, manufacturing sites, or runoff, by removing suspended particles and
pollutants (Perlman 2016). Since neither municipal wastewater treatment plants, nor
onsite wastewater treatment systems (including septic systems) can effectively treat the
complex mixture of PPCPs present in sewage, PPCPs are often released directly into the
environment (Figure 1) (Jones et al. 2004, Vieno et al. 2005, Carrera et al. 2008, Benotti
et al. 2009, Schaider et al. 2013, Papageorgiou et al. 2016, Banerjee et al. 2016). For
example, a study of 18 different antibiotics in sewage treatment effluent demonstrated
that none of them were readily biodegradable (Alexy et al. 2004). Other sources include
aquaculture facilities and releases to soils and subsequently groundwater from bio solid
and manure application (Boxall et al. 2012). In aquatic ecosystems, sewage effluent is
often cited as the primary influence on detection frequencies and concentrations of

PPCPs (Fairbairn et al. 2016).

INDUSTRY
DOMESTIC HOSPITALS

HOUSEHOLDS I ANIMAL
Drinki Direct Discharge Co ine'd Dirogt FARMING
rinki i 7 T
Wat (Surface Water Sewers) Sewdd Discharge g I
7’
] . vy

Figure 1. Sources and pathways of the urban PPCP (Ellis 2006).



Some technologies such as the membrane-based bioreactors (MBRs) have the
potential to remove PPCPs from sewage effluent. Banerjee et al. (2016) found that MBR
treated sewage effluent could remove 98.56% of triclosan and 99.74% of surfactant. In
order to treat wastewater containing large amounts of biomass, MBRs add membrane
separation to traditional activated sludge processing. This additional step removes the
requirement for sedimentation, a problem for conventional treatment, and produces water
with fewer dissolved constituents like organic matter and ammonia (Santos et al. 2011).
Today, MBRs are primarily used for large-scale industrial, domestic, and municipal
wastewater treatment (Yang et al. 2006). Their effectiveness, especially on smaller
scales, is still not fully understood (Yang et al. 2006; Banerjee et al. 2016).

Ubiquity in the Aquatic Environment

PPCPs are frequently detected in freshwater samples from around the world, even in
supposedly pristine bodies of water (Vieno et al. 2005, Fairbairn et al. 2016, Banerjee et
al. 2016). For example, atrazine was detected in surface waters far from agricultural
application in the United States, with a drinking water treatment plant as the only known
source of contamination (Benotti et al. 2009). According to Benotti et al. (2009),
researchers have detected atrazine in food. Subsequent disposal of this food may be the
source of atrazine loading into the surface waters.

A national study spanning 139 streams in 30 different states found measureable
amounts of one or more medications in 80% of the water samples drawn. Of the types of
compounds tested, the most prevalent were steroids and nonprescription drugs. Detergent
metabolites had the highest percentage concentration in the locations detected (Kolpin et
al. 2002). Fairbairn et al. (2016) found that PPCPs like erythromycin, an antibiotic,

reached levels as high as 10 ug/L downstream of wastewater treatment plants. In another



study, Ferrey (2013) detected 56 different PPCPs and other chemicals downstream of a
wastewater treatment plant. Bodies of water close to intense urbanization or livestock
production are especially susceptible to PPCP contamination (Koplin et al. 2004). Since
these attributes are not characteristic of the Belgrade watershed, we would expect to see
lower concentrations of PPCPs in East Pond, Great Pond, and Long Pond.
Breakdown of PPCPs in Surface Waters

Once in the aquatic environment, PPCPs may be eliminated through processes such as
biodegradation, sorption, photodegredation, and sedimentation (Vieno et al. 2005). By
studying the persistence of eight different pharmaceuticals in aquatic outdoor field
microcosms, Lam et al. (2004) found that half-lives ranged from about 1 day with
acetaminophen, a pain reliever, to 82 days with carbamazepine, an anticonvulsant, in
sunlit microcosms of exposed pond water and natural autoclaved water. Over the 30 day
experiment, Lam et al. (2004) also found that these eight pharmaceuticals did not break
down in the dark control microcosms, suggesting that photodegradation, not
biodegradation, may be a limiting factor in their persistence.
Fluctuation in PPCP Prevalence

Researchers have also found that PPCP concentrations vary considerably with
seasonal or population changes. A study of 23 different stream locations in lowa showed
that organic wastewater contaminants, many of which are also PPCPs, varied with stream
flow (Koplin et al. 2004). Koplin et al. (2004) observed that organic wastewater
contaminant concentrations decreased as stream flow increased. Other studies have
attributed this phenomenon to reduced dilution, slowing the degradation processes of
PPCPs and allowing them to persist longer in aquatic environments (Musolff et al. 2009,

Luo et al. 2011, Veach and Bernot 2011). Koplin et al. (2004) also noted a correlation



between the frequent detection of methyl salicylate, a common ingredient in UV
sunscreens, and high summer temperatures.

PPCPs in aquatic ecosystems vary based on societal influences such as source
proximity and population fluctuations as well as physicochemical and environmental
influences. Fairbain et al. (2016) noted that increased PPCP concentrations have been
associated with cold, low flow conditions due to reduced degradation and in warm, high-
flow conditions due to increased wastewater treatment flow, reduced retention time and
removal efficiency. They also described the seasonal changes in agricultural herbicides in
surface waters, spiking in the early summer, when application rates and precipitation are
the highest. While studying the Aura River in Finland, located near a wastewater
treatment facility, Vieno et al. (2005) found that PPCP concentrations increased during
winter months and decreased during spring and summer months. Another study of the
Upper White River watershed in Indiana demonstrated the same seasonal trend with
increased PPCP concentrations in the winter and decreased concentrations in the spring
and summer months (Veach and Bernot 2011). A study of seasonal variation of
stimulatory drugs in the Llobregat River in Spain near a drinking water plant indicated
that nicotine, caffeine, and paraxanthine had the opposite trend, with the highest
concentrations detected in the spring and summer (Huerta-Fontela et al. 2008). These
studies demonstrate that there are several factors that contribute to PPCP concentrations,
which must be reviewed to predict their impact in aquatic ecosystems.

General Effects of PPCPs on Aquatic Organisms

PPCPs can have a variety of effects on biological processes in aquatic environments.

Some contain anti-bacterial or anti-fungal properties which are helpful in treating certain

infections and illnesses in humans or livestock, but can have dire consequences for



aquatic organisms, even those at high taxonomic levels, such as fish (Table 1)
(Kiimmerer 2004, Sumpter et al. 2006). Synthetic estrogen from birth control pills,
antihistamines from allergy medication, pain relievers like ibuprofen and acetaminophen,
anti-depressants, triclosan (an antimicrobial agent), caffeine, bisphenol A (found in
durable plastics), and illicit drugs, have been shown to have a wide range of biological
impacts, including lethal toxicity at very high concentrations, feminization of fish and
amphibians, and changes in bacterial communities in aquatic ecosystems (Crain et al.
2007, Drury et al. 2013, Ferrey 2013, Rosi-Marshall et al. 2015).

Most of the literature regarding PPCPs and their impact on aquatic organisms focuses
on the impacts of exposure at high concentrations, with a particular emphasis on
mortality. However, a number of significant sub-lethal effects including histological
changes, behavioral effects, biochemical responses, and gene regulation can occur at low
concentration (Klaper and Welch 2011). By synthesizing available information to
generate an effect level diagram for selected PPCPs in fish and invertebrates, Boxall et al.
(2012) describes the effects of some PPCPs at varying concentrations (Figure 2). They
demonstrated that the effect level for different organisms varies based on the level of
exposure (Boxall et al. 2012).

PPCPs can also alter the microbial communities of aquatic ecosystems. Microbial
communities serve as the basis of aquatic food webs, a resource for higher trophic levels,
and the decomposition of organic matter. Any disturbance in this microbial community as
a result of PPCP pollution could alter the structure of aquatic ecosystems (Shaw et al.
2015). Diphenhydramine, an antihistamine, has been shown to cause significant increases

in Pseudomonas sp. and decreases in Flavobacterium sp. in stream biofilms (Rosi-



Marshall et al. 2013, MedlinePlus 2015a). These studies demonstrate the importance of

considering PPCP prevalence when assessing lake health.
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Figure 2. Acute and chronic effects documenting the effects of PPCPs on certain
organisms (e.g., fish and invertebrate mortality, reproduction, and growth) (Boxall et al.
2012). Conversion: 1mg/L=1000ug/L.

General Effects of PPCPs on Humans
Scientists and health advocates have also drawn attention to the possible human
health implications of PPCPs. Persistent organic pollutants, many of which come from

PPCPs, are known to bio-accumulate in the food chain (Klaper and Welch 2011).



