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Land-Cover Effects on the Fate and Transport of SurfaceApplied Antibiotics and 17-beta-Estradiol on a Sandy
Outwash Plain, Anoka County, Minnesota, 2008–09
By Jared J. Trost,1 Richard L. Kiesling,1 Melinda L. Erickson,1 Peter J. Rose,2 and Sarah M. Elliott1

Abstract
A plot-scale field experiment on a sandy outwash plain in
Anoka County in east-central Minnesota was used to investigate the fate and transport of two antibiotics, sulfamethazine
(SMZ) and sulfamethoxazole (SMX), and a hormone, 17-betaestradiol (17BE), in four land-cover types: bare soil, corn,
hay, and prairie. The SMZ, SMX, and 17BE were applied to
the surface of five plots of each land-cover type in May 2008
and again in April 2009. The cumulative application rate was
16.8 milligrams per square meter (mg/m2) for each antibiotic
and 0.6 mg/m2 for 17BE. Concentrations of each chemical in
plant-tissue, soil, soil-water, and groundwater samples were
determined by using enzyme-linked immunosorbent assay
(ELISA) kits. Soil-water and groundwater sampling events
were scheduled to capture the transport of SMZ, SMX, and
17BE during two growing seasons. Soil and plant-tissue
sampling events were scheduled to identify the fate of the
parent chemicals of SMZ, SMX, and 17BE in these matrices
after two chemical applications. Areal concentrations (mg/m2)
of SMZ and SMX in soil tended to decrease in prairie plots
in the 8 weeks after the second chemical application, from
April 2009 to June 2009, but not in other land-cover types.
During these same 8 weeks, prairie plots produced more
aboveground biomass and had extracted more water from the
upper 125 centimeters of the soil profile compared to all other
land-cover types. Areal concentrations of SMZ and SMX in
prairie plant tissue did not explain the temporal changes in
areal concentrations of these chemicals in soil. The areal concentrations of SMZ and SMX in the aboveground plant tissues
in June 2009 and August 2009 were much lower, generally
two to three orders of magnitude, than the areal concentrations
of these chemicals in soil. Pooling all treatment plot data, the
median areal concentration of SMZ and SMX in plant tissues
was 0.01 and 0.10 percent of the applied chemical mass compared to 22 and 12 percent in soil, respectively. Furthermore,
areal concentrations of SMZ and SMX in plant-tissue samples
U.S. Geological Survey.

1

Bureau of Ocean Energy Management.

2

were variable, and did not differ significantly between control
and treatment plots within each land-cover type.
SMZ was detected in 23 percent of soil-water samples
and in 16 percent of groundwater samples collected between
October 2008 and October 2009 in treatment plots, indicating
that surface-applied SMZ leached below the rooting zone and
reached groundwater. SMX was detected in only 1 percent
of soil-water and groundwater samples during this same time
period. In contrast to the antibiotics, 17BE was not reliably
detected in soil samples. Additionally, ELISA-determined
17BE concentrations in plant-tissue, soil-water, and groundwater samples indicated the presence of chemicals that were
not applied as part of this experiment [17BE from an external
source or other chemical(s) that interfered with the 17BE
ELISA kits].

Introduction
Chemicals of emerging concern are a broad class of
anthropogenic or naturally occurring organic compounds present in the environment but usually are not routinely monitored
and do not have regulatory limits. Examples of these chemicals include antibiotics and other pharmaceuticals, hormones,
personal-care products, fire retardants, pesticides, and detergents (Kolpin and Furlong, 2002). A growing body of research
documents the presence of these chemicals in surface water
(Kolpin, 1997; Campagnolo and others, 2002; Kolpin and
others, 2002; Lee and others, 2004) and groundwater (Kolpin,
1997; Kolpin and others, 2001; Worrall and others, 2002;
Lee and others, 2004; Hamscher and others, 2005; Erickson,
2012). As these chemicals move through the environment,
they have the potential to cause biological disruptions, such
as antibiotic resistance (Levy, 1998; Iwane and others, 2001;
Kummerer, 2004a) and endocrine disruption (Crisp and others,
1998). These chemicals are introduced to the environment
from a variety of sources including agriculture, municipal
wastewater-treatment facilities, and individual septic treatment systems (Tolls, 2001; Thiele-Bruhn, 2003; Swartz and
others, 2006). Chemicals of emerging concern examined
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in this report are two antibiotics, sulfamethazine (SMZ)
and sulfamethoxazole (SMX), and the steroidal hormone
17-beta-estradiol (17BE).
Modern row-crop methods of food and energy production release chemicals of emerging concern, such as SMZ and
17BE, to the environment and may reduce the quality of food
for livestock and human consumption (Boxall and others,
2003). Spreading liquid manure from animal feedlots on agricultural fields is a common practice for disposing of animal
manure. Runoff water and water leaching from agricultural
fields and manure stockpiles have been determined to contain
antibiotics (Kay and others, 2005; Dolliver and Gupta, 2008a,
2008b). Veterinary pharmaceutical chemicals have been
detected in manure (Tolls, 2001; DeLiguoro and others, 2003),
soils (Tolls, 2001; Thiele-Bruhn, 2003; Kay and others, 2004),
surface waters (Kolpin and others, 2002), and groundwater
(Hamscher and others, 2005).
The antibiotic SMZ commonly is used in animal agriculture for disease management or to improve growth efficiency (Dolliver and others, 2007). Before 2001, an estimated
400 tons of SMZ was used annually in the United States as a
feed additive for cattle and swine production (Mellon and others, 2001). SMZ persists in soils receiving manure and leaches
through the soil column to groundwater (Hamscher and others, 2005). In a national survey of surface waters susceptible
to contamination, SMZ was detected in 5 percent of stream
samples (Kolpin and others, 2002).
The antibiotic SMX commonly is prescribed for the
treatment of urinary tract infections in humans (Huang and
Stafford, 2002). Approximately 15 percent of ingested SMX
is excreted from the human body in its original form (Hirsch
and others, 1999). Monitoring data on raw and treated sewage
from municipal wastewater-treatment plants indicates that sulfonamide antibiotics, such as SMX, persist through the sewage
treatment process (Hartig and others, 1999). In a national survey of surface waters susceptible to contamination, SMX was
detected in 19 percent of stream samples (Kolpin and others,
2002). Near Helena, Montana, an area with a growing number
of septic tank and drainfield systems, SMX was detected in
80 percent of groundwater samples (Miller and Meek, 2006).
The steroidal hormone 17BE is a mammalian hormone
that is associated with high population densities of female
mammals, as is common in pork, beef, and dairy production
(Hanselman and others, 2003). Kolpin and others (2002), in a
national survey of surface waters susceptible to contamination,
documented 17BE in 10 percent of samples. The hormone
17BE also has been determined to be mobilized in the pore
water of soils amended with manure in response to precipitation events (Kjaer and others, 2007; Casey and others, 2008;
Thompson and others, 2009; Schuh and others, 2011).
Because these three chemicals (SMZ, SMX, and 17BE)
commonly reach the environment and have the potential to
cause antibiotic resistance and endocrine disruption, it is
important to develop management practices to reduce their
prevalence beyond the sources. One strategy is to intersect
agricultural or human waste streams with perennial bioenergy

crops, such as prairie. Prairies comprising diverse mixtures
of grasses, forbs, shrubs, and legumes possess properties that
have been determined to provide beneficial water-quality
improvements (Dijkstra and others, 2007) and a source of
sustainable energy (Tilman, Hill, and Lehman, 2006). Prairies
produce perennial aboveground vegetation and deep, dense
root systems that improve water quality and restore hydrologic
pathways without needing continual application of pesticides
and fertilizers (Brye and others, 2000; Tilman, Hill, and
Lehman, 2006). Prairies are more effective than row crops at
reducing overland flow and downward flux of water through
soils to groundwater, allowing for the interception of nutrients,
pesticides, and other chemicals (Randall and others, 1997;
Brye and others, 2000; Weber and others, 2001; Tilman, Hill,
and Lehman, 2006; Dijkstra and others, 2007). Furthermore,
when aboveground prairie biomass is annually harvested for
bioenergy, the net energy produced is similar to that of corn
grain ethanol with the additional benefit of a net reduction in
atmospheric carbon dioxide (Tilman, Hill, and Lehman, 2006).
Determining the effects of land-cover types on the fate
and transport of surface-applied chemicals requires detailed
information on the chemicals as they are sequestered in soil,
degraded, taken up by plants, and transported through soil
to groundwater. Several studies have examined the fate and
transport of many chemicals of emerging concern through
soils, as reviewed in Tolls (2001) and Thiele-Bruhn (2003),
but little is known about the fate of antibiotics in soils (ThieleBruhn, 2003). Few studies have focused on the ability of
plants to take up antibiotics (Boxall and others, 2006). Prairie
systems have the potential for substantially greater chemical
uptake than annually harvested row crops because most of the
biomass of a prairie is below ground (Fornara and Tilman,
2008) and prairie plants actively take up water throughout the
entire growing season (Brye and others, 2000; Trost, 2010).
Prairies also affect soil properties, including soil carbon
content (Tilman, Hill, and Lehman, 2006; Fornara and Tilman,
2008), which is important in controlling the sorption of these
chemicals on solids (Lai and others, 2000; Kummerer, 2004b).
Process-based studies on the movement and persistence of
antibiotics and other chemicals of emerging concern through
different land-cover types are necessary to determine the fate
of these chemicals in the environment.
The U.S. Geological Survey (USGS), in cooperation
with the College of Biological Sciences of the University of
Minnesota and the Legislative-Citizen Commission on Minnesota Resources, completed a plot-scale field experiment
on a sandy outwash plain in Anoka County in east-central
Minnesota (fig. 1) to determine the effects of land-cover
type on the fate and transport of surface-applied SMZ, SMX,
and 17BE in four land-cover types: bare soil, corn, hay, and
prairie. The three chemicals were applied to the surface of five
plots of each land-cover type in May 2008 and April 2009.
Concentrations of each chemical in plant-tissue, soil, soilwater, and groundwater samples were determined by using
enzyme-linked immunosorbent assay (ELISA) kits purchased
from Abraxis, LLC (Warminster, Pennsylvania). The ELISA

Methods of Study   3
methodology is an analytical technology that has been successfully used for assessing the presence of some chemicals of
emerging concern in a variety of environmental sample matrices (Aga and others, 2003; Kumar and others, 2004; Dolliver,
Gupta, and Noll, 2008; Dolliver, Kumar, and others, 2008;
Dolliver and Gupta, 2008a, 2008b).

Methods of Study
This section of the report describes the field experiment and sampling design, the collection and storage of field
samples, and laboratory analytical procedures used in this
study. The methods used for calculations and statistics also are
described.

Purpose and Scope
The purpose of this report is to describe the land-cover
effects on the fate and transport of surface-applied sulfamethazine (SMZ), sulfamethoxazole (SMX), and 17-beta-estradiol
(17BE) on a sandy outwash plain in Anoka County, Minnesota
(fig. 1). The types of land cover considered were bare soil and
three biofuel cropping systems: corn, hay, and prairie. Concentrations of these chemicals were determined in plant-tissue,
soil, soil-water, and groundwater samples collected from a
plot-scale field experiment between October 2008 and October
2009.

Description of Study Area
This study was done at the Cedar Creek Ecosystem Science Reserve (CCESR), a University of Minnesota research
station in Anoka and Isanti Counties, Minn. (fig. 1). The
CCESR is situated on the eastern one-third of the Anoka Sand
Plain (fig. 1), a nutrient-poor sandy glacial outwash plain
(Typic Udipsamment soil) (Grigal and others, 1974). The surficial sediments at CCESR predominantly are very fine to fine
sand with distinct textural variations evident in the subsurface
(Grigal and others, 1974). The upper surface of the unconfined
surficial aquifer of the Anoka Sand Plain lies near land surface,
with many lakes, streams, and wetlands being expressions of
the water table (Lindholm, 1980). Mean annual precipitation
is 79.6 centimeters (cm), of which 14 cm fall as snow (Natural Resources Conservation Service, 2010). Mean monthly
temperatures range from -11 degrees Celsius (ºC) in January to
22 ºC in July (Natural Resources Conservation Service, 2010).
Mean annual potential evapotranspiration is estimated to be
60 cm from empirical calculations (Baker, 1958).
A 35-plot subset of several hundred research plots
originally planted in 1994 with varying levels of biodiversity
(Cedar Creek Ecosystem Science Reserve, 2012a; Tilman,
Reich, and Knops, 2006) was used in this field experiment.
Candidate plots for this experiment were selected based on
two criteria: (1) the plots originally were planted with eight
prairie plant species in 1994 and (2) the plant cover in June
2007 primarily consisted (greater than 50 percent) of native
warm-season (C4) grasses and leguminous forbs (Raven and
others, 1999). After all candidate plots were identified, experimental treatments for this study were randomly assigned to 35
of those plots.

Experiment and Sampling Design
The experimental design included 35 plots, each measuring 11 meters (m) by 11 m, with land-cover types of
nonvegetative bare soil, corn, hay, or prairie (fig. 2; table 1).
Five “treatment” plots of each land-cover type (20 plots total)
received surface applications of sulfamethazine (SMZ), sulfamethoxazole (SMX), 17-beta-estradiol (17BE), and hydrologic tracers (bromide and rhodamine WT). Background concentrations of SMZ, SMX, and 17BE in plant tissues, soil, soil
water, and groundwater were determined in samples collected
from bare soil, hay, and prairie “control” plots (15 plots total)
that did not receive any chemical applications. Background
concentrations of SMZ, SMX, and 17BE in corn plants were
determined in samples collected from a single large stand of
corn that did not receive additions of these chemicals (fig. 2).
Sampling events were scheduled to (1) capture the transport
of SMZ, SMX, 17BE, and bromide in soil water and groundwater and (2) identify the fate of SMZ, SMX, and 17BE (not
metabolites) in plant tissues and soils after two applications of
these chemicals.
Degradation of the surface-applied SMZ, SMX, and
17BE by soil microbes, sunlight, or other processes also likely
affected the fate and transport of these chemicals during the
experiment (Boxall and others, 2004); however, measurements
of degradation and metabolites were beyond the scope of this
experiment. All three chemicals, SMZ, SMX, and 17BE, have
been detected in the environment beyond the site of original
use (for example, Kolpin and others, 2002). These observations demonstrate the persistence of each parent chemical and
the importance of understanding their fate and transport.

