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Abstract: Water from 50 randomly selected lakes across Minnesota, USA, was analyzed for pharmaceuticals, personal care products,
hormones, and other commercial or industrial chemicals in conjunction with the US Environmental Protection Agency’s 2012 National
Lakes Assessment. Thirty-eight of the 125 chemicals analyzed were detected at least once, all at parts per trillion concentrations. The
most widely detected was N,N-diethyl-m-toluamide, present in 48% of the lakes sampled. Amitriptyline, a widely used antidepressant,
was found in 28% of the lakes. The endocrine active chemicals bisphenol A, androstenedione, and nonylphenol were found in 42%, 30%,
and 10% of the lakes, respectively. Cocaine was found in 32% of the lakes, and its degradation product, benzoylecgonine, was detected at
28% of the locations. Carbadox, an antibiotic used solely in the production of swine, was also present in 28% of the lakes sampled. The
means by which these and other chemicals were transported to several of the remote lakes is unclear but may involve atmospheric
transport. Environ Toxicol Chem 2015;34:2475-2488. © 2015 SETAC
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INTRODUCTION

A growing body of literature demonstrates that human and
veterinary pharmaceuticals, personal care products, hormones,
and other commercial and industrial chemicals are present in the
surface waters of the United States, particularly in those
impacted by wastewater treatment plant (WWTP) effluent [ 1-3].
This is coupled with mounting evidence that many of these
chemicals are exerting adverse effects on aquatic organisms and
ecosystems. Endocrine active chemicals are known to affect fish
behavior [4], physiology, reproductive biology [5-8], and
genetic expression [9,10] at parts per trillion concentrations. In
aquatic environments, endocrine active chemicals may be
affecting not only individual organisms but perhaps entire
populations and ecosystems [11].

Much less is known about the presence of pharmaceuticals
and endocrine active chemicals in freshwater lakes [12]. In
Minnesota, USA, concern over these contaminants in surface
water and their potentially harmful effects resulted in a 2008
study of 11 urban and rural lakes [7]. Lakes selected for that
study represented different trophic conditions across the state,
and most were impacted by some form of shoreline develop-
ment, although 2 were selected as reference sites because of
their remote locations. The results showed the presence of
pharmaceuticals and personal care products in all of the lakes, as
well as evidence of endocrine disruption in caged fathead
minnows and in wild fish, including the reference lake locations.

In the present investigation, we expanded the scope of that
work with an analysis of water samples from 50 randomly
selected lakes from across Minnesota, many without shoreline
development. The present study relied on the framework
established by the US Environmental Protection Agency
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(USEPA) National Lakes Assessment and benefited from the
extensive data collection of that effort. The results reveal a
chemical profile of contaminants in lake water that is similar to
that of surface water impacted by treated wastewater effluent.
This widespread occurrence of pharmaceuticals, personal care
products, detergent metabolites, and illicit drugs in lakes lacking
obvious, proximate sources of contamination indicates that their
presence in surface water is not always attributable to the direct
discharges of domestic or municipal wastewater.

MATERIALS AND METHODS

Study area

Minnesota has among the highest number of lakes in the
lower 48 states, with more than 12 000 lakes greater than 4 ha in
size (Supplemental Data, Figure S1). The distribution, size, and
depth of the lakes are largely a function of various glacial
advances and retreats across the state, resulting in distinct
regional patterns in landform, soils, natural vegetation, and
ultimately land use (Figure 1). These patterns provided the basis
for the USEPA mapping of Minnesota’s ecoregions. Ecoregions
and their influence on lake condition have been addressed
elsewhere [13]. The 3 aggregated ecoregions that are referred to
in the present study (Figure 2) are the northern forested region,
where more than 79% is characterized by forest or wetland land
use; the highly agricultural great plains region, where 78% is
cultivated cropland; and the transitional eastern temperate
forests region, which is characterized by a mixture of land uses
(35% cropland and 20% forest). Developed land use comprises
a small proportion of each ecoregion at 2%, 9%, and 6%,
respectively, for the northern forested region, the eastern
temperate forests region, and the great plains region.

National Lakes Assessment selection process

The USEPA conducts national randomized surveys of lakes,
rivers, wetlands, and estuaries to measure the health of US
waters. The 2012 National Lakes Assessment was the 11th in a
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Figure 1. Minnesota’s 2012 National Lake Study sampling locations, with
the location in reference to the lower 48 states of the United States included
for perspective. Forest and cropland land use and location of the 7-county
Twin Cities metropolitan area are included to provide a geographic context
for Minnesota and the survey lakes.

series of those surveys. In 2012, the survey included 904 natural
lakes, ponds, and reservoirs across the lower 48 states [14].
Lakes with a minimum of 11 ha in size and a depth of at least
11 m were eligible for inclusion. Lakes were selected by the
USEPA using a generalized random tessellation stratified

Number detects
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02-4
O5-7
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Aggregated ecoregions
@8 Northern forest

M East temperate forest
@@ Great plains

Figure 2. Number of contaminant detections by location and by US
Environmental Protection Agency aggregated ecoregions.
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design [15]. This design allows for probabilistic surveys that can
be stratified by multiple lake size classes while maintaining
spatial balance throughout the state. Five lake size classes
(1-4 ha, 4-10ha, 10-20 ha, 20-50 ha, and >50 ha) were used in
the 2012 survey. The relative abundance of lakes in each of the
size classes allows for weighting of results from the survey lakes
when applied to the overall population of lakes in that size class
(e.g., population of Minnesota lakes 1-4 ha in size).