Widespread exposure to these pollutants through product consumption or use has been
linked to impaired neurodevelopment, immune and reproductive function, and endocrine
system disruption, causing inflammation, birth defects, and certain cancers. Even low-
level exposure to endocrine disrupting chemicals can impact fetal, neonatal, and
childhood development (Damstra 2002). Most of the data describing the impacts of
PPCPs on humans focuses on consumption or use of the initial PPCP, not environmental

exposure.

Table 1. Acute effects of selected pharmaceutical compound on aquatic organisms
(Enick and Moore 2007)

Chemical name Species Endpoint Concentration ~ Reference
measure (ug/L)
Acetaminophen  Daphnia magna Swimming 9200 Kuhn et al.
(water flea) ability 48 h (1989)
EC50
Ibuprofen Lepomis 1.5hLOEC 0.001 Reported in
macrochirus Significant De Lange
(bluegill decrease in et al.
sunfish) activity (2006)
Carbamazepine  Brachionus Reproduction 377 Ferrari et
calyciflorus 48 h NOEC al. (2004)
(rotifer)
Gemfibrozil Carassius 1) Plasma 1500 Mimeault et
auratus parameters al. (2005)
(goldfish) and 2)
Plasma
testosterone
levels by
50% after

14d exposure

Humans can also be exposed to PPCPs in water via direct contact from recreation or

through drinking water sources (Kiimmerer 2004). According to Jones et al. (2004),



pharmaceuticals from sewage effluent can cause drug-resistant pathogens in the water.
Exposure to these pathogens while recreating polluted bodies of water may have health
implications. Studies have shown that PPCPs are also prevalent in drinking water.
Loraine and Pettigrove (2006) studied parts of the Colorado River that were severely
impacted by septic systems and tested the river water entering and leaving a drinking
water treatment facility sourced from the Sacramento-San Joaquin River Basin. The pre-
treatment water contained phthalate esters, sunscreens, clofibrate, clofribic acid,
ibuprofen, triclosan and diethyltoluamide (DEET). The treated water, delivered to
humans for consumption, still contained many of these compounds, including di
(ethylhexyl) phthalate, benzophenone, ibuprofen, and triclosan, indicating that water
treatment facilities are unable to effectively or completely remove these compounds
(Loraine and Pettigrove 2006). In addition to surface water, groundwater is a widespread
source for drinking water, and thus, the prevalence of PPCPs in groundwater should also
be considered. According to the USGS, PPCPs can move from septic systems into
groundwater (Phillips et al. 2015). However, few studies have documented this
phenomenon. Exposure to high concentrations or chronic low levels could pose a

tremendous threat to human health.

The Study Area
Physical Characteristics of the Belgrade Lakes Watershed in Maine

The Belgrade Lakes watershed is a chain of seven lakes and ponds located in the
Kennebec River Valley region of central Maine. The watershed spans an area of 46,676
hectares (ha) across 13 townships including Augusta, Belgrade, Manchester, Mercer,

Mount Vernon, New Sharon, Norridgewock, Oakland, Readfield, Rome, Sidney,
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Smithfield, and Vienna, ME. There are two major flow paths through the lakes. The first
begins in Salmon Lake and McGrath Pond, flows through Hatchery Brook into Great
Pond, and then into Long Pond. The water then flows into Messalonskee Stream, and
empties into the Kennebec River. An alternative flow path beginning in East Pond travels
through the Serpentine Stream into North Pond and then drains via Great Meadows
Stream into Great Pond, followed by Long Pond, and lastly, Messalonskee Stream
(McCullough 2010, Figure 5).
Possible Sources of PPCP Pollution in the Belgrade Lakes Watershed in Maine

In the Belgrade lakes watershed, septic systems are the primary mode of sewage
treatment (Figure 3) (Reed and Haver 2015). Septic systems consist of a septic tank and
leach field. Septic tanks are watertight receptacles that are placed underground and
receive wastewater from the home. They account for 45% of the treatment of household
wastewater which involves settling particles to the bottom of the tank, trapping grease
and oils, allowing scum to rise to the top, and utilizing bacteria to break down some of
the solids. The effluent then flows onto a leach field, consisting of a bed of crushed
gravel and absorbent soil (Reed 1999, McDowell et al. 2005, Reed and Haver 2015). Its
ability to effectively treat sewage is highly dependent on soil type and hydrology as well
as maintenance (Cole and Firmage 1997). In Maine, residents are encouraged to pump
their septic tanks every 2-3 years for year-round residences or 4-5 years for seasonal
residences (O’Hara and Luoma 2015). However, there is no strict enforcement of these
policies, and many septic systems have not been updated or maintained in over 20 years
(Figure 3).

In assessing the presence and impact of PPCPs on the Belgrade Lakes, we must

consider the possible sources. Due to the high prevalence of PPCPs in sewage effluent

11



and infrequent maintenance of septic systems, their effluent provides a logical avenue for
pollution into the watershed. Schaider et al. (2013), found that working septic systems
were able to remove 99% of acetaminophen but less than 50% of carbamazepine.
Additionally, leaking septic systems due to a lack of maintenance, improper installation,
and overflow during storms can exacerbate the likelihood pollution (O’Hara and Luoma
2015). Phillips et al. (2015) detected numerous prescription pharmaceuticals, a floor
cleaner, detergent degradation products, fragrances, insect repellent, and sunscreen
additives downgradient1 of septic systems in New York and New England.

In recent years, the Belgrade Lakes watershed has undergone residential and
commercial development in response to a growing tourist population attracted to nature
and outdoor recreation (Burgess and Nelson 2009). These population and development
swells may impact the number of septic systems on the lake as well as the amount of
effluent that is discharged. As a result, septic tanks may serve as an increasingly

important source of PPCP pollution into the watershed.

I Down gradient is a term used to describe how groundwater flows under the ground,
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Septic system age

- No data

I >20 years old (1875 - 1996)
I Between 5 and 20 years old (1996 - 2008)

Figure 3. Septic systems coded by age in the Belgrade Watershed. Date refers to last
documents septic permit (Data collected from McCullough 2010).



Twenty-Three Common PPCPs

A number of PPCPs are prevalent in aquatic ecosystems and may have important
impacts on the environment and human health. This study focused on a pre-selected suite
of 23 common PPCPs (Table 2). Below is a review of the current literature of each
compound, its probable source, prevalence in aquatic ecosystems, and reported effects on
the environment and human health. Most of the available data on prevalence focuses
solely on sewage effluent or river water in densely populated areas. The literature
primarily documents effects on aquatic organisms and humans at high, lethal levels. Few
studies examine PPCP concentrations in more rural lakes, like those in the Belgrade
watershed, or the effects on organisms at chronic, low level exposures.

Stimulants: Caffeine, 1,7-Dimethylxanthine, and Cotinine

Caffeine is one of the most widely consumed drugs in the world, present in coffee, tea,
cocoa, and many pharmaceutical drugs for its stimulant and analgesic (pain-relieving)
effects (Bruton et al. 2010a). Agricultural runoff and landfill leachate may also be
important inputs (Figure 4) (Hollingsworth et al. 2003, Buszka et al. 2009, Bruton et al.
2010a). In humans, only a small fraction of caffeine is excreted as the unchanged
molecule. Most is excreted as 1,7-dimethylxanthine (paraxanthine) (Vanderveen et al.
2001). In areport of 50 randomly selected Minnesota lakes and rivers, Ferrey (2015)
found a maximum caffeine concentration of 0.067ug/L in some lakes.

Paraxanthine (1,7-dimethylxanthine) is one of the primary breakdown products of
caffeine. In humans, paraxanthine has many of the same effects as caffeine including
increased systolic blood pressure, plasma epinephrine levels, and free fatty acids
(Benowitz et al. 1995). Recent studies using polar organic integrative samplers, a passive

diffusion method, have detected concentrations of paraxanthine as high as 0.0234 ug/L
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upstream of a wastewater treatment plant to 0.0019 ug/L. downstream in receiving bodies
of water including rivers and creeks (Bartlet-Hunt et al. 2009). Driesen (2015) reported
concentrations of 1672 ug/L in the wastewater from the Experimental Center of Carrion
de los Céspedes in Seville, Spain. Caffeine has been shown to impact a number of
freshwater species including water flea intoxication, brine shrimp mortality, and growth
changes in the fathead minnow (Table 9) (Bruton et al. 2010a). In lentic biofilms,
caffeine can stimulate gross primary production by 39% (Shaw et al. 2015). The impacts
of 1,7-dimethylxanthine are not as well understood. One study reported an LC50 in the
Cladocerans order (water fleas), the concentration required to kill 50% of the population,

exceeding 100,000 ug/L (Fernandez et al. 2010).