Establishment and Maintenance of Land-Cover
Types
This section describes the establishment and maintenance
of the land-cover types used in this experimental study. The
35 research plots for the four land-cover types used in this
study are shown in figure 2.
To establish the bare soil plots, the existing prairie vegetation was sprayed with glyphosate, mowed, and removed by
raking from August through September in 2007. The bare soil
treatment was maintained by spraying any emergent vegetation with glyphosate every 2 to 4 weeks from May through
October in 2008 and 2009.
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Plot number
(fig. 2)

Plot information

452409093111701

452410093111701

452410093112201

452410093112401

452411093111703

452411093111701

452411093112103

452411093112701

452411093112101

452411093111901

452411093111601

452412093111803

452412093112003

452412093112601

452412093112001

452412093111801

452413093112401

452413093112701

452413093112301

452413093112001

452413093111601

452414093111801

452413093112501

452414093111701

452415093111601

452415093112401

452415093111901

452415093111801

Well site number

CC224

CC221

CC222

CC234

CC220

CC223

CC230

CC219

CC229

CC218

CC217

CC214

CC215

CC216

CC237

CC213

CC212

CC211

CC210

CC209

CC236

CC233

CC235

CC208

CC207

CC206

CC205

CC204

Well short
name

Month of
installation

September 2007

August 2007

August 2007

November 2007

August 2007

September 2007

October 2007

August 2007

October 2007

August 2007

August 2007

August 2007

August 2007

August 2007

November 2007

August 2007

August 2007

August 2007

July 2007

July 2007

November 2007

October 2007

November 2007

July 2007

July 2007

July 2007

July 2007

July 2007

Wells

190–474

203–486

205–488

138–421

205–489

158–441

161–444

257–541

124–408

176–459

228–512

159–442

160–444

255–539

159–442

113–397

135–419

173–456

167–451

188–472

35–319

118–401

105–388

113–396

116–400

168–451

110–393

88–371

Screened
interval,
cm BLS

452409093111702

452410093111702

452410093112202

452410093112402

452411093111704

452411093111702

452411093112104

452411093112702

452411093112102

452411093111902

452411093111602

452412093111804

452412093112004

452412093112602

452412093112002

452412093111802

452413093112402

452413093112702

452413093112201

452413093112002

452413093111602

452414093111802

452413093112502

452414093111702

452415093111602

452415093112402

452415093111902

452415093111701

Suction sampler
site number

October 2007

October 2007

October 2007

April 2008

October 2007

October 2007

October 2007

October 2007

October 2007

October 2007

October 2007

October 2007

October 2007

October 2007

April 2008

October 2007

October 2007

October 2007

October 2007

October 2007

April 2008

April 2008

April 2008

October 2007

October 2007

October 2007

October 2007

October 2007

Month of
installation

Suction samplers

160

160

160

160

160

160

160

160

160

160

160

160

160

160

160

160

160

160

160

160

160

160

160

100

160

160

100

100

Installation
depth,
cm BLS

[NGVD 29, National Geodetic Vertical Datum of 1929; cm BLS, centimeters below land surface; BT, bare soil treatment; HC, hay control; HT, hay treatment; CT, corn treatment; PC, prairie control; BC, bare
soil control; PT, prairie treatment; BG, background (not in a research plot); --, no data]

Table 1. Research plot numbers, treatments, and installation details for groundwater wells and soil-water suction samplers at the Cedar Creek Ecosystem Science Reserve
(CCESR) in east-central Minnesota.
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PT
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276

281.5

281.4

337
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269

281.4

Land-surface altitude
of plot in meters
above NGVD 29

327

PC

CT

258

HT

Plot
treatment

254

Plot number
(fig. 2)

Plot information

557161a

CC203

CC202

CC201

CC200

CC228

CC231

CC227

CC232

CC238

CC226

CC225

Well short
name

Month of
installation

March 1995a

July 2007

June 2007

May 2007

May 2007

October 2007

August 2007

September 2007

October 2007

November 2007

September 2007

September 2007

Wells

4,816–8,565a

--

--

--

--

152–436

74–357

143–426

168–452

140–424

211–494

139–422

Screened
interval,
cm BLS

--

--

--

--

--

452407093111802

452407093112502

452407093112402

452408093112102

452408093111702
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Suction sampler
site number

--

--

--

--

--

April 2008

October 2007

October 2007

October 2007

April 2008

October 2007

October 2007

Month of
installation

Suction samplers

--

--

--

--

--

160

100

160

160

160

160

160

Installation
depth,
cm BLS

[NGVD 29, National Geodetic Vertical Datum of 1929; cm BLS, centimeters below land surface; BT, bare soil treatment; HC, hay control; HT, hay treatment; CT, corn treatment; PC, prairie control; BC, bare
soil control; PT, prairie treatment; BG, background (not in a research plot); --, no data]

Table 1. Research plot numbers, treatments, and installation details for groundwater wells and soil-water suction samplers at the Cedar Creek Ecosystem Science Reserve
(CCESR) in east-central Minnesota.—Continued
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To establish the corn plots, the existing prairie vegetation
was sprayed with glyphosate, mowed, and removed by raking
in April 2008. Each plot was disked several times to break up
the sod and prepare the seed bed. Corn was planted on May 1,
2008, with row spacing of 91 cm at a seeding rate between
74,130 and 93,800 seeds per hectare (seeds/ha). The range in
seeding rate resulted from variability in the decades-old planting equipment. Then in 2009, the plots were rototilled twice
before planting. Corn was planted by hand on May 8, 2009,
with row spacing of 76 cm at a rate of 76,850 seeds/ha. Starter
fertilizer comprising 8 percent nitrogen, 10 percent diphosphorus pentoxide, 34 percent potassium oxide, and 5 percent
potassium sulfate by mass was side-dress applied at a rate
of 224 kilograms per hectare (kg/ha) at the time of planting
in 2008 and 2009. Weeds were managed from May through
October with biweekly to monthly glyphosate applications. In
2009, some re-planting of corn was necessary in June because
of damage by sandhill cranes. Urea [CO(NH2)2] containing
46 percent nitrogen by weight was broadcast applied in late
June of each season at a rate of 103 kg/ha. All corn fertilization and planting rates were recommended by an agronomist
in Isanti, Minn., who was familiar with farming practices in
the surrounding region (staff, Federated Coop, Isanti, Minn.,
oral commun., April 2008).
To establish the hay plots, the existing prairie vegetation
was sprayed with glyphosate, mowed, and removed by raking in August through September of 2007. The seed bed was
prepared by scraping the upper 5 cm of the soil profile with a
blade pulled behind a lawn tractor. Hay plots were seeded in
September 2007 with a CP-1 Conservation Reserve Program (CRP) mix consisting of the following species: smooth
brome (Bromus inermis), alsike clover (Trifolium hybridum),
and red clover (Trifolium pratense). Seeds for each species
were applied at rates of 3.35 grams per square meter (g/m2),
0.76 g/m2, and 0.07 g/m2, respectively (Natural Resources
Conservation Service, 2007). The plots were overseeded
a month later at the same application rate. The seeds were
spread by hand on the soil surface and then lightly raked
into the soil. After the second seeding, a cover of B. inermis
clippings was spread over the plots to minimize wind-driven
seed losses. Ongoing management of hay plots required hand
weeding to remove perennial prairie plants that were not killed
in the original glyphosate application.
To establish the prairie plots, the existing prairie vegetation in these plots was left intact and overseeded according
to the seed supplier’s recommendations for establishing a
native perennial CRP landscape (staff, Prairie Restorations
Incorporated, oral commun., July 2007). Seeds were applied in
September 2007 at the following rates: big bluestem (Andropogon gerardii), 0.42 g/m2; yellow indian-grass (Sorghastrum
nutans), 0.32 g/m2; little bluestem (Schizachyrium scoparium),
0.16 g/m2; switchgrass (Panicum virgatum), 0.11 g/m2; blue
grama (Bouteloua gracilis), 0.05 g/m2; roundhead lespedeza
(Lespedeza capitata), 0.42 g/m2; mintleaf beebalm (Monarda
fistulosa), 0.01 g/m2; leadplant (Amorpha canescens),
0.02 g/m2; purple prairie clover (Dalea purpurea), 0.03 g/m2;

silky prairie clover (Dalea villosa), 0.21 g/m2; stiff-leaved
goldenrod (Solidago rigida), 0.11 g/m2; stiff tickseed (Coreopsis palmata), 0.02 g/m2; and gray goldenrod (Solidago
nemoralis), 0.01 g/m2.

Maintenance
All 35 research plots were completely harvested (mowed
at 7.6 cm above land surface) in November 2008 and November 2009 to quantify the annual biomass production. Additionally, most of the remaining senesced plant material on the
soil surface was burned in April of each year, according to
the annual CCESR management practice of the experimental
field (Cedar Creek Ecosystem Science Reserve, 2012a). The
prescribed burns were of low intensity because of the small
amounts of litter remaining on the plots in the spring.

Field Instrumentation
Plots were instrumented for observing one or more of
the following: volumetric soil-water content, soil temperature,
groundwater levels, and soil-water and groundwater quality
(fig. 3). Meteorological data including relative humidity, air
temperature, solar radiation, wind speed, wind direction, and
precipitation were measured at a weather station managed by
CCESR approximately 1 kilometer (km) west of the experimental field (fig. 2; Cedar Creek Ecosystem Science Reserve,
2010). Precipitation in the experimental field also was measured at plot 254 (fig. 2) with a Texas Electronics 525M heated
tipping bucket rain gage. Additional details on field instrumentation installation procedures are provided in Trost (2010).
Soil hydrology was characterized with continuous and
discrete monitoring approaches. The design of the continuous
monitoring system is similar to other published works that
link unsaturated soil processes to shallow groundwater (Delin
and others, 2000; Delin and Herkelrath, 2005). Continuous
measurements of soil temperature and volumetric soil-water
content were made in four plots, one of each land-cover type:
plot 204 (corn), plot 217 (prairie), plot 254 (hay), and plot 276
(bare soil) (figs. 2 and 3). The continuous soil-temperature and
volumetric soil-water content datasets for March 2008 through
December 2009 are available in appendix 1 (tables 1–1, 1–2,
and 1–3). Soil-temperature and volumetric soil-water content
measurements were made with Campbell Scientific® 107-L
and CS616 time domain reflectometry (TDR) sensors, respectively, at 25, 50, 100, 150, and 200 cm below land surface.
Discrete measurements of volumetric soil-water content
profiles were made weekly to biweekly in all of the plots from
May through October of 2008 and 2009 using a TRIME®-FM
tube-access TDR probe system (Mesa Systems Co., Stonington, Connecticut). Details of installation of soil-water content
monitoring equipment and data processing are described in
Trost (2010).
Suction samplers (suction lysimeters) constructed by the
USGS were used for collecting soil-water samples (Richard
Healy, U.S. Geological Survey, oral commun., July 2007).

Methods of Study   9
1. Water-table well, one well per plot
2. Suction sampler installed at either 100 or 160 cm below land surface, one sampler per plot
3. Access tube for time domain reflectometry (TDR) probe, which was used to measured
volumetric soil-water content, one tube per plot

4. Vertical array of probes in the soil profile for continuous measurements of volumetric
soil-water content and soil temperature. An array was installed in one plot for each
land-cover type.
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analysis
Chemicals sprayed on
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Figure 3. Cross-section diagram of sampling locations within the soil profile and field instrumentation used for measuring soilwater content, soil temperature, groundwater levels, and soil-water and groundwater quality.
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The samplers comprised three components: a sample collection body, a polytetrafluoroethylene (PTFE) sample line, and a
PTFE vacuum line. The sample body consisted of a polyvinyl
chloride (PVC) tube with a 3.8-cm diameter, a 100-kilopascal
(kPa) high-flow porous ceramic cup, and a PVC cap affixed
with epoxy. All suction sampler parts were washed thoroughly and rinsed with deionized water before construction.
After construction, the suction samplers were flushed with
deionized water until the specific conductance of the water
leaving the sampler was equal to that of the water flowing
into the sampler. Before installation at the field site, all of the
suction samplers were again vacuum-tested and rinsed with
deionized water.
One suction sampler was installed in each of the
35 research plots to collect soil water below the rooting zone
that had not yet reached the water table. Previous research of
the Anoka Sand Plain estimated, on the basis of root distribution data, that the maximum depth of water withdrawal by
corn crops was 75 cm below land surface (Delin and others,
2000). In a different experiment at the CCESR research site,
soil-water withdrawals by perennial prairies were observed
down to 100 cm below land surface through periodic measurements of volumetric soil-water content (Cedar Creek Ecosystem Science Reserve, 2012b), indicating that suction samplers
should be installed deeper than 100 cm; the samplers also
needed to be at least 50 cm above the water table to minimize
the possibility of sampling the capillary fringe of the water
table. All but four of the suction samplers were installed to
a depth of 160 cm below land surface (table 1). Four of the
research plots were located in topographically lower areas
where the distance between land surface and the water table
was insufficient for a 160-cm installation depth. The suction samplers in these four plots were installed at a depth of
100 cm below land surface (table 1). Suction samplers were
installed in October 2007. Several were damaged during the
winter and subsequently replaced in April 2008. The suction
samplers were installed in the center of each research plot. A
5-cm diameter hole was bored to the appropriate depth with a
hand auger. The suction sampler body was placed in the hole,
and a silica powder/deionized water slurry was poured around
the ceramic cup to provide good contact with the surrounding
soil. Once the ceramic cup was embedded securely within the
silica slurry, the borehole was backfilled. Immediately above
the top of the sampler body and extending upward by 30 cm,
bentonite clay was packed in the borehole. Above this point,
and extending to land surface, native material was packed in
the borehole.
Water-table wells were installed in each plot and in four
background locations (BG0–BG3 wells in table 1) for measuring water levels and collecting groundwater-quality samples
from the uppermost part of the surficial aquifer (figs. 2 and 3).
The wells were installed on the downgradient (west) side of
each plot to maximize the probability of sampling water that
had traveled through the soils of the overlying plot. Regional
groundwater-flow direction was determined from historical
groundwater levels measured at the research site (Cedar Creek

Ecosystem Science Reserve, 2012c). Each well was constructed of flush-couple 5-cm diameter PVC casing, a 3.05-m
PVC screen with slot size 10 [0.25-millimeter (mm) gap],
and a 5-cm wash-down valve (part number WDV2, Bigfoot
Manufacturing Company, Cadillac, Mississippi) that sealed the
bottom of the well casing.
Wells were installed from May through November 2007
using a 7.5-cm diameter rotary auger. Boreholes were drilled
from land surface to between 150 and 200 cm below the
water table. After the desired depth was reached, the augers
were pulled from the borehole resulting in collapse of the
hole below the water table. The entire well assembly (casing,
screen, and wash-down valve) was assembled aboveground
and then inserted into the borehole to the depth of collapsed
aquifer materials. A stream of water from the irrigation well
in the experimental field was forced through the wash-down
valve at the bottom of the well screen so that the well assembly could be pushed by hand through the collapsed aquifer
material. The well screen was centered approximately at the
water-table surface (table 1). Generally, each well installation
required less than 8 liters (L) of water. After the well screen
was in place, native material was packed in the annular space
from the water table to approximately 120 cm below land
surface. The remainder of the annular space was sealed with
bentonite. Steel protector pipes, 15 cm in diameter and 110 cm
long, were placed over the stickup of each well. Each well was
developed with a submersible pump for at least 20 minutes.
Groundwater levels were measured continuously at two
of these water-table wells in the experimental field: the plot
254 well and the BG3 well (table 1; fig. 2). A Druck PDCR
800 series transducer was used at the plot 254 well site and a
Design Analysis Model H310 transducer was used at the BG3
well site. Water levels measured by using pressure transducers
were checked by discrete steel tape or electronic tape measurements approximately monthly to bimonthly throughout the
study. A detailed description of the processing of the groundwater-level record is included in Trost (2010). The entire
groundwater-level record for March 2008 through December
2009 for the plot 254 well is available in appendix 2.

