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We evaluated the occurrence of 12 veterinary antibiotics and a beta agonist over spatial and temporal
scales in Shell Creek, an intensively agricultural watershed in Nebraska, using Polar Organic Chemical
Integrative Samplers (POCIS). Twelve pharmaceuticals were detected with concentrations ranging from
0.0003 ng/L to 68 ng/L. The antibiotics measured at the highest time-weighted average concentrations
were lincomycin (68 ng/L) and monensin (49 ng/L), and both compounds were detected at increased

concentrations in summer months. Analysis of variance indicates that mean concentrations of detected
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pharmaceuticals have no significant (p > 0.01) spatial variation. However, significant temporal differ-
ences (p < 0.01) were observed. This study demonstrates the utility of passive samplers such as POCIS for
monitoring ambient levels of pharmaceuticals in surface waters.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The occurrence of veterinary pharmaceuticals, including anti-
biotics and beta agonists, in surface water is of significant concern
due to their potential human health and ecological impacts. These
compounds can enter surface water through illicit or accidental
wastewater discharge, or in storm runoff from agricultural fields
fertilized with manure from animals that were administered
pharmaceuticals (Davis et al., 2006; Kim et al,, 2010; Joy et al,,
2013). Although there is significant evidence showing that phar-
maceuticals can be transported to surface water in runoff from
land-applied manure, to date, a limited number of studies have
evaluated the fate and persistence of antibiotics in surface waters in
agricultural watersheds.

Antibiotics are commonly prescribed to humans and livestock
for prevention and treatment of disease. Beta-adrenergic agonists
stimulate skeletal muscle growth of livestock species (Beermann,
2002). Ractopamine, sold as a feed additive, is used to promote
weight gain (Centner et al., 2014) and is administered to swine
(Alder et al., 2010) and cattle (Koontz et al., 2010). The Center for
Disease Control (CDC) has estimated that 50 million pounds (~2.26
million kg) of antibiotics are produced in the United States
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annually, with approximately 40 percent used in agriculture
(Nawaz et al., 2001). Antibiotics administered to animals are
excreted in manure, and up to 90% of certain antibiotics may be
excreted unmetabolized (Jjemba, 2006). Antibiotic concentrations
in manure have been reported to range from trace levels to hun-
dreds of mg/kg, with typical concentrations between 1 and 10 mg/
kg (Joy et al, 2013; Ji et al.,, 2012; Zhao et al., 2010; Martinez-
Carballo et al., 2007; Kumar et al., 2005).

The occurrence of antibiotics in the environment may pose a
human health risk as they may be linked to proliferation of anti-
biotic resistance (Jjemba, 2006; Hughes and Andersson, 2012;
Truszczyn'ski and Pejsak, 2013). Some antibiotics are structurally
similar to pesticides (e.g. fluconazole vs. azaconazole; sulfanilamide
vs. asulam) and may also impose a risk to non-target organisms
(Swanton et al.,, 2011). For instance, lomefloxacin, sulfamethoxa-
zole, and chlortetracycline are toxic for Lemna gibba at effective
concentrations of 38, 37 and 114 pg/ml, respectively (Brain et al.,
2004).

Potential adverse effects of antibiotics on microorganisms,
aquatic life and human health have motivated the need to evaluate
their occurrence in the environment, especially in water receiving
municipal wastewater treatment plant effluents (Alvarez et al.,
2005; Moldovan, 2006; Ying et al., 2009; Watkinson et al., 2009).
In contrast, fewer studies have analyzed the occurrence, temporal,
and spatial variability of antibiotics in water bodies within pre-
dominantly agricultural watersheds (Arikan et al, 2008;
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Kurwadkar et al.,, 2013; Zhang et al., 2012). Antibiotics including
tetracyclines and sulfonamides (Arikan et al., 2008; Zhang et al.,
2012; Lissemore et al., 2006) and monensin (Kurwadkar et al.,
2013) have been detected in watersheds influenced by agricul-
tural inputs, and some evidence suggests that there are temporal
trends in antibiotic concentration (Arikan et al., 2008; Zhang et al.,
2012) with higher concentrations occurring during winter or low-
flow conditions. Typical concentrations of antibiotics measured in
agricultural watersheds range from hundreds of ng/L (Lissemore
et al., 2006) to tens of pg/L (Kurwadkar et al., 2013).

Traditionally, grab sampling methods are used to evaluate the
occurrence of pharmaceuticals in aquatic environments. The effi-
cacy of grab samples can be limited when evaluating low concen-
trations of pollutants, especially pollutants that dissipate quickly or
enter the water body in discrete temporal events. An alternative is
to use passive samplers such as the Polar Organic Chemical Inte-
grative Sampler (POCIS) (Alvarez et al., 2005). POCIS are useful for
evaluation of water-soluble compounds like veterinary pharma-
ceuticals where concentrations may be below detection limits in
grab samples. POCIS are efficient due to the ease of deployment,
and do not require collecting or processing multiple water samples
(Alvarez et al., 2005). POCIS have been used to provide TWA con-
centration of pharmaceuticals at a location for periods of weeks to
months (Alvarez et al., 2004; Matthiessen et al., 2006; Bartelt-Hunt
et al., 2009).