Food, Beverages,
Pharmaceuticals

A

Human Consumption

Coffee &
Tea Grounds

| Effluent

Incineration

Rivers, Lakes, Coastal Waters, Ground Water
(Photolysis, Biodegradation)

-
: Water Environment
I
I
I

Figure 4. Caffeine routes into the environment (Bruton et al. 2010a).
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Cotinine is a breakdown product of nicotine. In humans approximately 70-80% of
nicotine is excreted as cotinine. Previous studies have found cotinine concentrations in
lake waters as high as 0.0421 ug/L (Benowitz et al. 1995, Ferrey 2015). The effects of
cotinine on aquatic organisms are not well understood. According to Crane et al. (2006),
the effects of cotinine should be similar to those of nicotine, which include binding to
nicotinic-Ach receptors, facilitating release of Ach, dopamine and glutamate
neurotransmitters in the water flea, Daphnia pulex. Other researchers have linked
cigarette butts in aquatic ecosystems to mortality in Daphnia species. Slaughter 2011
found an LC50 of one smoked cigarette butt per liter of water for Atherinops affins,
marine topsmelt, and Pimephales promelas, fathead minnow.

Over-the-Counter Medications: Acetaminophen, Cimetidine, Diphenhydramine,
Ibuprofen, and Naproxen

Acetaminophen is typically used for its analgesic and antipyretic (fever reducing)
properties. Humans excrete less than 5% of acetaminophen unchanged, the rest is
excreted as metabolites (Mazaleuskaya et al. 2015). Bartlet-Hunt et al. (2009) found
acetaminophen in all river and creek samples except for one site upstream and one site
downstream of a wastewater treatment plant. It was detected in all sewage effluent
samples except for one. Acetaminophen concentrations downstream of a wastewater
treatment plant reached 0.064 ug/L, compared to 0.0044 ug/L upstream (Bartlet-Hunt et
al. 2009). At very high concentrations, acetaminophen can be lethal to the zooplankton
Daphnia magna (Kim et al. 2010). Kim et al. (2007) found that in Daphnia magna, the
EC50 (the concentration of a drug that elicits a half-maximal response) was 8200 ug/L

after 96hours of exposure.
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Cimetidine is typically used to treat peptic ulcer disease in patients with renal failure
and gastro esophageal reflux disease, a condition in which a backflow of stomach acid
causes heartburn and damages the esophagus (MedlinePlus 2010). In a study of 9 patients
with normal renal function after a single intravenous dose of cimetidine, 47.3% was
excreted unchanged (Larsson et al. 1982). In surface waters in the Han River in South
Korea, cimetidine has been detected at levels as high as 5.38 ug/L (Choi et al. 2008), the
highest concentration reported in the world as of 2008. According to Shaw et al. (2015),
cimetidine can stimulate gross primary production in lentic biofilms by 46%. For
Daphnia magna, the predicted no effect level concentration (PNEC)?, or concentration
below which there is no effect, is 35 ug/L (Buth et al. 2007).

Diphenhydramine is used as an antihistamine, antiemetic, sleep aid, sedative, and
central nervous system depressant. In the human body, diphenhydramine breaks down in
gastrointestinal tract to a number of metabolites. Humans only excrete 1.9% of
diphenhydramine unchanged (Couper and Logan 2014). The Minnesota lakes report,
published in 2015, tested for different PPCPs in 50 lakes in Minnesota in 2008 and 2013.
They found that diphenhydramine reached levels of 0.0357 ug/L in 2008 (Ferrey 2015).
In lentic biofilms, exposure to diphenhydramine can decrease primary production by 24%
(Shaw et al. 2015). Xie et al. (2016) found that exposure to diphenhydramine at 21.7
ug/L caused enhanced swimming and decreased feeding rates in the crustacean Carassius

auratus.

2 PNEC:s are calculated using ECSAR Analysis, a computer program that predicts
toxicity based on the known acute toxicity of similar compounds in various aquatic
organisms (Buth et al. 2007).
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Ibuprofen is one of the world’s most widely consumed pharmaceuticals, used to treat
pain, inflammation, and fevers. It is almost completely broken down in the body with
little or no unchanged drug found in urine (Paiga et al. 2013, Mazaleuskaya et al. 2014).
A study of 42 water samples from Portugal found ibuprofen in landfill leachates,
wastewater treatment plant influents and effluents, hospital effluents, and surface waters.
In the surface waters of the Lima River, researchers detected concentrations of
0.723ug/L. Paiga et al. (2013) attributed these high concentrations to the widespread
consumption of ibuprofen among the Portuguese population, noting how wastewater
treatment plants, landfills, and hospitals were importance sources of pollution. They also
ran an environmental risk assessment on the concentration of ibuprofen leached from
landfills, concluding that it does pose a significant ecotoxicological threat to aquatic
organisms including fish, daphnids, and algae (Paiga et al. 2013). In a different study,
Daphnia magna exposed to levels of ranging from 0.5 ug/L to 50 ug/L of Ibuprofen
experienced a decrease in the total amount of eggs produced per female, total number of
brood per female, and body length (Wang et al. 2016).

Naproxen is an over the counter medication used to relieve pain, tenderness, swelling,
and stiffness caused by several different types of arthritis (MedlinePlus 2015b). Vree et
al. (1993) recovered 50.8% of unchanged naproxen in human urine. Naproxen is stable in
water for 14 days and can partially degrade in activated sludge (Qurie et al. 2014).
Naproxen can be fatal at high concentrations. The plankton B. calyciflorus has an LC50
(24h), lethal dose at which 50% of the population is killed, of 6248 ug/L. Daphnia
magna has an EC50 (48h), concentration of half-maximal response, of 1740 ug/L

(Ornelas et al. 2010).
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Prescription medications: Amphetamine, Carbamazepine, Gemfibrozil, Morphine,
Phenazone, Sulfamethoxazole, Trimethoprim, and Warfarin

Amphetamine and amphetamine-type stimulants, a larger class of drugs, are
psychoactive drugs that stimulate the central nervous system (De la Torre et al. 2004).
Physicians prescribe d-amphetamine for the treatment of ADHD, narcolepsy, and as an
appetite suppressant. Adverse effects include anorexia, weight loss, insomnia, and
addition (Heal et al. 2013). The number of ADD/ADHD stimulant prescriptions,
including amphetamine, has annually increased from 2007-2011 by 39%, from 34.8
million to 48.4 million prescriptions in the United States (NFLIS 2011). Amphetamine is
also commonly used as a recreational drug for its psych-stimulant effects on the central
nervous system (Heal et al. 2013). Amphetamine users experience increased alertness,
wakefulness, insomnia, energy, self-confidence, decreased appetite, enhanced mood,
well-being, and euphoria (De la Torre et al. 2004). According to the European
Monitoring Center for Drugs and Drug Addition (2013), 12.4% of young adults aged 16-
34 abused amphetamine in 2011-2012 in the UK. Methamphetamines may also be an
important source of amphetamines, which is a metabolite (Barnes et al. 2008).

In the Minnesota lakes report, amphetamines were detected at a maximum
concentration of 0.0291ug/L (Ferrey 2015). High levels of amphetamines have been
shown to impact microbial communities by altering chemotaxic responses in certain
bacteria, and stimulating behavioral changes, interfering with catecholamine production,
photosynthesis, and nitrogen capabilities in aquatic algae (Chet et al. 1973, Rosi-Marshall
et al. 2015). Although some effects in aquatic organisms have been described, there
appear to be large data gaps regarding how environmentally relevant levels of

amphetamines may be affecting aquatic ecosystems (Rosi-Marshall et al. 2015). Huerta-
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Fontela et al. (2008) have demonstrated that amphetamines can be effectively treated
through drinking water treatment processes.

Carbamazepine is an anticonvulsant for patients suffering from seizures (MedlinePlus
2012). More recently it has also been used to treat bipolar depression. Bertilsson and
Tomson (1986) found that 90% of a single oral dose was excreted in urine in the form of
metabolites. A screening of 27 different surface waters in Germany revealed
concentrations of 0.05 ug/L to 3.2 ug/L. Highest reported concentrations were those
found near wastewater treatment plants. In surface waters, carbamazepine degrades
slowly by photo-degradation with a half-life of about 100 days (Bahlmann et al. 2009).
Ecotoxicological studies have demonstrated that high carbamazepine can cause
immobilization of Daphnia magna, which had an EC50 of 0.11 ug/L3. For humans, the
predicted no observed effect level, generated using geo-referenced models PAATE™, of
carbamazepine through drinking water and fish consumption is 226,000 ug/L
(Cunningham et al. 2010).

Gemfibrozil is a lipid regulating agent prescribed to patients undergoing diet changes
to reduce their cholesterol or fat intake (MedlinePlus 2014, DailyMed 2015). Less than
2% 1is excreted unchanged in the urine (Citron Pharma LLC 2015). The maximum
concentration detected in the Minnesota Lakes study was 0.00207ug/L (Ferrey 2015).
Fang et al. (2012) detected gemfibrozil in influent, effluent, and groundwater. They noted
that land application of sewage containing gemfibrozil, following treatment in a

wastewater treatment plant, was a source of groundwater pollution. Studies of goldfish

3 Converted from 475 ug/M using a molecular weight of carbamazepine of 236.27 g/mol
(Kim et al. 2016b)
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reported that gemfibrozil between 1.5 ug/L and 1,500 ug/L taken up from the water
reduced plasma testosterone levels by 49-72% (Mimeault et al. 2005).