Chemical Application
A solution containing sulfamethazine (SMZ), sulfamethoxazole (SMX), 17-beta-estradiol (17BE), and two
conservative tracers, bromide and rhodamine WT (RWT),
was applied to the 20 treatment plots in May 2008 (table 2). A
solution containing only SMZ, SMX, and 17BE was applied to
the same 20 treatment plots in April 2009. The general preparation procedure for each of these chemicals was to make a
concentrate, combine and dilute the concentrates with groundwater from an irrigation well in the experimental field (fig. 2)
in a 133-L polyethylene tank, and then spray the diluted
solution on the soil surface of the plot. The dates of application are listed in table 2, and details of solution preparation are
described in the following text.
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In 2008, SMZ and SMX were applied at a rate of 5.6 milligrams per square meter (mg/m2) and 17BE was applied at
a rate of 0.2 mg/m2. In 2009, SMZ and SMX were applied
at a rate of 11.2 mg/m2 and 17BE was applied at a rate of
0.4 mg/m2. The 2008 application rates correspond to antibiotic
and 17BE concentrations in manure of 1.0 milligram per liter
(mg/L) and 0.026 mg/L, respectively, at a manure application
rate of 56,100 liters per hectare (L/ha). This is a moderate
application rate for liquid swine manure and a low application
rate for liquid dairy manure as recommended by the Minnesota Pollution Control Agency (Minnesota Pollution Control
Agency, 2012) for soil nitrogen management. A concentrated
solution containing SMZ, SMX, and 17BE was prepared
in the laboratory 1 to 3 weeks before application. Granular SMZ, SMX, and 17BE (Sigma Aldrich™ part numbers
S6256, S7507, and E8875) were each weighed to the nearest
0.0005 gram (g) and added slowly to 800 milliliters (mL) of
methanol. An additional 200 mL of methanol and 1 L of deionized water were then added to the solution, which was stirred
for at least 15 minutes until all solids had dissolved. This 2-L
solution was transferred to a 4-L glass amber bottle. Another
identical 2-L solution was made and poured into the 4-L glass
amber bottle. The solution was stored in a refrigerator at
approximately 4 ºC until the time of application. No precipitate was observed in the solution after refrigerated storage.
The two tracers, bromide and RWT, were applied in
2008 with SMZ, SMX, and 17BE to track the transport of
conservative solutes through the soil profile and groundwater.
These two tracers had been used successfully in previous soil
profile tracing studies (Kung, 1990; Delin and others, 2000). A
concentrated potassium bromide (KBr) solution was prepared
in the field by dissolving 907.4 g KBr, (minimum 99-percent
purity) in 11 L of water. The solution was then applied at a rate
of 10 g of bromide per square meter, a rate similar to that used
in other studies (Kung, 1990). The RWT tracer (20-percent
active ingredient) was applied at a rate of 6 g active ingredient
per square meter, a rate similar to a study done on sandy soils
near Bemidji, Minn., to examine recharge through the soil profile (Geoffrey Delin, U.S. Geological Survey, oral commun.,
August 2007).
The concentrated bromide solution and the concentrated
SMZ, SMX, and 17BE solution were added to the 133-L
application tank as it was being filled with groundwater supplied by the irrigation well (E120 irrigation well in fig. 2). The
concentrated 20-percent RWT solution (1,815 mL) was added
to the tank after it was nearly full to minimize foam formation.
After adding the RWT solution, the entire tank was sealed,
agitated for 5 minutes, and then hitched to an all-terrain
vehicle and towed to the plot. In 2008, the concentrated solutions were prepared such that each plot received two 133-L
volumes from the application tank to achieve the chemical
mass per area application rate. In 2009, the tracers were not
added, and the concentrated SMZ, SMX, and 17BE solution
was prepared such that each plot received one 133-L volume
from the application tank to achieve the chemical mass per
area application rate.

The thoroughly mixed diluted solution was applied to a
plot through two independent sprayer systems, each consisting of a submersible pump connected to a spray nozzle with
15.5 m of PVC tubing. The two submersible pumps were
placed in the 133-L tank. Technicians sprayed the solution
on the plot surface through the spray nozzle ends. Each plot
surface was prepared for application by removing as much
senesced plant material as possible through burning and raking. Several measures were implemented to distribute the
solution as evenly as possible within each plot. Each plot was
divided into four equal-area quadrants. The spray nozzles were
adjusted to minimize surface ponding and fine mist production. The spraying of each application tank was done in three
passes. The first two passes were done slowly for complete
coverage. The technicians switched quadrants after the first
pass to equalize differences between sprayer systems and
technicians. The third pass was a rapid application to evenly
distribute any remaining solution and 16 L of rinse water
added to the tank.

Collection and Storage of Field Samples
Sampling event types and dates are summarized in
table 2. Plant-tissue, soil, soil-water, and groundwater samples
were analyzed for one or more of the following: SMZ, SMX,
17BE, and bromide (summarized in table 3). Collection of
water samples for bromide analysis began in April 2008
(before any chemical application) and continued through
October 2009. These tracer samples were collected to identify
any differences in conservative solute movement through the
soil profile underlying the different land-cover types. Previous
research on the Anoka Sand Plain indicated a tracer traveltime
of 95 to 110 days through 260 to 440 cm of sandy soil (Delin
and others, 2000). Collection of water samples for SMZ,
SMX, and 17BE began in October 2008, when several soilwater samples from treatment plots contained bromide (Trost,
2010). Plant-tissue and soil sampling events were concentrated
in year two of the study (April 2009 through August 2009) to
understand the fate of the chemicals in these matrices after two
seasons of application.

Aboveground Plant Tissues and Root Biomass
Vegetation samples (plant tissues and root biomass) were
collected for the extraction and analysis of SMZ, SMX, and
17BE in June 2009 and August 2009 (table 2). Vegetation
taller than 1 cm was clipped from a 0.6-square meter (m2;
0.1 m by 6 m) area within each plot. All clipped plant material
was gathered into a plastic bag and stored on ice in the field.
In the laboratory, the fresh weight of the entire sample was
measured. A 100-g grab sample was collected from the vegetation for extraction and determination of SMZ, SMX, and
17BE concentrations. The 100-g grab sample was weighed,
wrapped in aluminum foil, placed in a plastic bag, sealed, and
stored at -17 °C until further processing could be completed.
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Table 2. Dates of chemical applications and soil-water, groundwater, soil, and plant-tissue sampling events for measurements of
sulfamethoxazole, sulfamethazine, 17-beta-estradiol, and bromide.
[Unless otherwise indicated, a sampling event included treatment and control plots. SMZ, sulfamethazine; SMX, sulfamethoxazole; 17BE, 17-beta-estradiol;
--, no data; cm, centimeter]

Event

Chemical analyses completed

Date

Groundwater sampling

Bromide

April 16–28, 2008

Application of SMZ, SMX, and 17BE and bromide tracer
to 20 treatment plots

--

May 6–22, 2008

Soil-water sampling

Bromide

May 6–7, 2008

Soil-water sampling

Bromide

June 11–13, 2008

Soil-water sampling

Bromide

June 17–19, 2008

Groundwater sampling of background wells

Bromide

June 25–26, 2008

Soil-water sampling

Bromide

July 1, 2008

Soil-water sampling

Bromide

July 7–8, 2008

Groundwater sampling

Bromide

July 14–August 12, 2008

Soil-water sampling

Bromide

July 16–17, 2008

Soil-water sampling

Bromide

July 25, 2008

Soil-water sampling

Bromide

July 30–August 1, 2008

Soil-water sampling

Bromide

August 14, 2008

Soil-water sampling

Bromide

September 3, 2008

Soil-water sampling

Bromide

September 17, 2008

Groundwater sampling

Bromide

September 18, 2008

Soil-water sampling

Bromide

September 30, 2008

Groundwater sampling

Bromide

October 1–3, 2008

Groundwater sampling

Bromide

October 8, 2008

Soil-water sampling

Bromide

October 10, 2008

Groundwater sampling

Bromide

October 30–November 24, 2008

Soil-water sampling

Bromide

October 31–November 3, 2008

Groundwater sampling

Bromide

December 8–9, 2008

Soil-water sampling

SMZ, SMX, 17BE, Bromide

October 31, 2008

Groundwater sampling in one treatment plot of each bare soil,
corn, and prairie

SMZ, SMX, 17BE, Bromide

March 23, 24, and 26, 2009

Soil-water sampling

SMZ, SMX, 17BE, Bromide

April 9, 2009

Application of SMZ, SMX, and 17BE to 20 treatment plots

--

April 27–29, 2009

Soil sampling (0–10 cm)

SMZ, SMX, 17BE

April 27–30, 2009

Soil-water sampling

SMZ, SMX, 17BE, Bromide

June 10, 2009

Groundwater sampling

SMZ, SMX, 17BE, Bromide

June 9–11, 2009

Soil sampling (0–10 cm)

SMZ, SMX, 17BE

June 17–18, 2009

Aboveground plant-tissue sampling

SMZ, SMX,17BE, Biomass

June 23–24, 2009

Soil-water sampling

SMZ, SMX, 17BE, Bromide

July 2, 2009

Belowground (root) sampling (0–30 cm)

Biomass

July 20–27, 2009

Aboveground plant-tissue sampling

SMZ, SMX,17BE, Biomass

August 26–27, 2009

Soil-water sampling

SMZ, SMX, 17BE, Bromide

September 3–4, 2009

Soil-water sampling

SMZ, SMX, 17BE, Bromide

October 7, 2009

Groundwater sampling

SMZ, SMX, 17BE, Bromide

October 10–13, 2009

24959–67–9

79.90e

272.39d

253.28c

278.33
b

0.89

38,020e

3.9d

3,942c

0.63e

4.01d

0.89c

b

2,846
b

Log Kow

Water
solubility,
in mg/L at
25 °C

Fishman (1993); U.S. Environmental Protection
Agency (1996); and
Trost (2010)

this report

this report

this report

Analytical method
reference

--

51

56

55

Plant
tissue

--

49

50

50

Soil

320

125

128

124

284

71

71

66

Groundwater
Number of samples

Soil
water

46

40

45

47

Field and
sample
processing
blanks

From ChemSpider.com (2013d).

e

From ChemSpider.com (2013a).

d

c

From ChemSpider.com (2013c).

b

From ChemSpider.com (2013b).

a
This report contains Chemical Abstracts Service Registry Numbers (CASRN), which is a Registered Trademark of the American Chemical Society. The CASRN online database provides the latest registry
number information: http://www.cas.org/. Chemical Abstracts Service recommends the verification of the CASRNs through CAS Client Services.

Br

50–28–2

17BE

17-beta-Estradiol

Bromide

723–46–6

SMX

Sulfamethoxazole

57–68–1

CASRNa

SMZ

Abbreviation

Sulfamethazine

Chemical

Molecular
weight,
in g/mol

[CASRN, Chemical Abstracts Service Registry Number; g/mol, grams per mole; mg/L, milligrams per liter; °C, degrees Celsius; log Kow, log in base 10 of the octanol-water partition coefficient; --, not presented in this report]

Table 3. Chemical properties and the number of determinations of sulfamethoxazole, sulfamethazine, 17-beta-estradiol, and bromide in field samples and in field and sample
processing blanks.
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Plant-tissue samples were then dried at 40 °C for 24 hours,
ground to a coarse powder, and transferred into 40-mL glass
amber volatile organic analysis (VOA) vials. Between the
grinding of each sample, the grinding equipment was vacuumed off, blown with compressed air, washed with methanol,
and dried with compressed air. The vials containing the ground
plant-tissue samples were stored at -17 °C until sample extraction and analysis.
Root biomass in the upper 30 cm of the soil profile of
each plot was sampled in July 2009 (table 2). Each plot’s root
sample was a composite of six individual cores collected with
a 5-cm diameter corer. The six individual cores in bare soil,
hay, and prairie plots were taken at equally spaced intervals
along a 6-m transect. The six individual cores in corn plots
were taken along a 6-m transect that was perpendicular to the
direction of the planted rows. Three of the cores in each corn
plot were taken in rows and three cores were taken midway
between the rows. The field sample comprised soil and roots.
Roots were separated from the soil by gently spraying the
sample with water on a screen with 1-mm mesh openings. The
screen retained the roots as the soil was washed away. After
the roots were cleaned of soil, they were dried at 40 °C for at
least 1 week and then weighed.

Soil Samples
Soil samples were collected for the extraction and analysis of SMZ, SMX, and 17BE in 10-cm vertical increments
from land surface to a maximum depth of 30 cm from a subset
of plots, although only data from the upper 10 cm of soil are
presented in this report. Each soil sample was a composite of
five individual cores collected in a plot with disposable 5-cm
diameter PVC corers. Upon removal from the plot, the open
ends of each PVC corer immediately were covered with aluminum foil and plastic. The samples were then placed on ice
and transferred to a freezer where they remained frozen until
further processing could be completed.
Immediately after taking the cores out of the freezer, each
PVC corer body was cut longitudinally on two sides to gain
access to the full vertical extent of the soil sample. A stainless
steel knife was used to cut cores longer than 10 cm into 10-cm
vertical increments. The soil that was in direct contact with the
PVC corer body was scraped off with a stainless steel spatula.
This scraped soil was weighed moist, dried at 105 ºC for at
least 48 hours, and then reweighed to determine the gravimetric moisture content of the composite soil sample. A separate
part of the scraped soil was used to measure soil pH. The soil
pH was determined in a 1:1 soil:deionized water suspension
(5 g soil to 5 mL deionized water) ratio with a glass and reference electrode attached to an Orion 250A pH meter (Thermo
Fisher Scientific, Waltham, Massachusetts). A clean spatula
was then used to extract soil from the inner part of the soil
core to be used for extraction and analysis of SMZ, SMX, and
17BE. The inner soil from all five sub-cores for each 10-cm
increment was combined into a clean stainless steel bowl. This
soil was homogenized and seived through a 2-mm stainless

steel sieve to remove roots and large stones. The seived soil
was dried at 40 °C for 24 hours and then stored in clean
120-mL glass amber jars at -17 °C until chemical extraction
and analysis.