In this study, we evaluated the occurrence of 12 veterinary an-
tibiotics and a beta agonist in the Shell Creek watershed, Nebraska
(Fig. 1). POCIS devices were deployed at eight stations simulta-
neously between September 2008 and October 2009. Our purpose
was to assess the temporal variation in occurrence of dissolved
pharmaceuticals in an intensively agricultural watershed.

2. Materials and methods
2.1. Watershed description

The Shell Creek watershed drains approximately 1200 km? in
east-central Nebraska and is located primarily within Boone,
Madison, Platte and Colfax counties of Nebraska. The towns of
Schuyler, Platte Center, Lindsay and Newman Grove are located
within the watershed and the city of Columbus is directly to the
south. Shell Creek has three major tributaries in the watershed: ElIm
Creek, Loseke Creek and Taylor Creek (Fig. 1).

The watershed is a heavily agricultural region with a high per-
centage of the land in irrigated row crops (46%). The counties
comprising the watershed include approximately 1550 farms with
over 1,050,000 head of swine, cattle, and poultry (USDA-NASS,
2012). Land cover types include cultivated (78.2%), herbaceous
(14.6%) and forest (1.85%); while urban developed areas cover only
4.4% of the watershed (Fig. 2). In this region, antibiotics are
commonly administered prophylactically for disease prevention as
well as for disease treatment. Animals in the region are typically
raised in confined animal feeding operations (CAFOs) where ani-
mals are confined to production barns (swine and poultry) or
feedlots (cattle). Manure from animal production facilities is typi-
cally collected and land applied to agricultural fields as a soil
conditioner and fertilizer. The five towns in the watershed com-
bined include a population of 1675 people (U.S. Census Bureau,
2010). The daily discharge at the USGS gage station (Fig. 1) aver-
ages 140 + 513 m3/s between 1947 and 2014 (U.S. Geological
Survey, 2012), and mean precipitation at the rain station (Fig. 1) is
2.18 + 7.31 mm/day (3076.16 + 1317.94 mmy/year) between 2005
and 2010 (Menne et al., 2012).
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Fig. 1. Shell Creek watershed and monitoring stations.
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Fig. 2. Land use and population in Shell Creek.

Table 1
Exposure periods.

Year Month Exposure period Collection date
(days) (mm/dd/yyyy)
2008 Sep. 22 09/26/2008
Oct. 34 10/30/2008
Nov. 26 11/25/2008
2009 June 26 06/18/2009
July 32 07/20/2009
Aug. 44 09/02/2009
Sep. 41 10/13/2009
Oct. 52 12/04/2009

In 2008, sampling was conducted at 7 stations within the Shell
Creek watershed. Another site was included in 2009 to monitor the
water quality near headwaters. Fig. 1 shows the location of the
stations. POCIS, holders and deployment canisters were obtained
from Environmental Sampling Technologies (EST Inc, St. Joseph,

MO). In this study, a pharmaceutical POCIS with a surface area of
41 cm? filled with 200 mg of Oasis™ HLB sorbent (Waters Corpo-
ration, Milford, MA) were used. At each sampling station, POCIS
were deployed in triplicate in a stainless steel canister and secured
in place using a metal stake. POCIS were deployed in September
2008 through November 2008 and June 2009 through October
2009 at each station for exposure periods ranging from 22 to 52
days (Table 1). At the end of each exposure period, POCIS were
retrieved, disassembled, rinsed gently with purified reagent water,
and stored at —20 °C until processing for analysis. Data on the mass
of each compound recovered from the POCIS samplers were con-
verted to aqueous concentrations using the laboratory uptake rates
reported in Bartelt-Hunt et al. (Bartelt-Hunt et al.,, 2011a) and
presented in Table 2.