Fifty Minnesota lakes were included in the national survey.
Minnesota’s lakes ranged in size from 11 ha to 4822 ha, with a
median of 41 ha (Table 1). The total population of Minnesota
lakes >1ha was 15046. A sample size of 50 allowed for
condition estimates at the state level with 90% confidence in
the estimates, as determined by the USEPA using a binomial
distribution (T. Olson, USEPA, Corvallis, OR, personal
communication). The weights of the individual sample lakes
allow extrapolation of the data to generate a statistically valid
estimate of the condition of lakes statewide [16]. A more
complete explanation of the USEPA National Lakes Assess-
ment lake selection and study procedures is provided in USEPA
publications [14].

Sample collection

Minnesota Pollution Control Agency staff collected all
samples. Mid-lake grab samples were collected in amber glass
or high-density polyethylene bottles, depending on the specific
analysis performed by the laboratory. Field staff did not apply
fragrances, insect repellant, or sunscreen and wore disposable
powder-free, nitrile gloves while sampling. Sample bottles were
transported to the site in resealable plastic bags. For all samples,
bottles were rinsed with the surface water 3 times by filling
and emptying the bottle completely. Bottles were immersed
below the surface to prevent contact of the exposed skin
above the gloved hand with the surface water. The final sample
was collected without headspace in the bottle. Once filled,
bottles were recapped, resealed in the plastic bags, and chilled
on ice.

Field blanks were collected by transporting duplicate sample
bottles to a site where samples were collected. Field blank water,
also supplied by the laboratory in identical glass or high-density
polyethylene bottles, was transported to the site. Field blank
water bottles were transported in identical resealable plastic
bags and in coolers to replicate the procedure used for actual
samples. Using gloved hands and facing upwind, we poured the
field blank water from the lab-supplied bottles into empty
sample bottles without rinsing. The field blank samples were
then recapped, resealed in plastic bags, and treated identically to
the surface water samples.

After returning from the field, samples were refrigerated at
4°C. All samples were kept in the original resealable plastic
bags and shipped overnight to the laboratory (AXYS Analytical
Services) for chemical analysis. The maximum holding time for
samples, from the date of collection to their extraction in the
laboratory, was 7 d.

All chemicals listed in Table 2 were analyzed in samples
from each of the 50 lakes except for bisphenol A and triclosan,
which were analyzed for 21 of the 50 lakes because of sampling
logistics and budgetary restrictions.

Analyses

Five separate analyses were performed to target the 125
compounds (Table 2) analyzed in the present study as described
below with further details provided in the Supplemental
Data.
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Pharmaceuticals and endocrine active chemicals in lakes

Pharmaceuticals and personal care products. The pharma-
ceuticals and personal care products selected for analysis were
based on USEPA Method 1694 [17] with additional compounds
incorporated into list 3 and an additional run for list 5
compounds (see Supplemental Data for AXYS Analytical
Services lists 1, 3, 4, and 5). This expanded USEPA 1694
analyte list represents those pharmaceutical and personal care
compounds identified by the USEPA, the Minnesota Pollution
Control Agency, and other AXYS clients as priorities for
assessment based on previous detection, annual consumption,
expected toxicity, and persistence. For analysis of compounds
from lists 1, 2, 3, and 5, a 1.0-L sample was filtered (1.6 wm),
adjusted to pH 2 by addition of hydrochloric acid (HCI),
spiked with a suite of isotopically labeled internal standards,
and extracted by solid-phase extraction using an Oasis
HLB cartridge (Waters). The extract was analyzed by liquid
chromatography—tandem mass spectrometry (LC-MS/MS)
operated in the electron spray ionization (ESI)—positive mode
forlist 1,2, and 5 compounds and analyzed in the ESI-negative
mode for list 3 compounds. Separate analysis runs and con-
ditions were used for each of the lists of target analytes.

Hormones. A 1.0-L sample was filtered (1.6 wm), adjusted
to pH 2 by addition of HCI, spiked with a suite of isotopically
labeled internal standards, and extracted by solid-phase extrac-
tion using an Oasis HLB cartridge. The extract was analyzed by
LC-MS/MS operated in the ESI-positive mode for the ESI™
hormones and by LC-MS/MS operated in the ESI-negative
mode for the ESI™ hormones (Table 2).

Alkylphenols. An unfiltered 1.0-L sample was spiked with
isotopically labeled internal standards, adjusted to pH 11-12 by
the addition of potassium carbonate solution, and acetylated
with acetic anhydride. The extract was then acidified to pH 6
with HCI and extracted with hexane. Extracts were cleaned
up by silica column chromatography and analyzed by gas
chromatography—mass spectrometry operated in the multiple
ion detection mode.

Bisphenol A. A 0.5-L sample was filtered (1.6 wm),
adjusted to pH 2 by addition of HCI, spiked with deuterated
bisphenol A internal standard, and extracted by solid-phase
extraction using an Oasis HLB cartridge. The extract was
analyzed by LC-MS/MS operated in the ESI-negative mode.