Water Samples
Soil-water samples were collected periodically from
May 2008 through October 2009 and groundwater samples
were collected periodically from April 2008 through October
2009 (table 2). All water samples were pumped through PTFE
and C-flex™ or silicon tubing during collection. Equipment
that contacted sample water was cleaned three times with a
2-percent phosphate-free detergent solution (Liquinox™),
rinsed three times with tap water, rinsed three times with
deionized water, rinsed three times with methanol, and stored
in a clean plastic bag between uses. Soil-water and groundwater samples were analyzed for one or more of the following:
SMZ, SMX, 17BE, and bromide. Additionally, onsite waterquality characteristics of specific conductance, pH, dissolved
oxygen, and temperature were measured in groundwater at the
time of sample collection.
Soil water was sampled by applying a vacuum of
between 40 and 45 cm of mercury to each PVC suction sampler for a period of approximately 24 hours. The accumulated
soil water in the suction sampler body was then extracted
with either a peristaltic or hand pump. Groundwater wells
were sampled at low-flow rates [0.4 to 1.5 liters per minute
(L/min)] with a peristaltic pump. A packer was placed in the
well 5 cm to 10 cm below the water-table surface to isolate
the uppermost part of the aquifer. This was done to maximize
the probability of sampling water that had traveled through the
soil profile of the overlying plot. The packer depth depended
on the productivity of the well. It was moved deeper than
5 cm below the water-table surface (to a maximum of 10 cm)
if the well productivity was too low for the pumping rate.
Onsite water-quality characteristics of specific conductance,
pH, dissolved oxygen, and temperature were measured during groundwater sampling with a YSI 6820 water-quality
multiprobe meter before the collection of water samples for
laboratory analyses. The specific conductance, pH, and dissolved oxygen probes on the multiprobe meter were calibrated
on each of the sampling dates before sampling according to
standard USGS procedures (U.S. Geological Survey, variously
dated). The wells were purged with the packer in place until
the characteristics stabilized or for 8 minutes, whichever came
first. Onsite water-quality characteristics were not measured in
soil-water samples because sample volumes were insufficient
for accurate determinations with the YSI 6820.
Soil-water and groundwater samples collected for determination of SMZ, SMX, and 17BE were processed as follows
(tables 2 and 3). Samples were filtered through an in-line
stainless steel barrel filter apparatus containing a baked 47-mm
diameter 0.7-micron (μm) glass-fiber filter. Each filtered sample comprised duplicate or triplicate baked amber glass vials
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filled approximately one-third full. The filtered samples were
stored at -17 °C until chemical analyses could be completed.
Soil-water and groundwater samples collected for bromide analysis were processed in one of two ways, depending
on the analytical method that was to be used on that sample.
Samples collected for analysis by ion chromatography at
the USGS National Water Quality Laboratory in Denver,
Colorado, using methods summarized by Fishman (1993)
were filtered in the field through a Whatman 0.45-μm in-line
capsule filter as described in the USGS National Field Manual
(U.S. Geological Survey, variously dated). Samples collected
for analysis with an Orion 96–35 ionplus® Series Bromide
Electrode were not filtered (U.S. Environmental Protection
Agency, 1996).

Laboratory Analytical Procedures
Concentrations of SMZ, SMX, and 17BE in aboveground
plant tissue, soil, soil water, and groundwater were determined
with ELISA kits purchased from Abraxis, LLC. The analytical procedure is described briefly in this section, and in more
detail in appendix 3. ELISA kits have been used to determine concentrations of antibiotics in plants, soils, water, and
manure in a number of studies (Aga and others, 2003; Kumar
and others, 2004; Dolliver, Gupta, and Noll, 2008; Dolliver,
Kumar, and others, 2008; Dolliver and Gupta, 2008a, 2008b).
The basic principle of operation of ELISA kits is as follows.
When combined in an analysis vial, the chemical of interest
in an environmental sample (not color labeled) competes with
a color-labeled variant of the same chemical (provided with
each ELISA kit) for antibody binding sites. The more antibody
binding sites that are filled with the color-labeled variant in
the analysis vial, the more intense the color development.
Color development is measured as the light absorbance at the
450-nanometer (nm) wavelength; more intense color development leads to greater absorbance. In an environmental sample
with no chemical of interest, all of the antibody binding sites
in the analysis vial get filled with the color-labeled variant,
leading to maximum color development. Any increase in the
concentration of the chemical of interest in the environmental sample decreases the amount of the color-labeled variant
bound to the antibodies in the analysis vial, leading to less
color development. Chemical concentrations in environmental samples are therefore inversely proportional to the color
development (absorbance) measured during sample analysis.
The absorbance of samples analyzed with SMZ or 17BE
magnetic particle kits was measured with an Ohmicron RPA-1
Analyser (Newtown, Pa.). The absorbance of samples analyzed with SMX microtiter kits was measured on a Dynatech
Laboratories MRX microplate reader. According to the kit
manufacturer (Abraxis, 2010a, 2010b, 2010c), there was little
cross-reactivity of the kits for SMZ, SMX, and 17BE. “Little
cross-reactivity” means, for example, that an environmental
sample with a high concentration of SMZ would not have
caused false high positive readings for 17BE or SMX on

those respective kits. The kits were specific to their respective
chemicals.
A citric acid buffer solution, 50-percent methanol and
50-percent 0.3-molar (M) citric acid at pH 6 by volume
(described in more detail in appendix 3), was added to the
dried, homogenized plant-tissue and soil samples to extract
SMZ, SMX, and 17BE from the solid matrices. The extract
samples (vials containing solid samples and citric acid buffer)
were then centrifuged and filtered to remove the solids from
the extract sample. The filtered supernatant was then evaporated under ultra-high purity nitrogen gas to remove the methanol. This acidic extraction and evaporation method has been
used successfully for the extraction of antibiotic chemicals
from soil matrices (Michael Meyer, U.S. Geological Survey,
oral commun., December 2008). Every soil and plant-tissue
sample was extracted and analyzed as an unspiked/spiked
pair so that the recovery of each chemical in every sample
could be determined. In contrast to the plant-tissue and soil
samples, soil-water and groundwater samples were analyzed
raw, meaning they were not extracted or concentrated before
ELISA analysis.
Serial dilutions were done on a subset of the plant and
soil-extract solutions to identify a dilution level for each
chemical and matrix combination that minimized matrix
interference with kit performance and permitted spike detections within each kit’s range (described in more detail in
appendix 3). Diluent provided with each ELISA kit was used
to dilute the samples.
Water samples sent to the USGS National Water Quality Laboratory in Denver, Colorado, were analyzed by ion
chromatography for dissolved ions, including bromide and
chloride, as described by Fishman (1993). The calibration and
measurement procedures for water samples analyzed by the
Orion 96–35 ionplus® Series Bromide Electrode™ attached to
an Orion 250A™ portable pH meter are summarized in Trost
(2010), the probe manufacturer’s manual (Thermo Fisher
Scientific Incorporated, 2008), and by the U.S. Environmental
Protection Agency (1996). This bromide ion selective electrode was well-suited to the field conditions in this experiment
because background concentrations of dissolved ions, other
than bromide, in soil water and groundwater were low. The
specific conductance of groundwater at the research site was
between 25 microsiemens per centimeter at 25 ºC (µS/cm) and
135 µS/cm. Dissolved ions in much greater concentrations
than bromide are known to adversely affect bromide measurements with ion-specific electrodes; for example, chloride
concentrations of more than 180 times the bromide concentration in milligrams per liter (mg/L) will cause the Orion
96–35 ionplus® Series Bromide Electrode to malfunction
(U.S. Environmental Protection Agency, 1996; Thermo Fisher
Scientific Incorporated, 2008). Chloride concentrations ranged
between 0.07 and 4.16 mg/L, and bromide concentrations
ranged between less than 0.02 and 179 mg/L in water samples
collected at the study site.
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Calculations and Statistics
The ELISA kit-specific calibration curves were calculated with a least-squares regression procedure that related the
observed relative percent absorbance to the expected concentrations of manufacturer-provided calibration standards. This
procedure is described in detail in appendix 3. Every standard,
control, and environmental sample was analyzed in duplicate.
The relative percent absorbance of each sample was calculated
as follows:
Ar =
where

Ar
As
A0

As
A0

× 100

(1)

is the relative percent absorbance at
450 nanometers,
is the mean of duplicate measurements of
absorbance at 450 nanometers for each
sample, and
is the mean of duplicate measurements of
absorbance at 450 nanometers for the kit’s
zero standard.

The relative percent absorbance was then used in the kitspecific calibration equation to calculate the sample concentration. No more than 80 samples were analyzed per any one
calibration series.

Precision and Accuracy of ELISA-Determined
Concentrations
The variability of repeated measurements of a chemical
concentration in a sample, including field replicates and laboratory replicates, was assessed with the coefficient of variation
(CV):

CV[ xl ] =
where

CV[ xl ]
s[ xl ]

[ xl ]

s[ xl ]

[ xl ]

×100

(2)

is the coefficient of variation for concentration
of chemical x in a liquid sample,
is the standard deviation for concentration of
chemical x in a liquid sample, and
is the sample mean for concentration of
chemical x in a liquid sample.

This statistic provided a measure of variation in a group of
samples independent of the magnitude of the mean, allowing
for direct comparisons between results for different chemicals
(Sokal and Rohlf, 1995).
Known-addition spikes were added to plant-tissue
extract, soil extract, and water samples immediately before
ELISA analysis to test for interferences between the sample

matrix and the ELISA kits. The percent yield of knownaddition spikes in plant-tissue and soil-extract samples and in
water samples was determined with the following equation:

PY[ xl ] =
where

(  x

l , sp

)

 −  xl ,u 
× 100
msp

(3)

Vl
PY[ xl ]
[xl,sp]
[xl,u]
msp
Vl

is the percent yield of chemical spike x in a
liquid sample;
is an ELISA-determined chemical
concentration in a spiked liquid sample, in
nanograms per liter;
is an ELISA-determined chemical
concentration in an unspiked liquid
sample, in nanograms per liter;
is the mass of the chemical in the spike
solution added to the liquid sample, in
nanograms; and
is the volume of liquid in which spiked
chemical concentration x was measured, in
liters.

The minimum reporting level (MRL) was not used to
censor the calculated concentrations for the CV or the percent
yield calculations. The MRL is the smallest concentration of
a constituent that may be reported reliably by using a given
analytical method (Timme, 1995). The use of noncensored
calculated concentrations for the CV ensured that the variability in computed concentrations was reduced for concentrations
greater than the MRL compared to computed concentrations
less than the MRL. In the case of known-addition spikes, the
use of noncensored calculated concentrations corrects the
measured spiked sample concentration for the “background”
matrix effects. In cases where the relative percent absorbance,
Ar, was out of range of the calibration equation [Ar greater
than (>) 100 percent, equation 1 and equations 10, 12, and 14
in appendix 3], the measured concentration was assumed to
be zero.

Soil and Plant-Tissue Extractions
The concentrations of SMZ, SMX, and 17BE determined
with the ELISA kits in the plant-tissue and soil extracts were
converted to nanograms of chemical per gram of plant tissue
or soil and to milligrams of chemical per plot area, according
to the following calculations. First, the chemical (SMZ, SMX,
or 17BE) mass in nanograms per gram of solid sample (ng/g)
was computed according to the following equation:

[ xs ] =

[ xl ] × d × Ve
ms

(4)

Methods of Study   17
where

[xs]
[xl]
d
Ve

ms

is the chemical concentration in a solid matrix
sample (plant tissue or soil), in nanograms
per gram;
is an ELISA-determined chemical
concentration in liquid extract solution, in
nanograms per liter;
is the dilution factor (unitless);
is the total volume of extract solution, in
terms of post-evaporative volume, in
milliliters (a detailed explanation for this
variable is in appendix 3, equation 15); and
is the mass of dried solid sample material
used in the extraction, in grams.

appropriately ensured the rank of a nondetection was lower
than that of a detection.
The areal concentration of chemicals in plant tissue was
determined with the following equation:
  xs ,u  

× r × B
 PY[ x ] 
s


 x A, p  =
10, 000
where

[xs,u]

The percent yield of the spike chemical mass of each
spiked/unspiked pair of plant-tissue and soil-extract samples
was calculated according to the following equation:
PY[ xs ]
where

PY[ xs ]
[xs,sp]

[xs,u]

msp
ms

(  x
=

)

 −  xs ,u 
× 100
 msp 


 ms 

s , sp

[xA,p]

PY[ xs ]
r

(5)

is the percent yield of spike chemical mass in
solid matrix sample x;
is an ELISA-determined chemical
concentration in spiked solid matrix
sample x, in nanograms per gram, as
calculated by equation 4;
is an ELISA-determined chemical
concentration in unspiked solid matrix
sample x, in nanograms per gram, as
calculated by equation 4;
is the mass of the chemical in the spike added
to the solid sample, in nanograms; and
is the mass of dried solid sample material
used in the extraction, in grams.

The MRL was not used to constrain the concentrations used
for this calculation; even if the calculated concentration of
an unspiked sample was less than the MRL, the estimated
concentration was used for this calculation. In cases where
the Ar was out of range of the calibration equation (Ar > 100,
equation 1 and equations 10, 12, and 14 in appendix 3), the
measured concentration was assumed to be zero for determination of percent yield. These spikes essentially were a form of a
known-addition spike, and equation 5 corrected the measured
spike mass recovery for the “background” matrix effects.
The areal concentration of each chemical was computed
to compare the fate of the chemicals in plant tissue and soil
among land-cover treatments. For these computations, field
samples with a concentration less than the MRL for a given
chemical were assigned a concentration value of zero for
that chemical. Because nonparametric rank-based statistical
tests were used to compare treatment groups, a zero value

B

(6)

is the areal concentration of a chemical in
dry plant tissue, in milligrams per square
meter;
is an ELISA-determined chemical
concentration in unspiked solid matrix
sample x, in nanograms per gram;
is the percent yield of spike, calculated in
equation 5;
is the ratio of dry biomass weight to fresh
biomass weight determined in the
subsample; and
is the total harvested fresh biomass per unit
area, in grams per square meter.

The r term was not determined for the June 2009 samples
and so the term from the August 2009 plant-tissue sampling
was assigned to the June 2009 sampling by plot. Soil-water
content, air temperature, and relative humidity data collected
at CCESR indicated similar moisture conditions in June and
August (Cedar Creek Ecosystem Science Reserve, 2010).
Areal concentrations in soil were computed with the following equation:

where

  xs ,u  
 x A, so  =     ×  B × D
 PY[ x ] 
s


[xA,so]
PY[ xs ]
[xs,u]
ρB
D

(7)

is the areal concentration of a chemical in
soil, in milligrams per square meter;
is the percent yield of spike, as calculated in
equation 5;
is an ELISA-determined chemical
concentration in unspiked solid sample x,
in nanograms per gram;
is the dry bulk density of soil, in grams per
cubic centimeter; and
is the depth of the soil sample, in centimeters.