Morphine is an opiate prescribed for pain relief. Additionally, morphine is found in
poppy seeds and is a metabolite of heroin (Boleda et al. 2009). In the human body, less
than 10% is excreted unchanged (Buclin et al. 2009). Wastewater treatment plants can
remove up to 73% of morphine from untreated sewage (Boleda et al. 2009). In one
article, Zuccato and Castiglioni (2009) synthesized data on selected illicit drugs in
surface waters all over the world. They found that morphine levels ranged from zero ug/L
in Belgium to 0.010 ug/L in Germany. High levels of morphine have been shown to have
a stimulating effect on certain fish such as Macropodus opercularis, resulting in erratic
swimming and circling (Csanyi et al. 1984). Morphine has also been shown to reduce the
phagocytic activity in mussel hemocytes, potentially weakening the immune system
(Gagné et al. 2006). Little data exists on the ability of water treatment facilities to clear
morphine.

Phenazone is an analgesic and antipyretic administered as mouth and eardrops
(“Chemical: Drug antipyrine” 2016). In humans, approximately 3.3% is excreted
unchanged with the rest breaking down into 4-hydroxy-antipyrine, norantipyrine, 3-
hydroxymethl-antipyrine, and 3-carboxy-antipyrine (Danhof and Breimer 1979).
Reddersen et al. (2002) routinely detected phenazone in groundwater samples in Berlin,
Germany at 3 ug/L, suspected to have originated from a nearby pharmaceutical plant.
High levels of phenazone did not have any acute effects on fish, daphnia, or algae, but
chronic effects are still unknown. Redderson et al. (2002) also found that the treatment
process at the local water treatment plant was able to effectively remove 90% of

phenazone from the drinking water. The last 10% remaining in drinking water posed no
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toxicological threat for humans at such low concentrations (Reddersen et al. 2002).
Methodology for toxilogical threat assessment was not discussed.

Sulfamethoxazole and trimethoprim are used to treat bacterial infections in humans.
Physicians prescribe them individually or together in a drug called Sulfatrim (PharmGKB
2015). Sulfamethoxazole can also be used as an antibiotic agent for animals. Cribb and
Speilberg (1992) found that humans excrete 54% of ingested sulfamethoxazole
unchanged. In source and finished water sites from the Scioto River Basin in Ohio,
sulfamethoxazole was detected in 16 samples at levels below 0.005 pg/L (Finnegan et al.
2010). Humans metabolize trimethoprim, another antibiotic, and excrete 80% unchanged.
The Minnesota lakes report found trimethoprim at a maximum concentration of 0.00175
ug/L in 2013 (Ferrey 2015). Liguoro et al. (2012) found that high levels of trimethoprim
caused growth inhibition in Lemna minor, swimming activity inhibition in Poecilia
reticulata, and reproduction and growth inhibition in Daphnia magna. However,
researchers concluded that environmental concentrations below 1 ug/L are unable to
evoke appreciable biological effects in various aquatic organisms (De Liguoro et al.
2012).

Warfarin is an anticoagulant, commonly administered to patients with deep vein
thrombosis, atrial fibrillation, and recurrent stroke or heart valve prosthesis. Less than 1%
is excreted unchanged in the urine and none is found in the faces (Merad 1988). Carmona
et al. (2014) detected warfarin in wastewater treatment effluent, surface water, and
drinking water in the Turia River basin in Spain. They cited septic systems, domestic
solid wastes, wastewater treatment plants, commercial-industrial discharges, and animal
agriculture as possible source of warfarin pollution into these bodies of water. In surface

water, warfarin levels reached 0.015 ug/L, which was consistent with levels detected in
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other surface waters in Spain. Little data from either toxicity or QSAR studies regarding
the effects of warfarin on aquatic organisms. In regards to human health, Carmona et al.
(2014) also noted low level warfarin contamination in mineral and drinking waters,
posing a possible threat to human health.

Recreational Drugs: MDA, MDMA, and Methamphetamine

MDA (Methylenedioxyamphetamine) is a psycho-stimulant that can be consumed
directly as a drug of abuse or result from the metabolism of MDMA (Huerta-Fontela et
al. 2008, Medline Plus 2016). Zuccato and Castiglioni (2009) found MDA in
concentrations ranging from zero ug/L in Belgium, Germany, and Ireland, to 0.010 ug/L
in the Llobregat River in Spain. According to Huerta-Fontela (2014), MDA, along with
other amphetamine-type stimulants, were removed through conventional water treatment
processes. The effects of MDA have not been thoroughly researched and large data gaps
remain regarding aquatic biota and human health (Huerta-Fontela et al. 2008).

MDMA (methylenedioxyamphetamine, also known as ecstasy) is another psycho-
stimulant. Humans excrete about 15% of MDMA unchanged (Abraham et al. 2009).
Zuccato and Castiglioni (2009) found concentrations ranging from 0.0011ug/L in Italian
rivers to 0.003ug/L in Spain’s Llobregat River. MDMA has also been detected in
drinking water sources in Spain. Huerta-Fontela (2008) found that MDMA is not
effectively removed during regular water treatment. This may raise some concern for
human health via drinking water. A large data gap exists for the effects of MDMA on
aquatic organisms and humans at all levels of exposure.

The last recreational drug is methamphetamine. Recently, headlines have described
the discovery of methamphetamine laboratories all over the state of Maine, including the

Belgrade watershed (Burns 2015). Methamphetamine is a psycho-stimulant and a
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sympathomimetic* drug. Researchers have found that humans excrete 40-50% of
methamphetamines unchanged (Toxnet 2016). In the Zuccato and Castiglioni (2009)
study, methamphetamines were detected at low levels around 0.0001 ug/L in surface
waters in Spain and Italy. Researchers have demonstrated that biological mechanisms are
the predominant method for degradation of methamphetamine, which is photo-stable
(Bagnall et al. 2013). Methamphetamine at levels of 45 ug/L to 450 ug/L> has also been
shown to enhance memory in Lymnaea stagnalis, a pond snail, in laboratory experiments
(Kennedy et al. 2010). It is unknown water treatment facilities can remove
methamphetamines from water.
Agricultural or Veterinary Chemicals: Sulfamethazine, Sulfrachlorpyridazine, and
Thiabendazole

Sulfamethazine is an antimicrobial and antibacterial agent used in veterinary medicine.
Sulfamethazine is typically excreted in the urine as a combination of the unchanged
compound and several metabolites (Bevill et al. 1977). It is not used in human
medication. Manured fields are a point source of pollution for sulfamethazine in surface
waters (Hirsch et al. 1999). According to Carstens et al. (2013), sulfamethazine has a 2.7-
day half-life in pond water, broken down by photodegredation and sorption to sediment.
Carstens et al. (2013) found sulfamethazine in 26 out of 52 surface water samples at
levels as high as 0.48 pg/L. Another study found that Daphnia magna had a NOEC, no

observed effect level, of 3,300 pg/L. Concentrations exceeding this caused growth

4 Sympathomimetic drugs produce physiological effects similar to those caused by the
activity or stimulation of the sympathetic nervous system.

5 Converted from 0.3 umol™ and 3.3 umol™ using a molar mass for methamphetamine,
150g/mol.
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inhibition, immobilization, and reproductive problems after exposure from 96 hours to 7
days (Ji et al. 2012).

Sulfrachlorpyridazine is a broad-spectrum sulfonamide antibiotic used in swine and
cattle industries. In a study of 20 river waters samples from River Trent at Shardlow,
Derbyshire, UK, no sulfrachlorpyridazine was found (Blackwell et al. 2004). Few
literature sources describe sulfrachlorpyridazine in surface waters or their effects on
aquatic ecosystems or human health. Only one study explored the presence of
sulfrachlorpyridazine in seafood and found that exposure to 0.020ug/L had a 91.2%
recovery rate (Gehring et al. 2006).