Triclosan. A 0.5-L sample was filtered (1.6 um), adjusted
to pH 2 by addition of HCI, spiked with ['3C]-labeled triclosan,
and extracted by solid-phase extraction using an Oasis HLB
cartridge. The extract was analyzed by LC-MS/MS operated in
the ESI-negative mode.

Quality control and assurance

Methods were validated by USEPA Tier 1 procedures [18].
All analytes were quantified either by isotope dilution internal
standard quantification or, when an isotopically labeled analog
of the analyte was unavailable, by internal standard methods
using a related labeled compound. This produces accurate
results that are recovery-corrected for losses during the analysis
procedure and compensated for LC-MS/MS suppression or
enhancement because of the sample matrix. For each batch of
samples analyzed, a lab blank was included to demonstrate that
detected analytes were not the result of laboratory background
or other external contamination. Results for laboratory blanks
were compliant with AXYS’s statistically determined blank
control limits (mean plus 3 standard deviations of approximate-
ly 30 blanks), and any detections were used to censor field
sample results. Each analysis batch also included a “known” or
quality control sample to demonstrate the accuracy of the
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method for each analyte. Recoveries of all added labeled
standards were monitored to ensure that analyses were in control
and met regular method specifications. Detailed quality
assurance and quality control information for all analyses can
be found in the Supplemental Data.

Normally, a reporting limit is determined for each compound
on a sample-specific basis as the concentration (corrected
for surrogate recovery) corresponding to the lowest concentra-
tion calibration standard. Because of the detection of N,N-
diethyl-m-toluamide (DEET) in some lab blanks and field
blanks, a conservative reporting limit for DEET was determined
as the mean (2.3 ppt) plus 3 standard deviations (3 x 3.3 ppt) of
the results of 26 lab blanks (the 6 blanks associated with the
samples in the present study plus the 10 blanks run immediately
before and the 10 blanks run immediately after the present
study). Any DEET result below 12.3 ppt was therefore treated as
anondetect. Any DEET result above the 12.3 ppt reporting limit
was reported as a blank-corrected value (measured concentra-
tion minus the mean blank value of 2.3 ppt). None of the 3 field
blanks analyzed for DEET returned a positive detection at the
12.3 ppt reporting limit.

Condition estimates

Data for each analyte were categorized as detect or non-
detect. The categorical data were analyzed using a conditional
estimation statistic in “R” statistical software [19] and “spsurvey”
[20]. The conditional estimation calculates the percentage of
lakes within the state likely to contain detectable concentrations
of each analyte on a 95% confidence interval (CI).

All 50 lakes were mapped in ESRI Arc GIS 10.2. Watershed
boundaries were delineated for all lakes using geographic
information system—based tools, including the Minnesota
Department of Natural Resources automated catchment tool.
Digital elevations and stream flow lines were used to help
establish the accuracy of the boundaries. Land use composition
was determined for all lakes based on the 2006 National Land
Cover Database. Aggregated categories were as follows:
developed (all residential and urban classes), cropland (all
cultivated cropland), rangeland (pasture and grassland), forest
(deciduous, coniferous, mixed, and shrub/scrub), wetland, and
open water (lakes). Land use was tabulated for each lake
(Table 1) and expressed as a percentage of the total watershed
draining to the lake. For some analyses, developed and cropland
uses were combined to yield a “disturbed” land use category,
and forest and wetland uses were combined to yield an
“undisturbed” designation. In addition, the number, location,
and type of animal feedlots were mapped.

Change-point analysis

Regression tree analysis was done in R statistical software
(rpart in the rpart package). This method identifies thresholds
by dividing samples into 2 groups based on differences in their
means and variances [21]. Trees were constrained to a single
split with a bucket size of 5 samples. Ninety percent confidence
intervals were estimated with a bootstrap analysis in R statistical
software that resampled 1000 times. A X2 test was used to assess
whether the change point was significant at o =0.05.
Nonsignificant change points were not used in further analyses.

RESULTS

Frequency of detections

Table 3 lists all chemicals that were found in these lakes and
summarizes the ranges of detected concentrations. Analytical
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Table 3. Summary statistics for chemicals detected