Statistics
Nonparametric statistical tests were completed with the
statistical software package, R (R Development Core Team,
2011). Kruskal-Wallis rank sum tests (Helsel and Hirsch,
2002) were used to test for significant differences in distribution among experimental treatments with respect to the
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total fresh biomass (B) at the time of sampling and the areal
concentrations of each chemical in soil, [xA,so], and plant tissue,
[xA,p]. Kruskal-Wallis tests also were done to identify significant differences among land-cover treatments with respect to
ancillary datasets, including root biomass to 30 cm below land
surface, time between spray application and soil sampling, and
soil pH and moisture at the time of soil sampling. For comparisons of areal SMZ and SMX concentrations, independent
Kruskal-Wallis tests were done for each chemical and sample
matrix combination. For example, independent Kruskal-Wallis
tests were done for SMZ in soil, SMZ in plants, SMX in soil,
and so forth. A Kruskal-Wallis rank sum test also was used to
test each chemical-matrix combination for significant differences in distribution of the spike percent yield in solid samples
PY[ xs ]. Any Kruskal-Wallis test that indicated a significant
difference in distribution at an alpha level of 0.05, or marginal
significance at an alpha level greater than 0.05 but less than
0.10, was followed with a post-hoc, nonparametric Tukey
Honest Significant Difference (HSD) test to determine which
treatment(s) produced significantly different observations
(Higgins, 2004).
Measurements of areal concentration were made in plant
tissue ([xA,p]) in June 2009 and August 2009 and soil ([xA,so])
in April 2009 and June 2009 (table 2). The temporal change
in the areal concentration of each chemical in plant tissue
(Δ[xA,p]) and soil (Δ [xA,so]) was calculated for each plot by
subtracting the value at the first sampling from the value at
the second sampling. A two-sided Wilcoxon signed rank test
was used to test the null hypothesis that the distributions of
the temporal changes in plants (Δ[xA,p]) and soils (Δ [xA,so])
were symmetric about zero (Hollander and Wolfe, 1973). A
significant test at an alpha of 0.05 [p-value less than (<) 0.05]
indicated that the temporal changes were directional, shifted
away from zero. A p-value between 0.05 and 0.10 was considered marginally significant. A separate test was done for each
combination of crop type, sample matrix, and chemical.
Kendall’s tau was used to test for significant monotonic
relations between areal concentrations of SMZ and SMX,
and ancillary data including soil pH, gravimetric soil-water
content, and length of time between spray application and soil
sample collection in April 2009 (Helsel and Hirsch, 2002).

Soil Hydrology
Detailed analyses were done to assess the effects of land
cover on the flow of water and solutes through the soil profile
to groundwater in the plots of this experiment (Trost, 2010).
A soil-water balance, water-table hydrograph analysis, and
chemical analysis of a bromide tracer in pore water in the
unsaturated and saturated zones were used to identify differences in rates and amounts of water and solute movement
through the soil profile underlying perennial and annual landcover types (Trost, 2010). Soil-water storage and precipitation

were measured directly. Using data from one plot for each
treatment, percolation below the rooting zone was estimated
based on the relation between soil-moisture loss and moisture
content at 200 cm below land surface. Data for these calculations were collected during periods of nonfrozen soil and low
evapotranspiration (ET). Estimates of ET were determined by
difference in the other water-balance terms. The details of the
assumptions and calculations are presented in Trost (2010).

Quality Assurance
The primary data-quality objectives were to ensure that
(1) water, soil, and plant-tissue samples were representative of
the plots under investigation and (2) SMZ, SMX, and 17BE
could reliably be detected and quantified in plant-tissue, soil,
and water samples with ELISA kits. Blank water and replicate samples were collected in the field to assess sampling
and sample-processing procedures. Analyses of laboratory
blank water samples, spiked samples, and field and laboratory replicates were used to assess the accuracy and precision
of ELISA kits for quantification of SMZ, SMX, and 17BE in
plant-tissue, soil, and water samples.
The effectiveness of equipment cleaning and sample processing was assessed by analysis of field and laboratory blanks
with ELISA kits. Laboratory deionized water or organic-free
blank water was processed in the field or in the laboratory with
the same collection bottles, filtering devices, and methods as
were used for environmental water sample collection.
Sequential or split replicate samples of soil-water and
groundwater samples were collected to assess variability
among samples resulting from sample collection, processing,
and laboratory procedures done at different sampling times
(U.S. Geological Survey, variously dated). A sequential replicate sample was collected consecutively following the collection of the regular sample. A split replicate sample was derived
from the regular sample by dividing the sample material into
two or more independent sample containers (U.S. Geological
Survey, variously dated). One sequential replicate groundwater sample was collected for bromide analysis at the USGS
National Water Quality Laboratory. Split replicate samples
of soil water and groundwater were collected for analysis by
ELISA kits for SMZ, SMX, and 17BE. Additionally, field
samples of each medium type (plant tissue, soil, soil water,
and groundwater) were analyzed two or more times to assess
variability in the ELISA analytical techniques.
The sequential and split replicate sample results were
compared by calculating the relative percent difference (RPD)
for each detected concentration pair by using the equation
RPD =

| C1 − C2 |
× 100
 ( C1 + C2 ) 


2



(8)
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where

C1
C2

is the detected concentration in the split or
sequential replicate sample, and
is the detected concentration in the split
replicate or environmental sample.

Enzyme-Linked Immunosorbent Assay (ELISA)
Several check standards were analyzed with every
ELISA kit used to assess the accuracy and precision of SMZ,
SMX, and 17BE quantification within and between kits.
These check standard samples included at least one laboratory deionized water blank, a mid-range “kit control” check
standard from Abraxis, and laboratory-generated low-range
and high-range check standards (table 4). The inclusion of
laboratory-generated check standards provided information
about the method performance across all ELISA kits used for
each chemical. Summaries of these quality-assurance sample
determinations for each chemical are presented in figure 4 and
table 5.
The accuracy and precision of measurements of SMZ,
SMX, and 17BE concentrations in environmental samples
with ELISA kits were assessed through known-addition
spikes and replicate determinations of plant-tissue extract, soil
extract, and unspiked and spiked water samples within and
across kits. Known-addition spikes were added to plant-tissue
extract, soil extract, and water samples immediately before
ELISA analysis to test for interferences between the sample
matrix and the ELISA kits (eq. 3; table 6). The coefficient of

variation (CV) was calculated (eq. 2) for all replicate analyses
of the same sample. Because all field and laboratory replicate
analyses were combined for this calculation, the CV represents
a pooled assessment of precision for the entire sampling and
analytical process (fig. 5; table 7). This means the variability
resulting from field sampling techniques, sample storage,
and laboratory analytical processes are all pooled in the CV
estimate; the specific contribution of each process to result
variability was not determined.
The median percent yields (recoveries) of SMZ, SMX,
and 17BE in known-addition spike samples ranged from 75 to
131 percent in plant-tissue extracts, soil extracts, and soilwater and groundwater samples (table 6). The only exception
to this was the median 17BE concentration in soil extract, in
which 205 percent of the known-addition spike was recovered.
For this particular matrix-chemical combination, only one
determination of spike percent yield was made. This single
17BE determination is not evidence of a consistent overestimation bias. Determinations of the percent yield of 17BE
spikes added to soil samples before the extraction process did
not indicate a similar overestimation of 17BE (fig. 6F). Determinations of known-addition spike recovery were not done for
every sample and were therefore not used to adjust measured
concentrations of any chemical in any samples.
Repeated measurements of SMX and 17BE concentrations in soil-water and groundwater samples were among
the most variable of any sample medium measured for these
chemicals (fig. 5B,C; table 7). Repeated measurements of
SMZ concentrations in plant-tissue extracts generally had
higher CVs than measurements of SMZ in water samples

Table 4. Concentrations of calibration standards and check standards used with enzyme-linked immunosorbent assay (ELISA) kits, and
minimum reporting levels (MRL) for plant-tissue, soil, and water samples for sulfamethazine, sulfamethoxazole, and 17-beta-estradiol.
[ng/L, nanograms per liter]

Sulfamethazine

Description

Sulfamethoxazole

17-beta-Estradiol

Concentration, in ng/L

Abraxis kit calibration standardsa

50, 500, and 5,000

25, 50, 100, 250, and 1,000

2.5, 7.5, and 25.0

Abraxis kit control standards

1,000

200

10

Low-level check standard

50 or 250

50

2.5

High-level check standard

3,000

750

18

Water sample minimum
reporting level

the greater of 32 ng/L or the
calculated concentration at
90 percent of the 0 standard
absorbance

the greater of 25 ng/L or the
calculated concentration at
90 percent of the 0 standard
absorbance

the greater of 2.5 ng/L or the
calculated concentration at
90 percent of the 0.0 standard
absorbance.

Soil and plant-tissue sample
minimum reporting level

the greater of 50 ng/L or the
calculated concentration at
90 percent of the 0 standard
absorbance

the greater of 50 ng/L or the
calculated concentration at
90 percent of the 0 standard
absorbance

the greater of 2.5 ng/L or the
calculated concentration at
90 percent of the 0.0 standard
absorbance.

Only the nonzero standards are listed.

a
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A. Sulfamethazine (SMZ) concentrations in blanks,
calibration standards, and check standards

B. Sulfamethoxazole (SMX) concentrations in blanks,
calibration standards, and check standards

100,000
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29
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1
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EB

S

L

L

S

K

L
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S

S

L

S

K

S

L

S

1,000

100

10

1

0.1

S

C. 17-beta-estradiol (17BE) concentrations in blanks,
calibration standards, and check standards

EXPLANATION
Minimum reporting level range

35

Calibration and check standard expected concentrations
31

Concentration, in nanograms per liter

8

23

5

20

18
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21

16

20

Abbreviations

30

OF
DI

Organic−free blank water
Laboratory deionized blank water

25

EB

Citric acid extract buffer blank

S

Abraxis calibration standard

L

Laboratory-generated check standard

20

K

Abraxis check standard
Samples out of range of a kit’s calibration equation (a relative percent
absorbance greater than 100 percent, Ar in equation 1) are excluded
from these plots.

15
20

10

Number of values
Largest value within 1.5 times interquartile range above
75th percentile

5
75th percentile

0

50th percentile (median)
−5
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S

L

S

K

L

S

Interquartile range

25th percentile

Smallest value within 1.5 times interquartile range below
25th percentile
Outside value—Value is greater than 1.5 and less than 3 times
the interquartile range beyond either end of box
Far-out value—Value is greater than or equal to 3 times the interquartile
range beyond either end of box

Figure 4. Boxplots of concentrations, measured with enzyme-linked immunosorbent assays (ELISA), in blanks, calibration standards,
and check standards for A, sulfamethazine (SMZ); B, sulfamethoxazole (SMX); and C, 17-beta-estradiol (17BE).
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(fig. 5A). For all three chemicals, the CV of the Abraxis check
standard across all runs was lower than the CV of the laboratory check standards and most environmental samples. Of the
environmental sample mediums (plant tissue, soil, soil water
and groundwater), soil samples tended to have the lowest CVs.
Minimum reporting levels (MRLs) of SMZ, SMX, and
17BE concentrations were determined for all samples based
on the performance of each ELISA kit and associated qualityassurance data. For this report, the MRL for each matrix and
chemical combination (table 4) is representative of the entire
process from field sample collection through sample analysis,
not just the limitation of the ELISA kits. The MRL for each
matrix and chemical combination was within the manufacturer’s guidelines and minimized false negative and false positive
determinations by each kit. This approach for determining
MRLs also resulted in lower CVs for samples with mean concentrations greater than the MRL compared to samples with
mean concentrations less than the MRL (fig. 5; table 7).
Additional quality-control measures were implemented
specifically for solid matrix extract (plant tissue and soil) samples. Each extract sample was analyzed as a spiked-unspiked
pair to assess the yield of each chemical through the processes
of extraction and ELISA analysis (eq. 5). At least one blank
sample of citric acid extract buffer was analyzed with each run
of soil and plant-tissue samples to assess possible interference
between the ELISA kit and the extract solution.
The individual data values for internal lab assessments of
ELISA kit performance, including Abraxis-supplied calibration standards, laboratory-generated check standards, Abraxissupplied check standards, laboratory-generated spikes, and
laboratory-generated blanks (deionized water, organic-free
water, and citric acid extract buffer), that were analyzed with
each kit run are not included in table 4–2 in appendix 4; however, these internal lab quality-assurance data are summarized
along with the field and sample processing quality-assurance
data in figures 4 and 5 and tables 5, 6, and 7.

Soil and Plant-Tissue Extract Samples
SMZ and SMX were detected more frequently at concentrations greater than the MRL in blank samples of the citric
acid extract buffer compared to the other laboratory blank
samples, an indication of possible contamination or interference between the citric acid buffer solution and ELISA kits
(table 5). SMZ was detected in 6 of 18 analyses of citric acid
extract buffer blanks, and SMX was detected in 6 of 19 analyses of citric acid extract buffer blanks (table 5). For SMZ
and SMX, four of the detections were less than or equal to
50 nanograms per liter (ng/L).
The spike percent yield (recovery) of SMZ, SMX, and
17BE in spiked samples through the extraction procedure
generally was higher in soil samples compared to planttissue samples (fig. 6). Of the three chemicals, recoveries of
SMZ were most reasonable (near 100 percent) in plant-tissue
samples, and recoveries of SMX were most reasonable in
soil samples. A Kruskal-Wallis rank sum test indicates no

statistically significant difference in the spike percent yield
among land-cover types within each chemical-matrix combination (p-values all greater than 0.10, table 8; fig. 6). Because
of the variability in the spike percent yield between samples,
all chemical concentrations in environmental samples of plant
tissue and soil were adjusted by the spike percent yield for
data analysis (eqs. 6 and 7).