Thiabendazole is a fungicide and parasiticide primarily used in veterinary medicine
and agriculture. In humans, little thiabendazole is excreted in either urine or feces
following metabolism. Runoff is a likely source. In surface waters in the Suerte River
Basin in Costa Rica, nearby several banana plantations, researchers reported a range of 1
ng/L to 3 pg/L (Castillo et al. 2000). In Trenton, New Jersey, a more urban environment,
researchers found concentrations of thiabendazole below 0.0011 pg/L in sewage effluents
(Albrecht and Franco-Paredes 2014, Kim et al. 2016a). In a review of thiabendazole as a
potential seed treatment, Moore et al. (2006) noted that thiabendazole is persistent and
immobile in aquatic environments. Its only mode for degradation is photolysis. Moore et
al. (2006) also reported that rainbow trout and bluegill sunfish had a NOAEC of 12 pg/L
and Daphnids had an EC50 310 pg/L. Thiabendazole was shown to interfere with growth
and reproduction of these organisms. According to the US EPA (2014), data gaps exist
for the effects on aquatic plants (Moore et al. 2006). The US EPA Re-registration
Eligibility Decision (RED) (2002) concluded that the presence of thiabendazole in food

or drinking water does not pose a threat to humans.
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Other compounds: Triclosan

Triclosan is a common antibacterial agent, has been found in soaps, has been detected
in river water, groundwater, sediments, biota samples of fish, and human breast milk
(Adolfsson-Erici et al. 2002, Banerjee et al. 2016). In the Minnesota lakes report,
triclosan was detected at a maximum concentration of 0.00575ug/L. High levels of
triclosan have also been shown to cause sub-lethal effects in certain fish including jaw
locking, quiescence, and erratic swimming movements, which can significantly affect
their ability to obtain food and evade predators (Orvos et al. 2002, Fritsch E. Werner I.,
Davies R., Beggeli S., Feng W., Pessah 1. 2013). Triclosan is also a significant
environmental source of dioxins, which are unintentional byproducts of organochlorines
manufacturing that have carcinogenic and endocrine-disrupting properties (Ferrey 2015).
Project Goals

This project aims to examine for the first time whether the Belgrade Lakes are
contaminated with PCPPs. We will measure of a suite of 23 different PPCPs (Table 2) in
three Belgrade Lakes, model how PPCP concentrations relate to other stressors in aquatic
ecosystems, such as nutrient loading from septic systems, and to characterize possible
threats to public health, either through drinking water or recreation. We will determine if
these compounds are present, what concentrations they are in, and if there is any variation
between the lakes. Based on the toxicity of the compounds present, we will assess if there
may be any concern for the possible impacts on health of aquatic ecosystems or humans.
We hypothesize that lakes with higher septic system and cesspool density and low

residence time or flushing rate will have the highest rates of PPCP concentrations.
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Table 2. The 23 compounds tested for using liquid chromatography-gas spectrometry,

positive ion detection and their common uses. An asterisk denotes negative ion detection.

Chemical name

Common Uses

STIMULANTS AND METABOLITES

Caffeine
1,7-dimethylxanthine

Cotinine
OVER THE COUNTER MEDICATIONS
Acetaminophen
Cimetidine
Diphenhydramine
Ibuprofen*
Naproxen*
PRESCRIPTION MEDICATION
Amphetamine
Carbamazepine
Gemfibrozil*
Morphine
Phenazone
Sulfamethoxazole
Trimethoprim
Warfarin*
RECREATIONAL DRUGS
MDA
MDMA

Methamphetamine

Stimulant
Caffeine metabolite

Cigarettes

Pain and fever

Ulcers, GERD

Hay fever, allergies, common cold
Pain, tenderness, swelling, stiffness

Pain, tenderness, swelling, stiffness

ADD, Narcolepsy

Seizures and epilepsy

Reduce cholesterol and triglycerides
Severe pain

Ear pain and swelling

Antibiotic

Antibiotic

Prevent blood clots

Psychoactive drug
Psychoactive drug

Psychoactive drug

AGRICULTURAL OR VETRINARY COMPOUNDS

Sulfamethazine

Sulfrachlorpyridazine

Thiabendazole
OTHER DRUGS

Triclosan*

Antibacterial agent for farm animals
Antibiotic for swine and cattle

Fungicide

Antibacterial agent
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Study Sites

East Pond, Great Pond, and Long Pond, three lakes within the Belgrade watershed,
have recently undergone high development density and increasing year-round use of lake
homes (Burgess and Nelson 2009). East Pond covers 1,823 acres and has an average
depth of 18m. Great Pond covers 8239 acres and has an average depth of 21m (Michael
H. 1996). Long Pond covers 1334 acres in the northern basin and 1334 acres in the

southern basin. Long Pond has an average depth of 8m (Table 3).

Table 3. General characteristics of the Belgrade Lakes (McCullough 2010)

Lake Watershed Lake Mean depth Volume (m’) Flushing rate
Area (ha) Surface (m) (flushes/year)

Area (ha)
East Pond 1060 677 5.48 33,848,120 0.29
Great Pond 21471 3313 6.40 209,160,000 0.52
Long Pond 6232 1043 10.67 81,113,391 3.70
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MATERIALS AND METHODS

Sample Collection
We collected samples at 14 different sites, selected to provide a spatially diverse

sampling of each lake, while taking into account property access, due to the large number
of private properties in the region. Distance between sampling sites was also considered
to ensure that sites were far enough apart to be considered independent measures of PPCP
compound concentrations within a lake. The smallest distance between sampling sites
was approximately 840 m. Collection occurred on December 11, 2015 and December 14,
2015. We sampled a total of five sites on East Pond, six on Great Pond, and three on
Long Pond. We collected samples anywhere from 2 ft. to 40 ft. offshore where the water
was approximately 1 m deep (Figure 5). We collected samples in either new, pre-cleaned,
amber glass bottles or reused amber glass bottles rinsed with methanol (Appendices 1, 2).
During collection, we rinsed each bottle three times with lake water and then filled them
by inverting the bottle into the water about 6 inches beneath the surface. After collection,
we stored the samples in a cooler until returning them to the laboratory, where we
refrigerated them at 2 C degrees until extraction.
Solid Phase Extraction

Like many other researchers testing PPCPs in environmental waters, I performed on-
site solid phase extraction (SPE) to prepare the samples for liquid chromatography-mass
spectrometry (LC-MS) three to six days following collection (Roberts and Thomas 2006,
Paiga et al. 2013, Papageorgiou et al. 2016). Using vacuum filtration, I ran the samples
through a 25mm GMF (glass microfiber, 1um nominal pore size) filter into an SPE
cartridge. Prior to each run, I washed the system with 5-10mL of methanol followed by

5-10mL of deionized water. I ran the samples at an average flow rate of 4.26mL/min
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(Appendix 1). Afterwards, I removed the cartridges and refrigerated them at

approximately 2 degrees C.

Cartridge Processing

Following solid phase extraction, I shipped the samples to the Director of Laboratory
Services, Dan Snow at the Water for Food Laboratories at the University of Nebraska for
liquid chromatography-mass spectrometry analysis followed by positive and negative ion

detection for a suite of 23 different compounds common in PPCPs (Table 2).

A Suite of 23 compounds Commonly Found in PPCPs

The 23 different compounds tested for are found in a wide variety of PPCPs and are
frequently detected in surface waters. Director Snow tested water samples for three
stimulants (caffeine, 1,7-dimethylxanthine, and cotinine), five over-the-counter
medications (acetaminophen, diphenhydramine, cimetidine, naproxen, and ibuprofen),
three agricultural or veterinary chemicals (sulfamethazine, sulfrachlorpyridazine,
thiabendazole), eight prescription medications (sulfamethoxazole, trimethoprim,
carbamazepine, d-Amphetamine, morphine, phenazone, gemfibrozil, and warfarin), three
recreational drugs (MDMA, MDA and methamphetamine), and one other drug (triclosan)

(Table 2).

Data Analysis

I used RStudio version 0.99.484 to analyze the data (RStudio 2015). First, I compared
concentrations of the 23 PPCP compounds among lakes (East Pond, Great Pond, and
Long Pond) using a one-way ANOVA (Analysis of Variance) followed by a Tukey HSD
test. A Bonferroni corrected alpha value of 0.0016 was used to determine significance. |

then generated a plot of the concentrations of each compound detected against the other
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® Sampling Sites Great Pond

|:| Belgrade Lakes Watershed East Pond

Figure 5. Sampling sites and flow path for the Belgrade Watershed generated using
ArcGIS. (Belgrade lakes shape file from McCullough 2010, sampling site coordinates
from GoogleMaps 2016).
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compounds (caffeine and 1,7-dimethylxanthine, caffeine and amphetamine, 1,7-
dimethylxanthine and amphetamine) using Microsoft Excel 14.6.2. To quantify the linear
relationships observed in the plots, I then ran a linear regression for each pair in RStudio
and recorded the adjusted r* and p-value. I also generated a correlation matrix using the
Pearson correlation, another measure of linear relationships, for the three detected
compounds.