Max  Reporting limit  Lakes with

Chemicals Min (ppt) range(ppt)* detects (%)
Pharmaceuticals
Alprazolam nd 0.369 0.28-0.34 2
Amitriptyline nd 4.05 1.04-0.90 28
Benztropine nd 0.72 0.66-0.80 4
Caffeine nd 429 14.3-54.1 16
Carbadox nd 121 1.43-31.6 28
Carbamazepine nd 36.7 1.40-1.72 2
Ciprofloxacin nd 194 5.71-96.1 2
Dehydronifedipine nd 1.62 0.57-5.13 4
Diphenhydramine nd 0.784 0.56-0.71 6
Fluoxetine nd 4.52 1.43-1.72 6
Gemfibrozil nd 132 1.40-3.44 4
Meprobamate nd 294 0.38-0.51 2
Norverapamil nd 0.24 0.14-0.47 2
Ofloxacin nd 8.94 1.54-7.66 2
Sulfadimethoxine nd 3.52 0.29-5.58 2
Sulfamerazine nd 125 0.57-5.52 4
Sulfamethazine nd 134 1.33-18.3 4
Sulfamethizole nd 248 0.58-5.10 2
Sulfamethoxazole nd 57.1 0.61-8.32 2
Sulfathiazole nd 32.8 1.44-4.94 10
Theophylline nd 90.6 58.1-122 2
Thiabendazole nd 3.98 1.40-1.72 2
Trimethoprim nd 622 1.49-7.17 4
Valsartan nd 5.01 0.37-0.46 2
Hormones
Androstenedione nd 748 1.90-3.61 30
Androsterone nd 406 19.5-158 8
Testosterone nd 4.10 0.77-7.30 8
Mestranol nd 71.7 19.4-82.3 2
Progesterone nd 0.989 0.76-2.41 6
Estrone nd 15.5 3.77-4.21 4
Allyl trenbolone nd 1.14 0.77-1.94 4
Alkylphenols
4-Nonylphenol nd  20.1 3.53-12.5 10
Octylphenol nd 3.76 0.69-4.58 4
Other
Bisphenol A nd 149 1.67-2.40 43
Triclosan nd 11.8 4.01-8.87 14
DEET nd  308.7 12.3° 48
Illicit drugs
Cocaine nd 5.26 0.14-0.31 32
Benzoylecgonine nd 948 0.29-0.77 28

A reporting limit was determined for each compound on a sample-specific
basis as the concentration (corrected for surrogate recovery and actual
volume of sample analyzed) corresponding to the lowest concentration
calibration standard.

"The reporting limit for DEET was derived through a statistical evaluation
of laboratory blank data as described in Materials and Methods.

nd = nondetect (below reporting limit); DEET = N,N-diethyl-m-toluamide.

results for the 11 most frequently detected contaminants for all
of the 50 lakes sampled are found in Table 4.

The number of detections per lake ranged from 0 to 13, and
the average number of chemicals detected per lake was 3.7. The
lake with the greatest number of detections (National Lakes
Assessment 12 MN 118, with 13 detections) was the only survey
lake that receives treated domestic wastewater. Thirty-eight of
the 125 analytes were found in at least 1 lake. Ordered by
frequency of detection (Supplemental Data, Figure S2), DEET
was the most common, found in 48% of the lakes that were
sampled for the present study. It was also measured at the
highest concentration of any of the detected contaminants at
308 ppt in a rural lake with less than 2% developed land use
(Tables 1 and 4). This was followed by bisphenol A, detected in
43% of the lakes at a maximum concentration of 14.9ppt in
a rural lake in an agricultural setting and little developed
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watershed land use. Cocaine and its breakdown product,
benzoylecgonine, were detected in 32% and 28% of the lakes,
respectively, with the greatest concentrations of both these
analytes—5.26 ppt for cocaine and 9.48 ppt for benzoylecgo-
nine—occurring in the same lake. The highest concentration of
the steroidal hormone androstenedione, found in 30% of the
lakes, was 7.48ppt in the only lake that receives treated
wastewater. This lake also had the highest concentration of
caffeine, considered a reliable tracer for wastewater, at 42.9 ppt.
Caffeine was detected in 16% of the lakes. The antidepressant
amitriptyline was detected in 28% of the study lakes, up to
4.05 ppt in a lake influenced by shoreline residential develop-
ment. The swine antibiotic carbadox also was found in 28% of
the lakes, with the highest concentration of 121 ppt occurring in
a rural lake with a nearby swine feedlot. Triclosan and
nonylphenol were detected in 14% and 10% of the lakes,
respectively. The highest concentrations of these contaminants,
at 11.8 ppt and 20.1 ppt, respectively, were found in lakes
impacted by shoreline residential development. Several anti-
biotics in addition to carbadox were found at lower frequencies,
primarily sulfonamides including sulfathiazole, sulfamerazine,
sulfamethazine, sulfadimethoxine, sulfamethizole, sulfameth-
oxazole, and trimethoprim. Two fluoroquinolone antibiotics,
ciprofloxacin and ofloxacin, were detected in 2% of the lakes.

Other pharmaceuticals that were detected at lower frequen-
cies included the antidepressant fluoxetine and diphenhydra-
mine, both found in water from 6% of the locations at
concentrations up to 4.52ppt and 0.784 ppt, respectively.
Dehydronifedipine (a metabolite of nifedipine, a blood pressure
regulator), the lipid regulator gemfibrozil, and the anticholiner-
gic benztropine were each found in 4% of the lake samples.
Carbamazepine (an anticonvulsive drug) the fungicide thiaben-
dazole, the sedatives alprazolam and meprobamate, the blood
pressure regulators norverapamil and valsartan, and the asthma
medication theophylline were each found in 2% of the lakes.

In addition to the hormone androstenedione, the hormones
androsterone and testosterone were each detected in 8% of the
lakes at concentrations up to 406 ppt and 4.10 ppt, respectively,
and progesterone, a female steroidal hormone, was detected in
6% of the samples at concentrations up to 0.989 ppt. Allyl
trenbolone, a hormone used to increase muscle mass in
livestock, and estrone, an estrogen, were each found in 4% of
the lakes at 1.14 ppt and 15.5 ppt, respectively. Mestranol, an
estrogen used in oral contraceptives, was found in 1 lake at
71.7 ppt.