Water Samples
Minimum reporting levels (MRLs) for each ELISA kit
were assigned according to a protocol designed to minimize
false positive detections (table 4). The chemical concentration in an environmental sample was inversely proportional to
color development. The criteria for assigning reporting levels
required that, to qualify as a detection, an environmental water
sample must have caused at least a 10-percent reduction in
absorbance compared to the zero standard supplied with each
kit. For SMZ, the MRL was determined to be the greater of
either the manufacturer’s method detection limit (32 ng/L) or
the calibration equation-predicted concentration of chemical
at 90 percent of the zero standard absorbance. For the SMX
and 17BE kits, the MRL was determined to be the greater of
either the kit’s lowest calibration standard concentration or the
calibration equation-predicted concentration of chemical at
90 percent of the zero standard absorbance.
Under these reporting level criteria, detections of each
chemical in blank samples were rare (including all blanks,
internal laboratory blanks and field and sample-processing
blanks). Only the blanks within the range of the calibration equation for each kit are presented in figure 4. A tabular
summary of all of the data is given in table 5, which includes
samples with a measured absorbance out of range of the
calibration equations. In these cases, where the calculated
relative percent absorbance (Ar, eq. 1) of a sample was greater
than 100 percent, a concentration of 0 was assigned. Field and
sample-processing blank data are given in appendix 4. The
antibiotic SMZ was detected at concentrations greater than
the MRL in 2 of 26 deionized water blanks (90 and 120 ng/L)
and in none of 39 organic-free laboratory and field blanks
(fig. 4A; table 5). The antibiotic SMX was not detected in
concentrations greater than the MRL in any field or laboratory blanks of deionized water (42 samples) or organic-free
blank water (40 samples) (fig. 4B; table 5). The hormone
17BE was detected at concentrations greater than the MRL in
1 of 25 laboratory deionized water blanks (3.8 ng/L, fig. 4C;
table 5). The hormone 17BE was detected in 2 of 33 organicfree field blanks, 2.7 ng/L (fig. 4C; table 4–2 in appendix 4)
and 4.3 ng/L (fig. 4C; table 5).
The measured concentrations of SMZ were greater than
the MRL in 17 of 26 determinations of the 50 ng/L laboratory check standard solution. The 9 nondetections indicate a
false nondetection rate of 35 percent under the data-censoring
criteria established for this study. Therefore, it is probable
that approximately 1 in 3 environmental samples could be
misclassified as a nondetection when the actual sample SMZ

Sulfamethoxazole
(SMX)

Sulfamethazine
(SMZ)

Chemical

1,000
3,000

29
29
26
10
30
25
26
39
18

S

S

L

L

K

L

DI

OF

EB

0

29

1,000
50
200
750

33
33
33
33
36
44
35
42
40
19

S

S

S

S

L

K

L

DI

OF

EB

0

0

0

250

100

50

25

33

S

0

33

S

0

0

0

250

50

5,000

500

50

29

Expected
concentration

S

Number
of determinations

S

Sample
type

0

0

0

590

110

10

980

230

90

40

10

0

0

0

0

1,460

290

150

0

4,120

460

40

0

Min

Mean

Max

LCL95

30

0

0

840

200

50

1,000

250

100

50

30

0

15

0

0

2,690

1,035

215

40

4,570

600

50

0

40

0

10

870

200

45

1,000

250

100

50

30

0

20

0

10

2,690

1,030

220

40

4,560

610

50

0

280

10

30

1,170

240

80

1,120

270

130

60

40

0

90

30

120

3,750

1,400

360

80

5,220

740

50

0

10

0

0

820

190

40

990

250

100

50

20

0

10

0

0

2,450

950

180

30

4,450

580

40

0

Concentration, in nanograms per liter (ng/L)a

Median

Uncensored data

70

0

10

910

210

50

1,010

250

100

50

30

0

40

10

20

2,920

1,110

260

50

4,670

640

50

0

UCL95

60

0

10

130

30

20

20

10

10

10

10

0

30

10

30

570

210

60

20

300

80

10

0

Standard
deviation

150.0

--

100.0

14.9

15.0

44.4

2.0

4.0

10.0

20.0

33.3

--

150.0

--

300.0

21.2

20.4

27.3

50.0

6.6

13.1

20.0

--

CV, in
percent

6

0

0

35

44

29

--

--

--

--

--

--

6

0

2

25

30

10

17

--

--

--

--

Number of
detections
above MRL

Censored data

[min, minimum; max, maximum; LCL95, lower 95-percent confidence limit; UCL95, upper 95-percent confidence limit; CV, coefficient of variation; MRL, minimum reporting level; S, Abraxis-supplied
calibration standard; --, value not determined; L, laboratory-generated check standard; K, Abraxis-supplied check standard; DI, blank laboratory deionized water; OF, organic-free blank water; EB, citric acid
extract buffer blank; uncensored values include estimated concentrations below the minimim reporting level of each kit; censored values only include samples with measured concentrations above the minimum
reporting level]

Table 5. Summary statistics of sulfamethazine (SMZ), sulfamethoxazole (SMX), and 17-beta-estradiol (17BE) concentrations measured in calibration standards, check
standards, and blank quality-control samples.
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25.0
3.0
18.0
0.0

20
20
20
18
21
16
25
33
7

S

S

S

L

K

L

DI

OF

EB

0.0

0.0

10.0

7.5

2.5

0.0

20

S

Expected
concentration

Number
of determinations

Sample
type

0.0

0.0

0.0

13.3

9.4

1.3

22.7

6.0

2.2

0.0

Min

Mean

Max

LCL95

1.2

1.3

0.9

21.8

11.0

4.0

25.3

7.4

2.5

0.0

1.5

1.4

1.0

21.8

11.2

4.1

25.4

7.3

2.5

0.0

3.1

4.3

3.8

27.9

14.5

7.4

27.7

9.2

2.8

0.0

0.3

1.0

0.7

19.5

10.6

3.3

24.8

6.9

2.5

0.0

Concentration, in nanograms per liter (ng/L)a

Median

a

0.9
1.2

2.6

0.8

4.2

1.4

1.6

1.3

0.8

0.1

0.0

Standard
deviation

1.7

1.4

24.1

11.9

4.9

26.0

7.7

2.6

0.0

UCL95

For samples where the calculated relative percent absorbance (Ar in equation 1) was greater than 100 percent, a concentration of 0 was assigned.

17-beta-estradiol
(17BE)

Chemical

Uncensored data

80.0

64.3

80.0

19.3

12.5

39.0

5.1

11.0

4.0

--

CV, in
percent

1

2

1

16

21

15

--

--

--

--

Number of
detections
above MRL

Censored data

[Min, minimum; Max, maximum; LCL95, lower 95-percent confidence limit; UCL95, upper 95-percent confidence limit; CV, coefficient of variation; MRL, minimum reporting level; S, Abraxis-supplied
calibration standard; --, value not determined; L, laboratory-generated check standard; K, Abraxis-supplied check standard; DI, blank laboratory deionized water; OF, organic-free blank water; EB, citric acid
extract buffer blank; uncensored values include estimated concentrations below the minimim reporting level of each kit; censored values only include samples with measured concentrations above the minimum
reporting level]

Table 5. Summary statistics of sulfamethazine (SMZ), sulfamethoxazole (SMX), and 17-beta-estradiol (17BE) concentrations measured in calibration standards, check
standards, and blank quality-control samples.—Continued
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Table 6. Summary statistics of percent yields (spike recoveries) of chemicals in known-addition spike samples for deionized water,
citric acid extract buffer, plant-tissue extract, soil extract, soil-water, and groundwater samples spiked immediately prior to enzymelinked immunosorbent assay (ELISA) analysis.
[min, minimum value; max, maximum value; --, value not determined]

Chemical
Sulfamethazine
(SMZ)

Sulfamethoxazole
(SMX)

Expected spike
concentration,
in nanograms
per liter
500

500

Percent yield
Number of
determinations

Min

Median

Mean

Max

Plant-tissue extract

6

14

118

106

171

Soil extract

5

11

90

74

114

Soil water and groundwater

3

69

107

102

130

Citric acid extract buffer

1

--

99

--

--

Deionized water

1

--

109

--

--

Plant-tissue extract

7

49

104

92

113

Sample medium

Soil extract
Soil water and groundwater
17-beta-estradiol
(17BE)

10

5

59

83

81

100

14

117

131

132

164

Plant-tissue extract

2

74

75

75

76

Soil extract

1

--

205

--

--

12

57

120

120

222

Soil water and groundwater

concentration is between the MRL and 50 ng/L. The mean
and 95-percent confidence interval of the 26 determinations of
the 50-ng/L check standard was 40 plus or minus (±) 10 ng/L,
including calculated concentrations greater than (detections)
and less than (nondetections) the MRL.
The measured concentrations of SMX were greater than
the MRL in 29 of 36 determinations of the 50-ng/L laboratory check standard solution. The 7 nondetections indicate a
false nondetection rate of 19 percent under the data-censoring
criteria established for this study. Therefore, it is probable
that approximately 1 in 5 environmental samples could be
misclassified as a nondetection when the actual sample SMX
concentration is between the MRL and 50 ng/L. The mean and
95-percent confidence interval of the 36 determinations of the
50 ng/L check standard was 45 ± 5 ng/L, including calculated
concentrations greater than (detections) and less than (nondetections) the MRL.
The measured concentrations of 17BE were greater than
the MRL in 15 of 18 determinations of the 3.0-ng/L laboratory check standard solution. The 3 nondetections indicate a
false nondetection rate of 17 percent under the data-censoring
criteria established for this study. Therefore, it is probable
that approximately 1 in 6 environmental samples could be
misclassified as a nondetection when the actual sample 17BE
concentration is between the MRL and 3.0 ng/L. The mean
and 95-percent confidence interval of the 18 determinations

of the 3.0-ng/L check standard was 4.1 ± 0.8 ng/L, including
calculated concentrations greater than (detections) and less
than (nondetections) the MRL.

Bromide Analysis
Quality-assurance procedures for determination of bromide concentrations in water samples at the USGS National
Water Quality Laboratory were published by the U.S. Geological Survey (2013a). All of the water-quality data (including
field quality-assurance samples) and sampling site information
are stored in the USGS National Water Information System
(NWIS) database (U.S. Geological Survey, 2013b).
The Orion 96–35 bromide electrode calibration was
checked at least two times per day of use, once before and
once after a series of environmental sample analyses (Thermo
Fisher Scientific Incorporated, 2008). Bromide concentrations
in split replicates of spiked samples that were analyzed at the
National Water Quality Laboratory and with the Orion 96–35
probe agreed well. Samples with bromide concentrations of
1 mg/L or more had, at most, a 5-percent relative percent
difference (data in table 4–5 in appendix 4). A summary of
replicate and blank sample analyses completed at the National
Water Quality Laboratory are available in table 9. Additional
details of the Orion 96–35 electrode calibration and measurement procedures are presented in Trost (2010).
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Figure 5. Relation between coefficient of variation and mean concentration, grouped by sample medium, for replicate
enzyme-linked immunosorbent assay (ELISA) determinations in all field and laboratory samples of A, sulfamethazine (SMZ);
B, sulfamethoxazole (SMX); and C, 17-beta-estradiol (17BE).
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Table 7. Summary statistics of coefficient of variation determinations for sulfamethazine, sulfamethoxazole, and 17-beta-estradiol
for calibration standards, check standards, spiked extract buffer, plant-tissue extract, soil extract, and water samples with mean
concentrations greater than the minimum reporting level.
[CV, coefficient of variation; --, value not determined]

Chemical
Sulfamethazine
(SMZ)

Sample medium

Number of CV
determinations

Minimum

Median

Mean

Maximum

Abraxis calibration standard (S)

3

6.5

6.5

8.5

12.6

Laboratory-generated check standard (L)

3

21.2

24.8

31.4

48.3

Citric acid extract buffer blank (EB)

2

46.7

62.8

62.8

78.9

Abraxis check standard (K)

1

--

20.7

--

--

Plant-tissue extract

16

0.8

19.4

37.2

141.4

Soil extract

12

1.1

11.9

15.1

34.5

Water

17

7.8

28.3

38.0

173.2

5

2.5

9.4

9.5

20.8

2

15.2

26.5

26.5

37.9

2

6.9

28.9

28.9

50.9

Sulfamethoxazole Abraxis calibration standard (S)
(SMX)
Laboratory-generated check standard (L)
Citric acid extract buffer blank (EB)
Abraxis check standard (K)

17-beta-estradiol
(17BE)

Coefficient of variation, in percent

1

--

13.0

--

--

Plant-tissue extract

19

0.2

8.5

15.3

48.0

Soil extract

11

0.2

6.5

7.1

21.9

Water

3

13.4

88.1

65.0

93.4

Abraxis calibration standard (S)

3

5.2

5.7

7.3

10.9

Laboratory-generated check standard (L)

2

19.4

29.5

29.5

39.5

Citric acid extract buffer blank (EB)

2

6.7

10.8

10.8

14.8

Abraxis check standard (K)

1

--

12.7

--

--

Plant-tissue extract

11

0.4

8.3

20.9

74.3

Soil extract

20

0.3

18.0

19.4

44.9

6

4.3

57.0

49.4

99.8

Water

Land-Cover Effects on the Fate
and Transport of Sulfamethazine,
Sulfamethoxazole, and 17-betaEstradiol
Concentrations of SMZ, SMX, and 17BE measured with
ELISA kits in plant-tissue, soil (0–10 cm), soil-water, and
groundwater samples collected between October 2008 and
October 2009 were used to compare the fate and transport of
these chemicals through land-cover types of bare soil, corn,
hay, and prairie (appendix 4). Areal concentrations of SMZ
and SMX in soil decreased more in prairie plots from April
2009 to June 2009, compared to the other land-cover treatments. The areal concentrations of SMZ and SMX in the
aboveground plant tissues in June 2009 and August 2009 were
much lower, generally two to three orders of magnitude, than

the areal concentrations of these chemicals in soil. Pooling all
treatment plot data, the median areal concentration of SMZ
and SMX in plant tissues was 0.01 and 0.10 percent of the
applied chemical mass compared to 22 and 12 percent in soil,
respectively. Furthermore, areal concentrations of SMZ and
SMX in plant-tissue samples were variable, and did not differ
significantly between control and treatment plots within each
land-cover type.
SMZ was detected in 23 percent of soil-water samples
and in 16 percent of groundwater samples from treatment
plots, indicating SMZ leached below the rooting zone and
reached groundwater. SMX was detected in only 1 percent of
soil-water and groundwater samples from treatment plots. In
contrast to the antibiotics, 17BE was not detected reliably in
soil samples. Additionally, ELISA-determined 17BE concentrations in plant-tissue, soil-water, and groundwater samples
indicated the presence of chemicals that were not applied as
part of this experiment [17BE from an external source or other
chemical(s) that interfered with the 17BE ELISA kits].
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Abbreviations
Samples from bare soil plots
Samples from corn plots

H

Samples from hay plots

P

Samples from prairie plots

13

Number of values

A

Significantly different groups as
indicated by a nonparametric
Tukey Honest Significant
Difference test (p−value less
than 0.10)

Largest value within 1.5 times interquartile range above
75th percentile
75th percentile
50th percentile (median)
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25th percentile
Outside value—Value is greater than 1.5 and less than 3 times
the interquartile range beyond either end of box
Far-out value—Value is greater than or equal to 3 times the
interquartile range beyond either end of box