In order to help isolate hotspots for PPCPs within the watershed, I also classified each
sample site as a year round residence, seasonal residence, or a public boat launch. I
generated a bar chart of the concentration of each detected compound at each sample site
color coded by land use. Next, I then ran a one-way ANOVA comparing a given
compound concentration with the land use classification. I also generated a bar chart of
for the average concentrations for all 3 lakes organized by land use type with error bars to

denote significant differences.
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RESULTS

In our 14 samples from East Pond, Great Pond, and Long Pond, we detected 3 of 23
compounds above the detection limit: caffeine, 1,7-diethmethylxanthine (a caffeine
metabolite), and amphetamine (Figure 6, Table 4). Caffeine was detected in all 14
samples and with a maximum concentration of 0.021 ug/L and an average concentration
of 0.006 ug/L. We detected 1,7-dimethyxanthine in 8 out of 14 samples, with the highest
concentration at 0.013 ug/L and an average concentration of 0.003 ug/L. Lastly, we
detected amphetamine in all 14 samples with a maximum concentration of 0.0100 ug/L
and an average concentration of 0.003 ug/L. We also detected cotinine at one site at the
detection limit of 0.002 ug/L. However, since the average amount of cotinine within the
samples was below the detection limit, it was not included in the following analyses. The
other 19 of the 23 compounds that we tested for yielded nonzero results well below
detection limit (Figure 6).

The one-way ANOVA of the each detected compound among East Pond, Great Pond,
and Long Pond revealed that there was no significant difference in concentrations of
caffeine, 1,7-dimethylxanthine, or amphetamine between the three lakes. All p-values
exceeded the Bonferroni corrected alpha value of 0.0016 (Table 5). Further analysis
comparing the physical (lake size and flushing rate) or anthropogenic characteristics
(septic system prevalence and age) among East Pond, Great Pond and Long Pond was not

preformed (Figure 3, Table 3).
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Figure 6. Average concentrations of target compounds. The red line indicates the
detection limit for the positive ion analysis, 0.002 pg/L. The asterisk (*) signifies
compounds detected using the negative ion analysis, which has a detection limit of 0.005
ug/L (n=14 samples).

Table 4. Watershed wide average and maximum concentrations for the 4 detected
compounds in East Pond, Great Pond, and Long Pond. All concentrations are in pg/L.

‘Samples’ denotes the number of samples that each compound was detected in.

Caffeine ]1)’;;16 thylxanthine Cotinine Amphetamine
Average 0.006 0.0025 0.002 0.003
Maximum 0.021 0.013 0.002 0.01
Samples (n=14) 14 8 1 14
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Table 5. Tukey HSD p-values between lakes for compounds with concentrations above

the detection limit. All p-value exceed 0.0016, the Bonferroni corrected level of

significance.
Compound GP-EP LP-EP LP-GP
1,7-dimethylxanthine 0.461 0.887 0.839
Caffeine 0.693 0.624 0.961
Amphetamine 0.728 0.169 0.393

Plots of the concentrations of each compound detected against the other in conjunction
with a linear regression analysis indicated a linear trend for each pair of compounds
(Figure 7, 8, 9). I found an adjusted r* value of 0.8737 with p-value 5.973*107 for
caffeine and 1,7-dimethylxanthine (Figure 7), an adjusted 1* value of 7.06*10” with a p-
value 2.152*107 for caffeine and amphetamine (Figure 8), and an adjusted r* value of
0.5988 with a p-value 0.000706 for 1, 7-dimethylxanthine and amphetamine (Figure 9).
All p-values were below the accepted level of significance (p=0.05). The relationship
between caffeine and its metabolite 1,7-dimethylxanthine was the strongest. The
correlation matrix further supports the linear relationship between all three compounds
(Table 6).

Land use categorization and spatial distribution of these three compounds revealed
that the highest concentrations were detected at two of the three boat launch sites tested
and at one seasonal residence (Figure 10, 11, 12). An ANOVA of the land use
categorization with each compound indicated that the differences for caffeine and 1,7-
dimethylxanthine were insignificant and the difference for amphetamines was marginally

significant (Table 7).
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Figure 7. Linear relationship between Caffeine and 1,7-Dimethylxanthine, a metabolite of
caffeine (Adjusted r’=0.8737, p-value 5.973*107).
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Figure 8. Linear relationship between caffeine and amphetamine. (Adjusted 1* value =
0.7722, p-value 2.152*10™).
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Figure 9. Linear relationship between 1,7-Dimethylxanthine and amphetamine (Adjusted

1 = 0.5988. p-value 7.06*10™).

Table 6. Correlation matrix calculated using Pearson’s correlation coefficient.

Caffeine 1,7- Amphetamine
Dimethylxanthine
Caffeine 1.00 0.940 0.889
1,7- 0.940 1.00 0.793
Dimethylxanthine
Amphetamine 0.889 0.793 1.00

An average of the concentrations from all sites categorized by land use for each

compound supported this trend of higher PPCP concentrations at boat launches than both

year round or seasonal residences. Error bars denoting standard deviation also highlight

that in our small sample pool, this difference is not significant (Figure 13).
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Table 7. Results of one-way ANOVA for each compound and land use. All values

exceed the standard level of significance, alpha = 0.05.

Compound P-value

Caffeine 0.15
1,7-Dimethylxanthine 0.165
Amphetamine 0.0627
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Figure 10. Concentration of caffeine at each sample site categorized by land use type.
Blue signifies year round residences, red signifies public boat launches, and green

signifies seasonal residences.
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Figure 11. Concentration of 1,7-dimethylxanthine at each sample site categorized by land
use type. Blue signifies year round residences, red signifies public boat launches, and

green signifies seasonal residences.
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Figure 12. Concentration of amphetamines at each sample site categorized by land use
type. Blue signifies year round residences, red signifies public boat launches, and green

signifies seasonal residences.
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signifies seasonal residences.
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DISCUSSION

Of the 23 compounds that we tested for, only 3 were above the detection limit and one
was close. The other 19 compounds were nonzero but well below the detection limit. All
23 compounds have been previously detected in either sewage water effluent, surface
waters, or river waters (Koplin et al. 2002, Zuccato and Castiglioni 2009, Ferrey 2015,
Fairbairn et al. 2016). The low concentrations and lack of discrete PPCPs in the Belgrade
Watershed may be attributed to its distance from commonly cited sources such as
municipal wastewater treatment plants, urban centers, or large industrial or agricultural
sites (Buerge et al. 2006, Carmona et al. 2014). The nearest wastewater treatment plant to
any of our sample sites is about 10 miles away (GoogleMaps 2016).

As sewage effluent from wastewater treatment plants was reported to be a significant
driver of PPCP concentrations in more urban watersheds, we hypothesized that septic
systems may be an important source of pollution into the Belgrade watershed. Despite the
prevalence and age of shoreline septic systems in the region, the number of discrete
PPCPs in the Belgrade watershed is much lower than those detected in more urban
environments or nearby wastewater treatment plants (Figure 3). Of the 11 lakes explicitly
mentioned in the Minnesota lakes report, six were noted to have septic input rather than
an urban sewer system. These lakes have comparable numbers of unique PPCPs to those
found in the Belgrade watershed, but higher concentrations of certain compounds (Table
8) (Ferrey 2015). Unlike Ferrey et al. (2015), we did not detect diphenhydramine or
triclosan in any of our samples.

Interestingly, these low numbers of unique PPCPs are not universal among septic

system areas. According to Loraine et al. (2009), who studied parts of the Colorado River
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severely impacted by septic systems, they detected esters, sunscreens, clofibrate, clofribic
acid, ibuprofen, triclosan and diethyltoluamide (DEET). Some of the variation between
these septic influenced watersheds may be attributed to varying consumption patterns
throughout the United States. Lentic and lotic ecosystems may also contribute to these

discrepancies.

Table 8. Lakes categorized with septic input of PPCPs and the concentrations of
compounds in our suite of 23 chemicals present in each lake from the Minnesota lakes
report on PPCP prevalence in comparison to our Belgrade Lakes results. Ferrey et al.
(2015) reported concentrations in 2008 and 2013. The highest concentration is recorded
here (Amphet = Amphetamine). Maximum concentrations are also recorded for the
Belgrade watershed. Since the Minnesota lakes report did not test for 1,7-

Dimethylxanthine, it was omitted from this table.

Lake Caffeine Amphet. Cotinine  Diphenhydramine  Triclosan
Belgrade 0.021 0.003 - - -

White Sand - - 6.9 - -

Red Sand - - 3.6 14 5.8
Sullivan - - 6.1 - -

Stewart <15.2 - 1.83 - -
Shingobee <15 291 - 35.7 -
Kabetogama - - - - -

Caffeine

Although caffeine is relatively well metabolized in the human body, with only about
0.5-10% excreted in urine, its prevalence in our samples is not surprising (Ferreira 2005).
As with other PPCPs, the primary mode of input into the environment is sewage, a result
of excreted caffeine through urine or feces as well as from unconsumed caffeinated
products from washing machines, dirty dishes, or coffee and tea appliances (Figure 13).