Spatial occurrence

In general, the number of detections was low in the lakes of
the northern forests ecoregion, with most lakes having 2 or
fewer detections (Figure 2). The number of detections per lake
increased significantly in the east temporal forests region,
characterized by increased developed and agricultural land uses,
and in the agriculturally dominated great plains region.

The geographic distribution of 4 of the most widely detected
contaminants is shown in Figure 3. Figure 3A shows that DEET
was detected widely across all 3 ecoregions of the state,
including remote areas in northeast Minnesota that are heavily
forested and have little developed land use. By contrast,
amitriptyline (Figure 3B), cocaine and its degradation product
benzoylecgonine (Figure 3C), and carbadox (Figure 3D) were
not found in the relatively undeveloped, sparsely populated
northeast area of the state. However, these contaminants were
dispersed widely among lakes in the other 2 ecoregions of the
state with a more developed or agricultural land use. Detections
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Figure 3. Maps of detections for N,N-diethyl-m-toluamide (A), amitriptyline (B), cocaine and benzoylecgonine (C), and carbadox (D), with US Environmental

Protection Agency ecoregions noted.

of these contaminants do not appear clustered, nor are they
situated near the state’s more densely populated areas
(Supplemental Data, Figure S3).

Because the present study was designed to allow an estimate
of the condition of the overall population of the state’s lakes,
analytical results were extrapolated to give reasonably accurate
estimates of the proportion of the total population of Minnesota
lakes likely to contain the most frequently detected chemicals.
The results of this statistical condition estimate, which
incorporate a relative weighting of the sample lakes, are shown
in Table 5. Based on a detection frequency for DEET in the
sampled lakes of 48%, it was likely present in 59% of the total
population of the state’s lakes, or 8968 lakes. Similarly, the
hormone androstenedione was likely present in 27% of the
overall population of Minnesota’s lakes, or 4114 lakes. Cocaine
and benzoylecgonine were likely present in nearly 26% and
15% of the state’s lakes, respectively, and amitriptyline in 24%.

Chemical detections were further analyzed spatially with
respect to watershed land use for each lake (using the previously
described land use categories) and the number and proximity to
feedlots. No discernible relationships emerged from comparisons
of chemical detection to either cropped or developed land use
categories, when considered separately. However, when cropped
and developed land use were combined to yield “disturbed” land

use (Table 1), the number of contaminant detections increased
with the proportion of disturbed land (Figure 4A). Change-point
analysis revealed a significant (p = 0.0005) change point at 44%
(90% CI, 31-72%) for the disturbed land use and 62% (90% CI,
49-115%) for the undisturbed land use (forest and wetland)
categories (Figure 4B). There is a statistically significant increase
in the number of detections when disturbed watershed land
use increased above 44% or undisturbed land use decreased
below 62%.

Table 5. Condition estimates of Minnesota, USA lakes for select
contaminants based on study detection frequency

Estimate of total Standard  Estimate of no. of

Contaminant lakes affected (%) error lakes affected
DEET 59.60 13.20 8968
Androstenedione 27.35 9.59 4114
Cocaine 25.96 7.85 3906
Amitriptyline 24.17 8.84 3637
Benzoylecgonine 14.90 4.60 2241
Carbadox 7.98 2.28 1201
Caffeine 7.60 3.32 1144
Sulfathiazole 2.06 1.07 310
Nonylphenol 1.46 1.05 219

DEET = N, N-diethyl-m-toluamide.
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Several of the contaminants that were frequently detected in
lakes were analyzed with respect to land use that could increase
the likelihood of a contaminant being detected. Example
hypotheses for 3 commonly detected analytes follow.

Cocaine—Hypothesis: Cocaine detections are greater in
more developed watersheds with higher population density.
There was no difference in the percentage of developed land use
among lakes where cocaine was detected and where it was not
detected (Figure 5A). Further, it was detected in lakes with no
developed land use in the watershed or on the shoreline. Also,
there was no apparent association with major cities throughout
the state, based on a qualitative comparison of mapped
detections (Figure 3C) and major cities (population of 20 000
or more) in Minnesota (Supplemental Data, Figure S3). Thus,
this hypothesis is rejected.

Carbadox—Hypothesis: The frequency of detection for
carbadox is greater in lakes with swine feedlots in their
watersheds. Twelve of 14 lakes where carbadox was detected
had 1 or more swine feedlots in the corresponding watershed or
within 5 miles of the lake (Figure 6). Two lakes in the Twin
Cities metropolitan area were within 7 miles of the University of
Minnesota, St. Paul campus, where swine are raised. However,
conducting a similar exercise for lakes without carbadox
detections indicated that an equal or greater number of lakes had
swine feedlots in the watershed or within 5 miles. The presence
of a swine feedlot in the watershed did not increase the
probability of carbadox detection (Figure 5B). The hypothesis is
rejected.

Amitriptyline—Hypothesis: Amitriptyline detections occur
only in watersheds with developed land use or lake shoreline.
The frequency of amitriptyline detection increases with
developed land use in the watershed. There was no significant
difference in the percentage of developed land use for lakes with
amitriptyline detections compared with lakes without amitrip-
tyline detections. Although it was not detected in more sparsely
populated northeastern Minnesota (Figure 3B), it was detected
in lakes with no developed land use (Figure 5C). Thus, this
hypothesis is rejected.