Figure 6. Boxplots of spike percent yield (recovery) in plant-tissue and soil extracts, spiked before extraction.
A, sulfamethazine (SMZ) in plant-tissue extracts; B, SMZ in soil extracts; C, sulfamethoxazole (SMX) in plant-tissue
extracts; D, SMX in soil extracts; E, 17-beta-estradiol (17BE) in plant-tissue extracts; and F, 17BE in soil extracts.
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Table 8. Summary of Kruskal-Wallis rank sum test results for plant-tissue, soil, and root samples collected in 2009 at Cedar Creek
Ecoystem Science Reserve, Minnesota.
[Experimental group descriptions, treatment equals plots amended with sulfamethazine (SMZ), sulfamethoxazole (SMX), and 17-beta-estradiol (17BE), and
control equals plots not amended with SMZ, SMX, and 17BE: B equals combined treatment and control bare soil plots; C equals combined treatment and control corn plots; H equals combined treatment and control hay plots; P equals combined treatment and control prairie plots. BT, CT, HT, PT equals bare soil, corn,
hay, and prairie treatment plots; BC, CC, HC, PC equals bare soil ,corn, hay, and prairie control plots; Ctrl equals pooled B, C, H, P control plots; Trt equals
pooled B, C, H, P treatment plots. Significance level codes: NS, not significant, p-value equal to or greater than 0.10; *, marginally significant, p-value between
0.05 and 0.10; **, significant, p-value less than 0.05. cm, centimeters; --, value not determined; <, less than]

Response variable

Sampling
period

Spike percent yield in
plant-tissue extract
samples

April and June

Spike percent yield in soilextract samples

April and June

Areal concentration in
plant tissues

June

August

Areal concentration in soil
(0–10 cm below land
surface)

April

Experimental
groups compared
C, H, P

B, C, H, P

CC, CT, HC, HT,
PC, PT
CC, CT, HC, HT,
PC, PT

Ctrl, Trt

BT, CT, HT, PT,
Ctrl
June

Ctrl, Trt

BT, CT, HT, PT,
Ctrl

Chemical

Chi-squared
test statistic

Degrees of
freedom

p-value

Significance
level

SMX

0.97

2

0.62

NS

SMZ

4.29

2

0.12

NS

17BE

0.18

2

0.92

NS

SMX

2.42

3

0.49

NS

SMZ

1.06

3

0.79

NS

17BE

4.08

3

0.25

NS

SMX

17.91

5

0.003

**

SMZ

17.77

5

0.003

**

17BE

4.66

5

0.46

NS

SMX

11.95

5

0.04

**

SMZ

9.64

5

0.09

*

17BE

10.46

5

0.06

*

SMX

4.06

1

0.04

**

SMZ

6.55

1

0.01

**

17BE

--

--

--

NS

SMX

8.12

4

0.09

*

SMZ

12.22

4

0.02

**

17BE

--

--

--

NS

SMX

4.54

1

0.03

**

SMZ

6.23

1

0.01

**

17BE

0.32

1

0.57

NS

SMX

8.31

4

0.08

*

SMZ

13.67

4

0.008

**

17BE

4.00

4

0.41

NS

Soil pH (0–10 cm below
land surface)

April and June

B, C, H, P

--

5.79

3

0.12

NS

Gravimetric soil-water
content (0–10 cm below
land surface)

April and June

B, C, H, P

--

6.15

3

0.10

NS

Hours between spray appli- April
cation and soil sampling

B, C, H, P

--

2.14

3

0.54

NS

Root biomass to 30 cm
below land surface

July

B, C, H, P

--

22.28

3

<0.0001

**

Aboveground biomass,
fresh

June

B, C, H, P

--

21.41

3

<0.0001

**

August

B, C, H, P

--

21.38

2

<0.0001

**
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Table 9. Quality-assurance summary for bromide concentrations and water-quality characteristics in water samples analyzed at the
U.S. Geological Survey National Water Quality Laboratory.
[n, number of samples; mg/L, milligrams per liter; <, less than; μS/cm at 25 °C, microsiemens per centimeter at 25 degrees Celsius; °C, degrees Celsius; --, data
not presented]

Chemical or property

Units

Sample at site 452408093111701
(well CC238 in plot 269) on
November 19, 2008, at 10:00 a.m.

Relative percent
difference of sequential
replicate sample

Range of concentrations in
field blank samples (n=21)

Bromide

mg/L

0.01 (estimated)

0

pH (onsite)

pH units

8

2.5

--

Specific conductance (onsite)

μS/cm at 25 °C

63

6.6

--

Water temperature (onsite)

°C

4

--

9.9

Sulfamethazine and Sulfamethoxazole
Kruskal-Wallis rank sum tests indicate that areal concentrations of SMZ and SMX in the upper 10 cm of soil ([xA,so])
were significantly greater in treatment plots compared to control plots during the April 2009 and June 2009 sampling periods (figs. 7A–D; table 8). These data indicate that SMZ and
SMX successfully reached the soil of treatment plots through
the spray application procedure and that these chemicals persisted in the upper 10 cm of soil for at least 8 weeks. Variability in the measured areal concentrations of SMZ and SMX was
substantial in the soil immediately following the April 2009
application. Areal concentrations in the treatment plots ranged
from 0 to 26.8 mg/m2 for SMZ and from 1.1 to 14.6 mg/m2 for
SMX (table 4–1 in appendix 4). The application rate for these
chemicals was 5.6 mg/m2 in 2008 and 11.2 mg/m2 in 2009.
Some of the variability in the areal concentrations of
SMZ in soil can be explained by the land-cover treatments
(fig. 8A). Areal concentrations of SMZ in the upper 10 cm
of soil tended to be highest in the prairie plots in April 2009
(fig. 8A). A Kruskal-Wallis rank sum test of the April SMZ
data indicated a significant difference (p-value=0.02, table 8)
among land-cover treatments. The only significant pairwise
difference was between the pooled control plots and prairie
treatment plots. A Kruskal-Wallis rank sum test was still significant (p-value=0.008) for the June 2009 data, but the only
significant pairwise difference was between the corn treatment
plots and the control plots (fig. 8B; table 8).
Patterns in the areal concentrations of SMX in the upper
10 cm of soil were similar to the patterns observed in the SMZ
data, but statistical tests of the SMX data revealed weaker
differences among experimental groups than those observed
for SMZ (table 8; figs. 8A–D). Areal concentrations of SMX in
the upper 10 cm of soil tended to be highest in the prairie plots
in April 2009. A Kruskal-Wallis rank sum test on the April
2009 SMX data indicated a marginally significant difference
(p-value=0.09, table 8) among land-cover treatments; the largest pairwise difference was between the pooled control plots

not detected, all <0.02

and prairie treatment plots (fig. 8C). In June 2009, corn plots
tended to have the highest areal concentrations of SMX in the
upper 10 cm of soil (fig. 8D). A Kruskal-Wallis rank sum test
on the June 2009 SMX data indicated a marginally significant
difference (p-value=0.08, table 8) among land-cover treatments; the largest pairwise difference was between the pooled
control plots and corn treatment plots (fig. 8D).
Areal concentrations of SMZ and SMX decreased from
April 2009 to June 2009 most consistently in the prairie plots
compared to all other treatments (figs. 9A,B). The areal concentration of SMZ decreased in all five prairie treatment plots
and the decrease was marginally significant as indicated by a
Wilcoxon signed rank test (p-value=0.06, fig. 9A). The areal
SMX concentration decreased in the upper 10 cm of soil in 4
of 5 prairie plots, but the decrease was not statistically significant (fig. 9B). Areal concentrations of SMZ and SMX did not
change substantially between April 2009 and June 2009 in any
of the other treatments. Wilcoxon signed rank tests indicated
no significant change in areal concentration for SMZ or SMX
in bare soil, corn, hay, or control plots (p-values >0.15).
Prairie plots tended to have the highest areal concentrations of SMZ and SMX in the upper 10 cm of soil immediately
following application (figs. 8A,C). Ancillary data collected
with the soil samples include soil pH and gravimetric soilwater content, neither of which were significantly correlated
with the areal concentrations of SMZ or SMX (Kendall’s tau
p-values all >0.3). The April 2009 soil samples were collected
within 0.5 to 8 hours of application. But this variation in the
length of time between spray application and sampling was
not correlated negatively with the areal concentrations of SMZ
and SMX in soil (Kendall’s tau p-values all >0.19). Furthermore, none of these physical factors (soil pH, soil-water
content, and length of time between application and sampling)
were significantly different among the treatments (KruskalWallis p-values all greater than or equal to 0.10, table 8).
In contrast to the results for physical factors described
previously, belowground (roots) and aboveground plant
biomass differed significantly between land-cover treatments
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Figure 7. Boxplots of the areal concentration in the upper 10 centimeters of soils in control and treatment plots for A, sulfamethazine (SMZ) in April 2009; B, SMZ
in June 2009; C, sulfamethoxazole (SMX) in April 2009; D, SMX in June 2009; E, 17-beta-estradiol (17BE) in April 2009; and F, 17BE in June 2009.
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Figure 8. Boxplots of the areal concentration in the upper 10 centimeters of soils between treatment plots grouped by land-cover type and control plots for
A, sulfamethazine (SMZ) in April 2009; B, SMZ in June 2009; C, sulfamethoxazole (SMX) in April 2009; D, SMX in June 2009; E, 17-beta-estradiol (17BE) in April
2009; and F, 17BE in June 2009.
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Figure 9. Boxplots of the change in areal concentration in the upper 10 centimeters of soils between April 2009 and June 2009 for
A, sulfamethazine; B, sulfamethoxazole; and C, 17-beta-estradiol.

(figs. 10A–C; table 8). Prairie plots had significantly more root
biomass than corn and bare soil plots in the upper 30 cm of the
soil profile in July 2009 (Kruskal-Wallis rank sum test p-value
<0.0001, fig. 10C; table 8). Although not statistically significant, prairie plots also tended to have greater root biomass
than hay plots (fig. 10C).
The high root biomass in prairie plots may have resulted
in soil samples that were more representative of the entire
0–10-cm soil profile compared to soil samples collected from
plots of the other land-cover types. The root mass in the upper
10 cm of prairie soil stabilized the uppermost part of the soil
sample during sample processing. It was observed during soil
core processing that, in soil samples with little root biomass,
the top and bottom ends of the soil samples tended to slough
off. This is of particular importance for the April 2009 soil
sampling because most of the application solution probably
was within the upper 1 cm of the soil sample. The volume of
solution applied, 133 L, was equivalent to a distributed depth
of only 0.11 cm over a plot. If, for example, any of the upper

0.5 cm of the soil sample sloughed away and was underrepresented in the final subsample used for chemical analyses,
a substantial underestimation of the areal concentration would
result. Also, the presence of a well-established root network
close to the prairie soil surface may have increased the depth
and infiltration rate of the application solution in prairie plots
compared to the other plots. Perennial grasses have been
determined to increase infiltration substantially compared to
row-crop agriculture (Rachman and others, 2004; Wuest and
others, 2006; Schilling and others, 2008).
The corn plots tended to have the highest measured
areal concentrations of SMZ and SMX in soil in June 2009
(figs. 8B,D). The issue of “representativeness” of the soil samples collected in these plots again became important. The corn
plots, but no other treatment plots, were roto-tilled between
April 2009 and June 2009. Roto-tilling mixed the upper 10 cm
of soil, and distributed the soil to which SMZ and SMX were
applied directly more evenly throughout the upper 10 cm of
soil. This mixing made the soil samples from corn plots much
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Figure 10. Boxplots of fresh aboveground biomass harvested from research plots in A, June 2009; B, August 2009; and C, dry
root biomass harvested from the upper 30 centimeters of soil in July 2009.

less sensitive to top-of-core sloughing losses compared to soil
samples from bare soil and hay land-cover types.
This issue of “representativeness” is one explanation
for the low initial SMZ and SMX soil concentrations in most
nonprairie treatment plots. Because of the likelihood that the
initial concentrations of SMZ and SMX were underestimated
in nonprairie plots, it is also likely that the within-plot changes
from April 2009 to June 2009 in bare soil, corn, and hay plots
were underestimated (figs. 9A,B).
Possible reasons for the decrease in areal concentrations
of SMZ and SMX in the soil of prairie plots are numerous,
and two potential pathways for SMZ and SMX loss from soil

were explored further in this experiment: (1) plant uptake and
(2) leaching losses below the rooting zone. Degradation of
the surface-applied SMZ, SMX, and 17BE by soil microbes,
sunlight, or other processes, also likely affected the fate and
transport of these chemicals during the experiment (Boxall and
others, 2004), but were not examined.
Areal concentrations of SMZ and SMX in prairie plant
tissue did not explain the temporal changes in areal concentrations in soil of these chemicals. The areal concentrations of
SMZ and SMX in the aboveground plant tissues in June 2009
and August 2009 were much lower, generally two to three
orders of magnitude, than the areal concentrations of these
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chemicals in soil (figs. 8A–D; figs. 11A–D; figs. 12A,B). Pooling all treatment plot data for all sampling events, the median
areal concentration of SMZ and SMX in plant tissues was
0.01 and 0.10 percent of the applied mass compared to 22 and
12 percent in soil, respectively (figs. 12A,B).
Areal concentrations of SMZ and SMX in plant-tissue
samples were variable, and did not differ significantly
between control and treatment plots within each land-cover
type (table 8; figs. 11A–D). The lack of separation between
plant-tissue samples from control and treatment plots for SMZ
and SMX likely was caused by one or more of the following:
the chemicals were not present in sufficient quantities to be
detected above background matrix interferences, the chemicals
were present but in a form for which ELISA kits were less
sensitive, or the chemicals were present in plant tissues but not
extracted from the plant-tissue matrix efficiently.
Contamination across the entire experimental field was
not a likely cause because no outside sources of SMZ and
SMX (beyond that which was applied as part of the experiment) were identified. The experimental field had not been
managed for the production of row crops since 1967, and the
upper 6 to 8 cm of soil that had been under row-crop management was removed from the field in 1993 (Cedar Creek
Ecosystem Science Reserve, 2012a). No wastewater-treatment
facilities or large animal feeding operations were within 10 km
of the site during the experiment. The only septic system
hydraulically upgradient was approximately 0.5 km away and
served a single-family dwelling that was unoccupied for at
least 10 months each year. It is not likely that the similarity
between control and treatment plots was caused by sample
contamination because SMZ and SMX detections in blanks
were rare (figs. 4A,B; table 5). Spike recoveries of these
chemicals were reasonable (figs. 6A,B) indicating that, if either
chemical were present in sufficient quantities, it would have
been detected.
The antibiotics SMZ and SMX also can be transported
through the soil profile by way of advective transport as water
percolates from land surface to groundwater. Several studies
have documented that SMZ and SMX are mobile in soil water
and groundwater (Hamscher and others, 2005; Miller and
Meek, 2006; Kemper, 2008). In particular, a study of sandy
soils demonstrated a persistent presence of SMZ in soil water
140 cm below land surface despite low SMZ concentrations in
the upper 10 cm of the soil profile and undetectable SMZ from
10 to 90 cm of the soil profile (Hamscher and others, 2005).
The chemical SMZ leached below the rooting zone of all
four land-cover types; it was detected in at least one soil-water
or groundwater sample from each land-cover type (table 10).
SMZ was detected in 23 percent of soil-water samples and in
16 percent of groundwater samples collected from treatment
plots (table 10, table 4–1 in appendix 4). SMZ was detected
most frequently in soil water beneath hay plots, followed
by bare soil plots, then prairie plots, and finally corn plots
(table 10). The highest SMZ concentration, 320 ng/L, was
measured in the soil water from a hay plot. The antibiotic
SMZ was never detected in soil water below any corn plot and