According to Buerge et al. (2006), 16,000 ug/person day™' of caffeine ends up in raw
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wastewater. Its widespread consumption in conjunction with its high loads in wastewater
can help explain their ubiquitous prevalence in the Belgrade Lakes and other aquatic
ecosystems (Ferreira 2005, Buerge et al. 2006, Benotti et al. 2009, Sun et al. 2016).
Recently, researchers have used caffeine and its metabolites as long-term tracers of
municipal wastewater into lacustrine (lake) systems (Benotti et al. 2009). Edward et al.
(2015) noted that caffeine’s insignificant volatility, water solubility due to its low
octanol-water coefficient, and long-half life, between 10 and 20,000 years, make it a
good chemical marker of anthropogenic pollution. Wastewater treatment influents
contained levels as high as 72 ug/L (Buerge et al. 2003). Edward et al. (2015) reported
caffeine concentrations up to 6.8 ug/L, with an average concentration of 2.0 ug/L in
surface waters in Barbados, West Indies (Buerge et al. 2006, Edwards et al. 2015). In
Swiss Lakes and rivers, Buerge et al. (2003) detected caffeine in almost every sample, at
concentrations ranging from 0.006 ug/L to 650 ug/L. Remote mountain lakes were the
only exception with concentrations below 0.002 ug/L. Compared to these studies, the
Belgrade Lakes concentrations are closest to those detected in remote mountain lakes

(Table 9).

Table 9. Comparison of caffeine concentrations in the Belgrade Lakes watershed to other
bodies of water around the world.

Concentration (ug/L) Type of water Source
Maine Avg: 0.006, Max: 0.021  Lakes This study
West Indies Avg: 2, Max: 6.8 Surface water Edward et al. 2015
Switzerland ~ Range: 0.006 to 650 Lakes Buerge et al. 2003
Switzerland <2 Remote lakes Buerge et al. 2003
Switzerland ~ Range: 7 to 73 WWTP Effluent Buerge et al. 2003
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However, its presence in all 14 samples and its long half-life due to slow
photochemical degradation merits consideration of the possible aquatic and human health
effects (Figure 14) (Buerge et al. 2006). Moore et al. (2008) studied the responses of
Ceriodaphnia dubia, Pimephales promelas, and Chironomus dilutes, three common
freshwater organisms found in lakes, to caffeine. After exposing each organism to various
concentrations of caffeine from zero ug/L to 200,000 ug/L, they observed acute
responses including impaired reproduction and growth after 48-hours. Moore et al.
(2008) concluded that environmental concentrations of caffeine pose a negligible risk to
aquatic vertebrate and invertebrate organism. In a different study, Aguirre-Martinez et al.
(2015) found that exposure to caffeine at 0.10 pg/L to 50 ug/L over the course of 14 days
caused general stress and changes in certain biomarkers in C. fluminea, more commonly
known as the Asian clam. Bruton et al. (2010) also described a number of effects on
aquatic organisms in both freshwater and sea water ecosystems (Table 10). The levels we
found in the Belgrade watershed were well below those shown to have a significant effect
on aquatic biota.

Caffeine has also been shown to impact aquatic ecosystems on a microbial level
(Shaw et al. 2015). Gibson et al. (2009) performed aquarium experiments looking at the
effects of caffeine on Pseudomonas, a bacterium commonly found in aquatic habitats. In
response to caffeine, they observed increased growth, bacterial colony count, and the
development of a bio-film like sheen on the glass of the experimental aquarium. Gibson
et al. (2009) also observed that increased ammonia concentrations correlated with the
metabolic activity of the bacteria, which is highly toxic to fish. Shaw et al. (2015) found

that caffeine stimulated gross primary production by 39% in algal biomass after 21 days
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in agar with 3.73*10° ug/L6. However, researchers concluded that these changes in the
microbial community do not significantly impact the ecosystem as a whole (Moore et al.

2008, Rosi-Marshall et al. 2015).

Table 10. Some effects of caffeine in aquatic species (Bruton et al. 2010a).

Name Effect Caffeine Exposure  Media

(ug L) Duration type

African clawed frog  Growth change 1.1E-1 4d Fresh
(42) water
African clawed frog  Mortality 2.7E-1 4d Fresh
(42) water
Water flea (42) Intoxication 1.6E+5 1d Fresh
water

Brine shrimp (42) Mortality 3.5E+6 1d Fresh
water

Fathead minnow Growth change 7.0E+4 5d Fresh
(42) water
Fathead minnow Mortality 7.2E+5 5d Fresh
(42) water
Rotifer (42) Mortality 4 7E+6 1d Fresh
water

Hydra (43) Cellular damage 2.0E+2 48 h Fresh
water

Coral reefs (44) Bleaching 3.0E+4 10-40 d Sea
water

Sea Urchin eggs Oxygen uptake 2.1-9.7E+5 2-3 h Sea
(39, 40) inhibition water

Green algae (45) Inhibition of 2.0-3.0E+5 1-12 h Sea
dicytosome water

vesiculation

Sea anemone (46) Alteration of protein 4 9E+6 25h Sea
phosphorylation water

In humans caffeine is typically consumed as a socially acceptable stimulant. Some

studies have identified adverse human health such as general toxicity and cardiovascular

6 Conversion from 2.5mM using a molar mass for caffeine of 149g
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effects from consuming caffeine products. These effects are only associated with levels
above a moderate consumption of 4.0 * 10° ug/day (Nawrot et al. 2003). As a result, low
concentrations of caffeine in the Belgrade watershed through drinking water or recreation
do not likely pose a direct threat to human health. In regards to indirect effects,
pathogenic bacteria may raise some concern. Linden et al. (2015) found that there was
weak correlation between the caffeine and fecal coliforms in the Sinos River watershed in
Brazil. However, other researchers have not been able to correlate the two (Jagoda et al.
2015).

These studies suggest that caffeine at the levels detected in the East Pond, Great Pond,
and Long Pond pose a negligible acute risk to the environment and human health.
However, most researchers focus on high levels of contamination. Little is understood
about chronic exposure to low levels of caffeine in aquatic ecosystems. Efforts should be
made to reduce caffeine inputs into the Belgrade Lakes on the basis of the precautionary
principle, reducing the risk of potential harm from widespread caffeine even without a

complete scientific basis.

1,7-Dimethylxanthine (Paraxanthine)

The compound 1,7-dimethylxanthine, also known as paraxanthine, is one of the
primary breakdown products of caffeine. The high consumption of caffeinated consumer
products and the fact that caffeine is well metabolized in the body can help explain its
prevalence in the Belgrade watershed. About 80% to 84% of caffeine undergoes
demethylation into 1,7-dimethylxanthine (Fernandez et al. 2010, Thorn et al. 2012,
Driesen 2015). Paraxanthine is extremely prevalent in sewage effluent. Ferndndez et al.

(2010) found ubiquitous paraxanthine at concentrations ranging from 0.0003 pg/L 0.0278
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ug/L in the Henares-Jarama-Tajo River, one of the most densely populated areas of
Spain, lined with wastewater treatment plants. Interestingly, the concentrations detected
in the Belgrade lakes paralleled these concentrations. In regards to aquatic organisms, one
pharmokinetics study reported that the metabolism of paraxanthine in tilapia is
concentration-dependent (Gomez-Martinez 2011). Like caffeine, responses in humans are
seen on a magnitude of mg/kg (Benowitz et al. 1995). It is unlikely that paraxanthine at

these concentrations has any direct influence on human health.

Amphetamine

Unlike caffeine, amphetamine is not pervasive in our consumer products. Rather, in
the United States, amphetamine is a “Controlled Drug,” prescribed only for the treatment
of ADHD, narcolepsy, and as an appetite suppressant. Amphetamine is also a recreational
drug and a breakdown product of methamphetamine. As a result, it is surprising that
among all of the prescription and over the counter medications we tested, many of which
are much easier to obtain, we only found significant levels of amphetamine in Belgrade
watershed. In 2001, the National Drug Intelligence Center reported that
methamphetamine is not a significant threat in the Maine (National Drug Intelligence
Center 2001). As of 2013, 1 in 20 Maine high school students reported using a stimulant
like methamphetamine, which includes amphetamine. From 2011 to 2012, the number of
reported methamphetamine laboratory related incidents increased from 6 to 13 in the state
of Maine, two of which were in Kennebec County (Maine MethWatch 2013).

Researchers have found that humans excrete 40% to 50% of methamphetamines
unchanged and only 4% to 7% as amphetamine (Toxnet 2016). In our study, we did not

detect any significant amounts of methamphetamine and did not test for p-
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hydroxymethamphetamine. The small percentage of excreted amphetamine from
methamphetamine usage leads me to believe that amphetamine presence in the Belgrade
Lakes reflects excretion of prescription drugs or direct amphetamine abuse rather than
methamphetamine abuse. However, it is also possible that methamphetamines break
down more quickly in the soil or aquatic environments than amphetamine. The only
paper that I was able to find regarding this topic described the persistence of
methylamphetamine sulfate in soils, which does not break down (Janusz et al. 2003).
Currently, little data exists about the mobility or breakdown products of
methamphetamines in the soil or water.