DISCUSSION

The data presented here and in a smaller study of Minnesota
lakes [7] reveal that lake surface water is prone to contamination
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Figure 6. Carbadox detects versus nondetects compared with the statewide
distribution of mapped swine feedlots (locations plotted in fine black dots).

by many of the same chemicals that are typically associated with
wastewater, with 47 of the 50 lakes sampled in the present study
containing at least 1 of the 125 pharmaceuticals and other
contaminants analyzed for the present investigation. Although
the maximum concentrations of some analytes corresponded to
likely, proximate sources, we found no clear associations of land
use categories (e.g., cropped or forested) with the overall
frequency of detection of any of these contaminants. Moreover,
some of the individual lakes where contaminants were found in
the present study are characterized by an absence of shoreline
development, making it difficult, in many cases, to comprehend
how these chemicals reach them. Lake MN-160, for example,
has no public access, no watershed development, and no nearby
feedlot (Table 1) but contained DEET, cocaine, amitriptyline,
and sulfamerazine (Table 4). The frequent detection of
carbadox, a veterinary antibiotic approved only for use in the
rearing of swine, further illustrates how the presence of a
contaminant was not always associated with nearby sources.
Some detections of carbadox were in areas with swine feedlots;
however, we were generally unable to find convincing
correlations between the detection of carbadox in lake water
with nearby swine production facilities. These results lead us to
suspect that the widespread occurrence of several of these
chemicals is in part the result of atmospheric transport.
Atmospheric dispersion of chemicals throughout the
environment via airborne particulate matter is established by
other studies, including the detection of pesticides in remote
mountain snowpack [22], the deposition of polychlorinated
biphenyls in remote lakes [23], and the presence of atrazine in
the Boundary Waters Canoe Area Wilderness (MN, USA) [24].
Cocaine is commonly present in air samples in some urban
areas [25,26] and is associated with airborne particulate matter
less than 2.5pum in size [26], providing a means for the
widespread atmospheric transport of this contaminant. Others
have reported that a ratio of the concentration of cocaine to
its metabolite benzoylecgonine of 1.2 to 2.0 indicates that
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excretion is the source of cocaine in water [27]. In the present
study, the median ratio of cocaine to benzoylecgonine in
samples where they co-occurred was 0.9, and 75% of the
cocaine to benzoylecgonine ratios were less than 1.2. These data
imply that cocaine found in several of the lakes was the result of
some form of direct atmospheric deposition and not the
transport of metabolized cocaine in wastewater. Although
elucidating the mechanism of transport to lakes was beyond the
scope of the present investigation, a plausible explanation for
the widespread appearance of bisphenol A, amitriptyline,
DEET, cocaine, carbadox, and other contaminants involves
atmospheric transport via fine particulates and subsequent
deposition to lakes.

Aside from mechanism of transport, the statistically
significant increase in the number of detections when disturbed
watershed land use increased above 42% suggests that the
distribution of contaminants is not entirely random. This
threshold is quite similar to the 40% disturbed land use threshold
found by Cross and Jacobson [28] in their study of phosphorus
concentrations in 1330 lakes in Minnesota.

Environmental effects of pharmaceuticals and endocrine active
chemicals

The risk that these contaminants pose to aquatic organisms or
to humans at environmentally relevant concentrations is not
clear. Often, the therapeutic dose of a pharmaceutical is used as
the “point of departure” for estimates of risk. The concentrations
at which we have detected pharmaceuticals in surface water are
orders of magnitude below a typical therapeutic dose; in the case
of fluoxetine, 5000 L of water at 4.5 ppt are needed to reach a
typical therapeutic dose of 20 mg.

Restricting an assessment of risk to intended therapeutic
dose, however, fails to encompass the full range of possible
hazards that a biologically active chemical might pose to either
humans or wildlife for several reasons. For example,
pharmaceuticals that are designed for transdermal delivery,
such as hormones, may have unintended, adverse effects at far
lower concentrations to another organism if ingested. Moreover,
a drug’s therapeutic dose, developed solely for the purpose of
treating an adult human, may adversely affect fish and wildlife
at much lower concentrations, exemplified by the lethal effect of
very small amounts of diclofenac on Gyps vultures [29]. In the
absence of extensive environmental effect data for pharma-
ceuticals in surface water, we grouped pharmaceuticals that
were detected in these lakes according to their intended
physiological endpoints (Supplemental Data, Table S1) as
described by their Anatomical Therapeutic Classification [30],
which have been referenced elsewhere as useful in understand-
ing additive effects for the drugs in drinking water [31].
Pharmaceuticals designed to affect the nervous system were the
most frequently detected in the present study, totaling 46
detections in the 50 lakes sampled, and included 3 psycho-
analeptics, 2 psychoeleptics, and 1 antiepileptic. Cocaine, a
serotonin—norepinephrine—dopamine reuptake inhibitor (a triple
uptake inhibitor), is included in this category. Eight other
pharmaceuticals found in the present study are designated anti-
infectives and antibacterials, including 2 fluoroquinolone
antibiotics and 5 sulfonamides, with a total of 18 detections
of pharmaceuticals in this category (Table 6). Three of the
pharmaceuticals detected are classified as having effects on the
cardiovascular system, and 4 are classified as dermatologicals,
including the antiseptic triclosan. All listed designations for the
pharmaceuticals detected in the present study are included in
Table 6.
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Table 6. Tally of the frequency at which pharmaceuticals appear in lakes based on the physiological system they are designed to affect