2.2. Solvents and internal standards

Reference materials, metabolites and standards were obtained

Table 2
Uptake rates, LC/MS/MS analytical parameters and method detection limits for the veterinary pharmaceuticals evaluated.
Compound Use CAS No.* Molecular weight  Rs” Retention Precursor Production MDL Reporting  Recovery
time ion limits
(L/d)  (min) (m/z) (mfz) (ng/g)  (ng/g) (%)
Veterinary and Human Antibiotics
Erythromycin Macrolide antibiotic 114-07-8 733.93 0.253 10.6 733.9 575.9 0.023  0.02 86.8
Lincomycin Macrolide antibiotic 154-21-2 406.54 0.233 7.2 407 359 0.011 0.02 111.9
Monensin lonaphore antibiotic 17090-79-8  670.88 0.205 13.2 688.1 635.2 0.001  0.02 62.2
Sulfachloropyridazine  Sulfonamide antibiotic =~ 23282-55-5  306.7 0.177 7.7 285 156 0.015 0.02 1533
Sulfamethazine Sulfonamide antibiotic ~ 57-68-1 278.33 0.243 7.5 279.1 156 0.008  0.02 105.7
Sulfadimethoxine Sulfonamide antibiotic =~ 122-11-2 310.33 0.291 8 3111 156 0.002 0.02 124.0
Sulfamethazole Sulfonamide antibiotic =~ 144-82-1 270.34 0.066 7.7 2711 156 0.012  0.02 108.2
Sulfamethoxazole Sulfonamide antibiotic =~ 723-46-6 253.28 0.118 7.7 2541 156 0.014 0.02 102.9
Sulfamerazine Sulfonamide antibiotic = 127-79-7 264.31 0.191 74 265.1 156 0.014 0.02 100.5
Sulfathiazole Sulfonamide antibiotic ~ 72-14-0 255.32 0.187 7.3 256.1 156 0.014  0.02 125.5
Tylosin Macrolide antibiotic 1401-69-0 916.1 1.33 9.7 915.9 771.9 0.002  0.02 64.4
Tiamulin Antimicrobial 55297-96-6  609.82 0.314 10.6 493.9 1919 0.018  0.02 83.1
Growth Promotants
Ractopamine beta-agonist 97825-25-7  301.38 0.302 7.3 302.2 164.2 0.007  0.02 1344

2 CAS: Chemical Abstracts Service Registry Numbers.

b Rs: Turbulent sampling rates at 22 °C. Sources: (Bartelt-Hunt et al., 2011a, 2011b).
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Table 3
Concentration of pharmaceuticals in Shell Creek in 2008 (ng/L).
Station month Lincomycin Monensin Sulfamethazine Tiamulin Tylosin
Mean SD Mean SD Mean SD Mean SD Mean SD
N@) Sep. 0.088 0.086 0.53 0.90 0.47 0.30 0.0027 0.0016 0.022 0.0097
Oct. 0.77 0.30 11 2.6 14 0.99 0.0088 0.0035 0.039 0.0052
Nov. 0.74 0.081 - - 0.58 0.055 0.0025 0.0010 0.014 0.0032
SC3 Sep. - - 0.32 0.54 045 0.21 0.0091 0.0094 0.020 0.011
Oct. 1.6 0.54 27 12 0.94 0.14 0.028 0.0082 0.043 0.024
Nov. 0.66 0.19 1.5 13 14 0.69 0.0055 0.0065 0.020 0.0035
sc4t Sep. 21 0.95 18 5.6 0.60 0.13 0.061 0.054 0.038 0.0093
Oct. 1.8 0.48 35 14 0.70 0.16 0.040 0.012 0.053 0.018
Nov. 16 16 71 3.1 1.0 0.41 0.14 0.12 0.035 0.011
SC5 Sep. 18 0.23 5.1 5.1 045 0.020 0.0021 0.0014 0.024 0.0046
Oct. 0.49 0.38 3.6 52 0.32 0.14 0.0079 0.0060 0.044 0.032
EC! Sep. 4.6 0.42 - - 13 0.53 0.0026 0.0010 0.033 0.011
Oct. 0.85 0.21 29 3.0 0.22 0.062 0.014 0.0096 0.081 0.050
Nov. 0.95 0.21 0.056 0.089 0.26 0.15 0.0057 0.0046 0.079 0.0083
LC Sep. 29 2.7 23 15 1.2 0.51 - - 0.060 0.012
Oct. 34 0.45 32 2.6 1.6 0.11 0.027 0.0062 0.066 0.0041
Nov. 6.3 1.6 16 7.6 1.7 0.39 0.014 0.0022 0.063 0.010
TC Sep. 2.8 1.2 - - 0.44 0.033 - - 0.011 0.0029
Oct. 0.93 0.56 39 2.1 0.38 0.091 0.0066 0.0043 0.012 0.0038
Nov. 0.78 0.28 0.54 0.92 0.39 0.075 0.0041 0.0053 0.015 0.0024

Values are means in bold and standard deviations (SD) of three replicates for each measurement event. — Below detection limit in POCIS extracts.  Ractopamine was measured
at concentrations of 0.013(0.019) and 0.12(0.10) ng/L on October and November 2008, respectively, at station SC4.  Sulfadimethoxine was measured at concentrations of

4.0(3.2) and 0.21(0.37) ng/L on September and October 2008, respectively, at station EC. Station SC1 was not monitored this year.