As with other PPCPs, amphetamines can enter the watershed through human excretion
directly into the lakes, through sewage effluent, or dumping (Pal et al. 2013). There is no
regulation of amphetamine or other illicit drugs in wastewater, surface waters, drinking
water or the atmosphere (Pal et al. 2013). Despite efforts to control amphetamine usage
by the public, studies around the world have also detected amphetamines in surface
waters. In the Llobregat River in Spain, amphetamine was found at 0.009 ug/L. In the
UK, in the Taff and Ely, concentrations reached 0.0035 ug/L (Zuccato and Castiglioni
2009). In the Minnesota lakes report, researchers detected a maximum concentration of
0.00291 ug/L (Ferrey 2015). Levels detected in the Belgrade watershed exceeded some
more urban surface waters, but remain much lower than levels detected in river water
near wastewater treatment plants effluent (Table 11) (Huerta-Fontela et al. 2008).

From our results, we cannot distinguish between amphetamines from prescription
drugs or from illegal use, through methamphetamine or amphetamine abuse.
Additionally, there is no readily available data about the consumption patterns for

amphetamine or demographics specific to the Belgrade Watershed (NCBDD 2016). ADD

48



is a common disorder in both children and adults, so prescription drug use cannot be
ruled out (Faraone 2005). More research combining data from local hospitals about
prescription medications containing amphetamines or from police records documenting

arrests for amphetamine abuse may help explain our data.

Table 11. Comparison of the Belgrade Lakes concentrations of amphetamines to other

bodies of water around the world.

Max concentration

Lake (ug/l) Source

Belgrade Lakes 0.003 This study

Llobregat River (Spain) 0.009 Zuccato et al. 2009

Taff and Ely River (UK) 0.0035 Zuccato et al. 2009
Minnesota 0.00291 Ferrey 2015

Llobregat River near WWTPs 6.5%10° Huerta-Fontela et al. 2008

In regards to human health, amphetamines in raw water can be eliminated through a
drinking water treatment consisting of pre-chlorination, coagulation/flocculation, sand
filtration, ozonation, GAC filtration and post-chlorination (Huerta-Fontela et al. 2008).
However, the concentrations and effects of PPCPs in well water in the Belgrade
watershed are unknown. Adverse health effects due to recreation containing levels on the
ug/L level of amphetamines are also not well understood. In addition to possible toxicity
in aquatic biota and drinking water, amphetamine presence can also serve as a useful tool
in assessing drug usage in the region. After detecting amphetamine, methamphetamine,
and MDMA, in wastewater, Nowicki et al. (2014) used sewage epidemiology to estimate
the level of drug consumption in Poznan, Poland. They found that levels of consumption

and concentration in wastewater were lower than other reported parts of Europe.
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Patterns in PPCP Concentrations

The linear relationships between each pair of compounds detected demonstrated a
strong linear trend line in all three cases, caffeine and paraxanthine, caffeine and
amphetamine, and paraxanthine and amphetamine (Figure 3, 4, 5, Table 6). This indicates
that some parts of the lake had higher concentrations than other parts of the lakes, either
due to a common source or a hotspot for bioaccumulation. Classification of each sample
site by land use, year round residence, public boat launch, and seasonal residence (Figure
10, 11, 12) revealed that the highest concentrations were at two of the three public boat
launches. While analyzing the land use results, it is important to keep in mind that our
sample size was severely limited with only three public boat launches, six year-round
residences, and five seasonal residences. Despite the insignificant figures, the fact that
two of the three boat launches had the highest overall concentrations of PPCPs is worthy
of consideration.

There are two potential explanations for these high levels. The first is relative
neighborhood density. A relative observational comparison of the neighborhood while
sampling noted that the two highest public boat launches had high and moderate
surrounding camp density. The third boat launch located on Castle Island in Rome, ME,
with much lower concentrations, appeared to be slightly more isolated from its neighbors.
More neighbors could indicate more leaking septic systems causing the increased PPCP
pollution. However, in our samples, we also found that the concentrations at these boat
launches exceed those at year-round and seasonal residence with septic systems greater
than 20 years old. As a result, septic systems may not be the predominant input. Recent
preliminary research on East Pond focused on septic systems and nutrient loading suggest

that septic systems may not be a predominant source of pollution (Reed and Haver 2015).
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Like our study, Reed and Haver (2015) was also limited by sample size and seasonal
variation. A closer analysis of nearby land usage, updated septic system density, and
distance to each sampling site from possible sources in conjunction with more sampling
sites could help elucidate a clearer pattern.

The other possible explanation is that septic systems are not a point source of pollution
for PPCPs. Rather the high prevalence of input at boat launches, which lack septic
systems, is attributable to visitor usage and direct defecation or dumping from the boat
launch. Documentation of boat launch uses and human traffic would help discern if
PPCPs detected in this study are more likely the result of defecating or dumping PPCPs
directly into the lakes or from septic system leakage.

The next highest concentration was found at a year round private residence. Compared
to the other private residences, both year-round and seasonal residences, this property did
not appear to have higher camp density or a significant amount of visitors. The PPCPs
present at this site may be the result of defecation by the homeowners or the movement of
certain compounds in the watershed. An overlay of shoreline household and septic
system density as well as a greater understanding about the fates of PPCPs in the
watershed would aid in interpreting these results.

Conclusion and Future Directions

This project has demonstrated that certain PPCPs are present at detectable
concentrations throughout East Pond, Great Pond, and Long Pond. The levels of caffeine
and its metabolite are much lower than more urban areas or areas closer to wastewater
treatment facilities. At these low levels, caffeine and its metabolite are not likely a
significant threat to the aquatic ecosystem or human health at this time. However, the

concentration of amphetamines matches those found in more populated bodies of water.
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A greater understanding of the effects due to chronic exposure of PPCPs at these
environmental levels is vital to understanding their impact in the Belgrade Lakes (Jones
et al. 2004).

Testing the tissues of freshwater mussels in the Belgrade Lakes may provide some
insight into PPCP bioaccumulation in the lakes over time. Since freshwater mussels are
filter feeders, PPCPs can bio-accumulate in the their tissues. An assessment of PPCPs in
the tissues of freshwater mussels in conjunction with their age could elucidate important
temporal trends. Future research should also explore seasonal variation. The Belgrade
Lakes area experiences significant population fluxes between summer and winter
seasons. Researchers have found that PPCP concentrations, including caffeine and
amphetamines, can vary greatly between seasons, from weekday to weekend, winter to
summer, and even if there is a large event drawing tourists (Buerge et al. 2006, Edwards
et al. 2015). In the Belgrade Lakes, July Fourth may be a peak weekend for study. Our
findings regarding the widespread prevalence of significant levels of amphetamine reveal
an interesting public health phenomenon and raise questions about drug usage, both legal
and illegal, around the lakes. A closer examination of prescribed medications containing
amphetamine could help illuminate the type of amphetamine entering the watershed to
better direct preventative PPCP pollution efforts.

The data collected throughout the course of this thesis project provides preliminary
results of PPCP concentrations in the Belgrade Lakes, documenting a few select sample
sites at a single point in time. The literature cited here demonstrates the novelty of this
field and highlights the lack of general understanding of the fate and effects of PPCPs in
the aquatic environment. The presence of caffeine, 1,7-dimethylxanthine, and

amphetamine indicate that PPCPs are entering the Belgrade Lakes watershed demonstrate
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the importance for more holistic research, with larger sample sizes and seasonal

variability.
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APPENDICIES

Appendix 1. Summary table of collection details.

Sample New bottle=1, Distance from  Approximate depth Land use
old=0 shore (ft.) (m) (PBL=public
boat launch)

EP1 0 15 1 Year round
EP2 1 10 1 Year round
EP3 1 20 1 PBL

EP4 1 10 1 Seasonal
EP5 1 8 1 Seasonal
GP1 1 15 1 Year round
GP2 1 10 1 Year round
GP3 0 20 1 Seasonal
GP4 1 30 1 Year round
GP5 1 1 1 Seasonal
GP6 1 40 1 PBL

LP1 1 2 1 Year round
LP2 1 10 1 Seasonal
LP3 1 10 1 PBL
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Appendix 2. Continuation of summary table of collection details.

Sample Substrate descript Date
EP1 Soft sediment with boulders 12/11/15
EP2 Soft sediment with boulders 12/11/15
EP3 Sandy beach 12/11/15
Sandy substrate, course gravel/cobble, w/ intake
EP4 pipe? 12/11/15
EP5 Rocky, private metal grate boat launch 12/11/15
GP1 Course gravel, cobble beach 12/11/15
GP2 Sand, gravel, cobble 12/11/15
GP3 Concrete slab, fine sand 12/11/15
GP4 Shallow 12/11/15
GP5 Not recorded 12/11/15
GP6 Soft sediment, shallow 12/14/15
Rip rap, protected point, cobble/boulders, steep
LPI drop off, lots of algae on rock surface 12/14/15
LP2 Sand, gravel, cobble 12/14/15
LP3 Some rocks 12/14/15
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