Primary ATC designation

Lake ID C N J S R D Pharmaceutical

MN-101 1 Triclosan

MN-103 1 3 1 Caffeine, gemfibrozil, amitriptyline, cocaine

MN-106 2 1 Caffeine, cocaine

MN-107 1 1 Fluoxetine, sulfamethazine

MN-111 1 Anmitriptyline

MN-112 1 1 Cocaine, triclosan

MN-113 1 1 Cocaine

MN-114 1 1 Sulfathiazole, amitriptyline

MN-115 2 1 1 1 Caffeine, diphenhydramine, cocaine

MN-116 2 2 Caffeine, thiabendazole, benztropine, triclosan

MN-118* 2 4 3 Caffeine, carbamazepine, diphenhydramine, ofloxacin,
sulfamethazine, sulfamethoxazole, gemfibrozil, alprazolam,
meprobamate, valsartan

MN-119 2 1 Anmitriptyline, cocaine

MN-120 1 1 Sulfamethizole, amitriptyline

MN-121 3 Caffeine, amitriptyline, cocaine

MN-122 1 Fluoxetine

MN-123 1 1 Cocaine

MN-127 1 1 2 1 Ciprofloxacin, dehydronifedipine, sulfathiazole,
amitriptyline

MN-131 1 2 2 1 Sulfamethazine, sulfadimethoxine, amitriptyline,
cocaine, desmethyldiltiazem

MN-135 1 1 1 Sulfathiazole, cocaine

MN-137 1 Fluoxetine

MN-143 2 1 Anmitriptyline, cocaine

MN-144 1 Trimethoprim

MN-145 1 1 Dehydronifedipine, amitriptyline

MN-147 1 Theophylline

MN-152 2 1 1 Caffeine, sulfathizole, cocaine

MN-153 1 1 Cocaine

MN-157 1 Anmitriptyline

MN-158 1 Anmitriptyline

MN-160 2 1 1 1 Sulfamerazine, amitriptyline, cocaine

MN-163 1 Norverapamil

MN-167 2 1 1 1 1 Caffeine, diphenhydramine, sulfathiazole, cocaine

MN-170A 1 Benztropine

MN-171 1 Trimethoprim

MN-177 2 1 Cocaine, amitriptyline

“Lake 118 currently receives domestic wastewater effluent.

ATC = Anatomical therapeutic classification; C = cardiovascular; N =nervous; J = anti-infective; S = sensory; R =respiratory; D = dermatological.

Research focused on the biological effect of mixtures and of
particular contaminants that were found in the present
investigation reveals that many of these chemicals may exert
adverse effects at parts per trillion concentrations at the genetic,
cellular, organism, and population levels. At the genetic level,
Martinovi¢-Weigelt et al. [9] applied unsupervised transcrip-
tomic assays to assess the genetic effects in fathead minnows
exposed to surface water that contained wastewater-derived
chemicals. They reported that the expression of genes asso-
ciated with teleost brain—pituitary—gonadal-hepatic axis func-
tion was altered when these fish were exposed to surface water
that contained endocrine active chemicals at concentrations
similar to those reported in the present investigation. Pomati
et al. [32] showed that combinations of pharmaceuticals at parts
per trillion concentrations repress cell division, alter the genetic
expression of estrogen receptors on cells, and affect the
transcription of DNA in human embryonic cells and in fish
cells [10]. Parolini and Binelli [33] observed that diclofenac,
gemfibrozil, and carbamazepine were toxic to zebra mussel
hemocytes, gill cells, and digestive gland cells in the parts per
billion range.

At the organism level, Painter et al. [4] found that
antidepressants at environmentally relevant concentrations
affect the escape responses of fathead minnow larvae,

suggesting that even a short-term exposure to these chemicals
at concentrations often found in the aquatic environment can
disrupt a critical stage of physiological development in this
species. Similarly, male fathead minnows that were exposed to
nonylphenol at concentrations commonly found in the aquatic
environment produced vitellogenin, the protein associated with
the development of eggs in female fish. Exposure to non-
ylphenol also alters the ability of males to compete for nesting
sites, implying that the reproductive competence of male
minnows was compromised by this chemical [6]. Purdom [34]
showed that male rainbow trout were feminized after exposure
to wastewater effluent, demonstrating that chemicals in treated
wastewater—and often in lakes—are estrogenic. Several
pharmaceuticals, including antidepressants and carbamazepine,
are detectable in fish tissues when fish are exposed to these
pharmaceuticals in the environment [35].

Other research has demonstrated that pharmaceuticals have
effects at the population level. Kidd et al. [11] demonstrated that
the addition of the contraceptive ethinyl estradiol to a lake at
5 ppt caused the collapse of the fathead minnow population.
Subsequent study of fathead minnows in mesocosms by
Schwindt et al. [36] suggests that ethinyl estradiol has a
permanent and transgenerational effect on reproduction and
survival in these fish. Fluvoxamine and other selective serotonin
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reuptake inhibitors have a dramatic effect on the spawning of
freshwater mussels [37].