Table 4
Concentration of pharmaceuticals in Shell Creek in 2009 (ng/L).
Station  month  Lincomycin Monensin Sulfadimethoxine Sulfamethazine Sulfamethoxazole Tiamulin Tylosin
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

SC1 June - - 0.26 025 - - 0.23 0.11 0.030 0.037 21 14 - -
July 1.6 1.5 0.17 017 - - 0.12 0.17 - - 13 1.2 - -
Aug. - - 0.25 023 - - 0.082 0.12 - - 0.55 0.84 - -
Sep. - - 13 0.61 0.10 0.034 0.48 0.14 - — 0.036 0.058 -— -
Oct. 0.039 0.063 0.15 017 - - 0.071 0.079 - - 0.99 1.6 - -

SC2 June - - 6.3 041 - - 0.70 0.11 0.83 0.057 2.0 0.71 - -
July 0.68 0.66 0.84 047 - - 0.39 0.16 0.027 0.035 21 1.9 - -
Aug. 042 0.25 73 1.5 - - 13 041 0.026 0.036 - - - -
Sep. 0.53 0.29 31 13 0.11 0.082 0.48 0.16 0.63 0.15 0.39 0.68 - -
Oct. - - 4.0 1.1 - - - - - - 0.22 0.23 - -

SC3 June 6.8 7.1 12 39 0.078 0.11 0.31 0.22 0.082 0.072 - - 0.0075 0.012
July 0.077 0.13 0.52 0.14 0.19 0.24 0.20 0.28 0.046 0.069 1.6 0.94 - -
Aug. 22 1.1 49 6.5 0.32 0.29 34 1.2 - - 1.6 0.58 0.085 0.026
Sep. 041 0.18 28 1.8 0.15 0.23 0.50 0.28 0.53 0.23 1.0 0.75 - -
Oct. 1.0 0.89 16 6.2 - - 13 0.72 0.0037 0.0007 0.028 0.045 0.0086 0.011

SC4 June 0.34 0.49 28 55 0.026 0.020 12 0.27 - — 0.057 0.094 - -
July - - 0.82 0.17 0.16 0.072 0.34 0.084 - — 0.49 0.10 - -
Aug. 1.8 0.88 25 6.3 0.029 0.025 31 0.22 - - 11 0.52 0.037 0.012
Sep. 2.7 13 20 050 — - 0.31 0.093 0.11 0.11 0.20 0.078 — -
Oct. 0.99 047 9.9 73 — - 53 1.1 - — 0.16 0.13 - -

Nell June 15 8.1 44 24 0.15 0.069 12 0.29 - - 2.6 1.2 0.023 0.039
July - - 0.56 046 — - 0.18 0.15 - — 21 0.45 - -
Aug. 3.0 0.80 19 12 0.065 0.11 19 0.53 - - 0.82 14 0.0007  0.0005
Sep. 3.6 1.6 5.0 14 0.027 0.025 0.53 0.15 0.055 0.048 0.89 0.81 - -
Oct. 0.83 0.74 27 094 - - 3.0 0.56 - — 0.036 0.060 — -

EC™ June 68 27 1.8 14 0.016 0.023 0.36 0.62 - - 0.95 14 0.016 0.021
July 59 3.1 0.44 042 0.11 0.18 0.057 0.094 - — 12 0.26 - -
Aug. 29 22 1.9 045 039 0.094 1.0 0.25 - — 2.6 0.15 - -
Sep. 0.32 0.40 3.6 1.7 0.011 0.016 - - - - 0.53 0.32 - -
Oct. 0.088 0.11 6.1 2.5 0.75 0.061 - - - - - - 0.038 0.0069

LCHE June 25 8.9 19 12 - - 24 14 - - - - - -
July 0.42 0.15 6.2 1.0 0.025 0.038 0.67 0.13 - — 0.76 0.83 - -
Aug. 1.6 0.70 18 3.7 0.21 0.27 22 1.1 - — 0.97 1.0 0.0003 0.0001
Sep. 4.0 3.0 36 23 - - 13 0.31 - - 0.65 0.62 - -
Oct. 8.5 3.1 8.1 2.8 0.13 0.079 29 0.27 - — 0.026 0.032 - -

Values are means and standard deviations (SD) of three replicates for each measurement event. — Below detection limit in POCIS extracts. ' Erythromycin was measured at a
concentration of 0.024(0.036) ng/L on July 2009 at station SC5. * Sulfathiazole was measured at a concentration of 0.75(0.68) ng/L on October 2009 at station LC. “ Ractopamine
was detected in four months with a maximum concentration of 0.54(0.38) ng/L on June 2009 at station LC. ™ Sulfachloropyridazine was detected in four months with a
maximum concentration of 0.090(0.15) ng/L on August 2009 at station EC. ¥ Sulfamethazole was detected in three months with a maximum concentration of 0.16(0.27) ng/L on
August 2009 at station LC.