Although the biological effects of cocaine in the aquatic
environment are not known, it has been shown to accumulate in
eel tissue when these organisms are exposed to concentrations
similar to those reported in the present study, raising concerns
that long-term exposure to this neurologically active chemical
might affect the reproductive behavior of aquatic organ-
isms [38]. Benzoylecgonine caused sublethal but “notable
adverse effects” in studies of freshwater mussels at 500 ppt
[38,39]. Benzoylecgonine concentrations up to 740 ppt have
been found in effluent-dominated surface water. In the present
study, cocaine and benzoylecgonine were detected at up to
5.3ppt and 9.5 ppt, respectively. Although cocaine has been
reported in surface water down gradient of WWTPs [40-42], in
sewage, and in biosolids collected from WWTPs [43], to our
knowledge the present study is the first report of this drug in
lakes that are unaffected by sources of wastewater.

A largely unexplored variable in determining the overall risk
that these contaminants pose to our ecosystems is the degree to
which they are recalcitrant to physical or biological degradation.
Chemicals that resist anaerobic degradation, such as non-
ylphenol, can accumulate in sediment to levels that may
adversely affect benthic organisms [3,44]; and a previous study
suggests that concentrations of some contaminants are orders of
magnitude higher in freshwater sediment than the surface
water [7]. However, for most of the contaminants that were
analyzed in the present investigation, information regarding
their persistence in the surface water and sediment is not
available.

In total, 276 pharmaceuticals, personal care products, and
other commercially available chemicals have been analyzed
(though not all detected) in Minnesota’s surface water since
2008. These studies have shown that a large variety of
hormones, surfactants, fragrances, pharmaceuticals, and per-
sonal care products are widespread in river and lake surface
water [3,7]. Bisphenol A, DEET, carbamazepine, sulfonamide
antibiotics, the alkylphenols octylphenol and nonylphenol,
and alkylphenol ethoxylates have been found repeatedly in
surface water and bed sediment. Bisphenol A, for example,
was detected in 45% of the lakes in a previous lake study [7]
and was again found in 42% of the lakes in the present
study, suggesting that there is a constant flux of this chemical
to our aquatic environment. The rates of detection for sulfo-
namide drugs and alkylphenols reported in the present study
are also similar to previous analyses of surface water in the
state.

However, the present study is is the first with a broad enough
scope and randomized design to allow a statistical evaluation of
the proportion of lakes in the state likely to contain a given
contaminant based on the frequency of detection and a statistical
weighting based on lake size (Table 5). The benefit of this
condition estimate approach is that it provides a more accurate,
and sometimes much different, perspective on the extent to
which lakes are actually contaminated by these chemicals than
what can be gained through simple detection frequency.
Carbadox, for example, was detected in 28% of the sampled
lakes; however, we estimate that a much lower proportion of
the total number of lakes actually contained this antibiotic
statewide. By contrast, the analysis of detection data for
amitriptyline, which was found in 28% of the sampled lakes,
indicated that it was likely present in 24% of the lakes across the
state. These results demonstrate the benefit of, and the need for,
a statistical treatment of detection data on which to base accurate
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Table 7. Analytes detected in both lake water [7, present study] and water
downstream of wastewater-treatment plants in Minnesota [3]

Analytes detected

17B-Estradiol
2,6-Di-tert-butyl-1,4-benzoquinone
4-Nonylphenol

4-Nonylphenol diethoxylate
4-Nonylphenol monoethoxylate
4-Nonylphenol triethoxylate
4-tert-Octylphenol
4-tert-Octylphenol diethoxylate
5-Methyl-1H-benzotriazole
Bisphenol A

Caffeine

Carbamazepine

Cholesterol

Coprostanol

Diphenhydramine

Estrone

Fluoxetine

Mestranol

DEET

Sulfamethoxazole

Triclosan

Trimethoprim

DEET = N, N-diethyl-m-toluamide.

conclusions about the true occurrence of these chemicals in the
aquatic environment on a broader scale.

From a more qualitative perspective, these results clearly
demonstrate that pharmaceuticals and other chemicals most
often associated with sewage are not restricted to surface
water dominated by wastewater effluent. Inspection of Table 4
reveals that the highest concentrations for 9 of the 11 most
frequently detected contaminants in the present study were not
seen in the 1 lake that receives treated wastewater effluent
(MN-118) but were distributed among lakes of varying land
use, including some lakes that have no identifiable sources of
the contaminants we detected. Twenty-two chemicals have
been detected in surface water downstream of WWTPs [3]
and in lake water in Minnesota, including pharmaceuticals,
alkylphenols, alkylphenol ethoxylates, bisphenol A, the
anticorrosive benzotriazole, and steroidal hormones (Table 7).
Although WWTPs, septic systems, storm water runoff,
agriculture, and areal transport are all sources of these
contaminants to lakes, rivers, and streams, the degree to which
any of these sources contributes particular chemicals to the
environment is still not well understood. Further study on the
presence of these contaminants in surface water should
include investigations of how various sources, including
airborne fine particulate matter, contribute contaminants to the
aquatic environment.
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