in only one groundwater sample below a corn plot (table 10).
These observed patterns in SMZ leaching through soil across
land-cover types are different than the patterns of bromide
leaching described in Trost (2010), where bromide leached
much more readily through corn plots than it did through
prairie and hay.
The chemical SMX was detected much less frequently
than SMZ in soil-water and groundwater samples, indicating that SMX was transported more slowly through soil than
SMZ. The antibiotic SMX was detected in only 1 percent of
soil-water samples and never detected in groundwater samples
from treatment plots (table 10). The SMX detections in soil
water were all low concentration, each only 10 ng/L greater
than the MRL for the kit on which the sample was run. Four
SMX detections were recorded, all in soil-water samples from
prairie plots; two samples were from treatment plots and two
samples were from control plots. Three of the detections were
in soil-water samples collected on October 31, 2008. Bromide
that was applied with SMX in May 2008, was not detected in
the soil-water samples from these plots on or before October
31, 2008. These observations provide little evidence that SMX
is transported below the rooting zone more quickly in prairies
compared to the other land-cover treatments. Furthermore,
these rare, low-level detections of SMX in prairie plots contradict soil-water balance calculations and the overall bromide
tracer results, which indicate that prairies retain solutes in
the soil profile longer than the other land-cover treatments
(Trost, 2010).
During the two growing seasons comprising this study,
advective transport through soil to groundwater was a pathway
by which surface-applied SMZ left the different land-cover
types. The lack of SMX detections in soil-water and groundwater samples did not support a similar conclusion for SMX.
The study by Hamscher and others (2005) indicated that SMZ,
not SMX, was transported from land surface to 140 cm below
land surface. In the present study, it is possible that SMX was
present in the soil profile between 10 and 160 cm below land
surface, because this zone was not sampled.

17-beta-Estradiol
In contrast to SMZ and SMX, 17BE was not reliably
detected in soil samples. Of the 49 soil samples analyzed,
17BE was only detected in one soil sample from June 2009
(fig. 8F). This sample had an areal concentration that was
much greater (860 percent) than the concentration applied to
the plots and was excluded from figure 12C. The chemical
17BE was not detected in any soil samples collected from
treatment plots immediately after application in April 2009,
the same samples in which SMZ and SMX were detected. This
low rate of detection likely was not caused by incompatibilities between the ELISA kits and the citric acid extract buffer
because spike percent yields of 17BE in soil generally ranged
from 75 to 125 percent (fig. 6F). The more likely explanation
is that the concentration of 17BE in the soil-sample extracts
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was too low to be detected by the 17BE kits because the
soil-sample extracts were diluted 1:500 before 17BE ELISA
analysis. Even if 17BE was present in the original soil sample,
the 17BE kits, with a method detection limit of 2.5 ng/L, were
not sensitive enough to detect 17BE after the 1:500 dilution. In
contrast, the soil-sample extracts analyzed for SMZ and SMX
were only diluted 1:10 before ELISA analysis. The 1:500 dilution step was done before 17BE ELISA analysis to minimize
the soil matrix interference with the kit performance.
Patterns of 17BE detections in plant-tissue, soil-water,
and groundwater samples indicate that an external source of

17BE, or other chemical for which the 17BE ELISA kits were
sensitive, was present in the experimental field. The planttissue samples were diluted 1:500 before ELISA analysis, as
were the soil samples, but 17BE was detected in nearly all of
the plant-tissue samples. Given that SMZ and SMX concentrations in plant tissues were two to three orders of magnitude
lower than concentrations in soil (figs. 8A–D; figs. 11A–D;
figs. 12A,B), it is highly unlikely that the actual 17BE concentration in plant tissues would be at least two to three orders of
magnitude greater than the concentration in soil. In soil-water
and groundwater samples, the frequencies of detection and
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Table 10. Summary of detections of sulfamethazine (SMZ), sulfamethoxazole (SMX), and 17-beta-estradiol (17BE) in soil-water and
groundwater samples collected from control and treatment plots of bare-soil, corn, hay, and prairie land-cover types.
[Control plots were not amended with SMZ, SMX, and 17BE; treatment plots were amended with SMZ, SMX, and 17BE; ng/L, nanograms per liter; ND, not
detected above the minimum reporting level; NA, no samples analyzed]

Control plots
Medium

Soil-water

Chemical

Sulfamethazine
(SMZ)

Land-cover
treatment

Number of detections/
number of samples
analyzed (frequency of
detection)

Maximum
detected
concentration,
in ng/L

Number of detections/
number of samples
analyzed (frequency of
detection)

Bare soil (B)

Groundwater

Sulfamethazine
(SMZ)

0/18 (0.00)

ND

6/25 (0.24)

NA

NA

0/19 (0)

Hay (H)

1/19 (0.05)

70

11/20 (0.55)

320

Prairie (P)

0/9 (0.00)

ND

1/14 (0.07)

60

0/19 (0.00)

ND

0/26 (0.00)

ND

220
ND

NA

NA

0/21 (0.00)

ND

Hay (H)

0/19 (0.00)

ND

0/19 (0.00)

ND

Prairie (P)

2/9 (0.22)

80

2/15 (0.13)

40

Bare soil (B)

4/19 (0.21)

5.4

2/26 (0.08)

3.4

Corn (C)

NA

NA

5/20 (0.25)

6.3

Hay (H)

7/18 (0.39)

7.5

8/20 (0.40)

7.4

Prairie (P)

4/9 (0.44)

6.8

4/13 (0.31)

5.6

Bare soil (B)

1/5 (0.2)

60

3/13 (0.23)

90

Corn (C)

NA

NA

1/14 (0.07)

110

Hay (H)

0/7 (0.00)

ND

2/10 (0.20)

50

Prairie (P)

0/4 (0.00)

ND

2/13 (0.15)

70

0/5 (0.00)

ND

0/15 (0.00)

ND

Sulfamethoxazole Bare soil (B)
(SMX)
Corn (C)

17-beta-Estradiol
(17BE)

Maximum
detected
concentration,
in ng/L

Corn (C)

Sulfamethoxazole Bare soil (B)
(SMX)
Corn (C)

17-beta-Estradiol
(17BE)

Treatment plots

NA

NA

0/15 (0.00)

ND

Hay (H)

0/7 (0.00)

ND

0/10 (0.00)

ND

Prairie (P)

0/4 (0.00)

ND

0/15 (0.00)

ND

Bare soil (B)

0/5 (0.00)

ND

1/15 (0.07)

2.6

Corn (C)

NA

NA

1/15 (0.07)

3.1

Hay (H)

1/7 (0.14)

3.6

2/10 (0.20)

Prairie (P)

0/4 (0.00)

ND

0/15 (0.00)

the maximum detected concentrations of 17BE were similar
between control and treatment plots (table 10). This indicates
that the experimental application of 17BE did not substantially
increase the concentrations of 17BE in soil water and groundwater above “background” levels of 17BE or other chemical(s)
that interfered with the 17BE ELISA kits.
The abundance of legumes, a source of phytoestrogens,
in the experimental field may have made it difficult to quantify
the 17BE applied as part of this experiment. Other research
has demonstrated the presence of phytoestrogens in the environment (Erbs and others, 2007; Liu and others, 2010). These

3.6
ND

chemicals are bioactive secondary plant metabolites with
structural and functional similarities to 17BE (Kuhnle and
others, 2008), and legumes tend to have high concentrations of
certain phytoestrogens (Price and Fenwick, 1985; Reinle and
Block, 1996). A field study done in Switzerland documented
phytoestrogens in drainage water leaving a pasture that was
planted with 56 percent Italian ryegrass (Lolium multiflorum)
and 43 percent red clover (Trifolium pratense) (Erbs and
others, 2007). In the field in which the present experiment
was done, several legumes were planted as part of the initial
experimental establishment in 1994 (Cedar Creek Ecosystem
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Science Reserve, 2013a; Tilman, Reich, and Knops, 2006),
and were well established from 2007 through 2009. Field
observations indicated that the density of one legume species
in particular, sundial lupine (Lupinus perennis), was much
higher in the experimental field compared to the surrounding area. As described in the “Methods of Study” section in
this report, one of the criteria for plot selection was that the
plant cover in June 2007 consisted primarily (greater than
50 percent) of native C4 (Raven and others, 1999) grasses and
leguminous forbs (legumes). That means that all plots used for
this experiment had legumes growing in them for several years
before 2007. The Sigma Aldrich company states that their
17BE, which was applied in this study, was “derived from
a plant source” (Sigma Aldrich, 1997, p. 1), which further
indicates that 17BE or similar chemicals are present in plant
tissues. The 17BE kit user’s manual did not list any specific
cross-reactivity problems for phytoestrogens (Abraxis, 2010a),
so it is possible that the kits are sensitive to phytoestrogens,
causing false positive results.

Soil Hydrology and Chemical Properties
The amount of water percolating through soil to groundwater (groundwater recharge) is an important factor that will
affect the transport of SMZ, SMX, and 17BE. Differences in
evapotranspiration (ET) and groundwater recharge between
perennial and annual land-cover types have been observed in
previous studies (Brye and others, 2000; Bekele and others,
2006). If the land-cover types of bare soil, corn, hay, and
prairie differentially affect soil-water movement through soils
then solutes may also be transported differently through soil.
Because the soil-water and groundwater results for SMZ,
SMX, and 17BE were variable amongst land-cover types, the
results from a detailed soil hydrology investigation done in
the same research plots are presented. A soil-water balance,
water-table hydrograph analysis, and chemical analysis of a
bromide tracer in the pore water of unsaturated soils and shallow groundwater were used to identify differences in rates and
amounts of water and solute movement through soils underlying perennial and annual land-cover types (Trost, 2010).
Prairie and hay, which are perennial land-cover types,
used water from the soil profile differently than annual corn
during the growing season. In 2008 and 2009, the upper
125 cm of prairie soil profiles were significantly drier by midJuly than corn soil profiles because of greater early growing
season ET demands by the perennial crops (Trost, 2010).
Prairie ET rates peaked in mid-June, whereas ET rates peaked
in August for corn (Trost, 2010). Despite the differences
in the seasonal patterns of water use between the perennial
land-cover types and annual corn, the cumulative total ET and
percolation below the rooting zone between June 2008 and
December 2009 were similar. The experimental field received
a total of 107.2 cm of precipitation between June 2008 and
December 2009. The cumulative ET estimates for hay, prairie,
and corn were 71.6 cm, 73.9 cm, and 69.1 cm, respectively.

The cumulative percolation estimates for hay, prairie, and
corn were 31.6 cm, 37.9 cm, and 40.2 cm, respectively
(Trost, 2010).
The similarity in the cumulative percolation below the
rooting zone and ET totals between annual and perennial
land-cover types contrasts with several other studies that have
documented large differences in these characteristics (Brye
and others, 2000; Bekele and others, 2006). This contradiction can be explained at least in part by the annual harvesting
of perennial biomass for the present study. The senesced plant
material from the growth of previous years, or litter layer, of a
perennial prairie intercepts substantial amounts of water, effectively reducing the volume of water that actually reaches the
soil surface and infiltrates. Removal of a Kansas prairie’s litter
layer by burning increased precipitation throughfall (water
reaching the soil surface) by 18 percent (Seastedt, 1985).
A study in southern Wisconsin indicated that, of 68.1 cm of
precipitation, 47.7 cm were intercepted by the litter layer and
evaporated (Brye and others, 2000). Because the litter layer
was harvested annually for the present study, a greater percentage of the precipitation infiltrated into the prairie soil profile
than in either the Seastedt (1985) study or the Brye and others
(2000) study.
The seasonal pattern in water use correlates with the seasonal pattern of biomass production for each crop type. By late
June 2009, prairie plots had significantly more aboveground
biomass than the hay and corn plots (Kruskal-Wallis, p-value
< 0.0001, fig. 10A); however, by mid-August, the corn plots
had significantly more aboveground biomass than the hay and
prairie plots (Kruskal-Wallis, p-value <0.0001, fig. 10B).
Extraction of water from soil by plants near the time of
chemical application was an important factor in the movement of surface-applied solutes through soil to groundwater.
Between April and June 2009, prairie plots had produced
more aboveground biomass and had extracted more water
from the upper 125 cm of the soil profile compared to all other
land-cover types. A similar pattern was observed in 2008.
Evapotranspiration rates of prairie peaked in June, closer to
the time of chemical application, compared to August for corn.
Although the cumulative soil-water losses caused by evapotranspiration and percolation below the rooting zone were
similar between corn and prairie, bromide was transported
to groundwater more slowly in prairie compared to corn. By
18 months after application, bromide had been detected in
groundwater below all 5 replicate plots of corn, but in only
2 of 5 prairie replicate plots. Also by 18 months after application, at least 34 percent of the applied mass had leached below
the rooting zone of corn, compared to 0.7 percent in prairie as
determined in one plot of each land-cover type (Trost, 2010).
Differences in chemical properties (table 3) between
SMZ, SMX, 17BE, and bromide provide some insight into the
different behaviors of these chemicals in soil. Bromide was
the most soluble chemical applied to the plots (table 3). Of
the antibiotics added, SMX was slightly more water-soluble
than SMZ, and both of these were far more water-soluble than
17BE (table 3). A related chemical property, the octanol-water
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partition coefficient (Kow, table 3) indicates that 17BE would
be most likely to adsorb to soil, followed by SMX and SMZ,
then bromide. The octanol-water partition coefficient is
defined as “a coefficient representing the ratio of the solubility
of a compound in octanol (a nonpolar solvent) to its solubility
in water (a polar solvent). The higher the Kow, the more nonpolar the compound. Log Kow is generally used as a relative
indicator of the tendency of an organic compound to adsorb to
soil” (U.S. Environmental Protection Agency, 2013). Bromide,
therefore, likely tended to partition into soil water more than
the other chemicals. Based on these two chemical properties,
it is reasonable to hypothesize that bromide would be transported along with soil water, and the transport of the other
compounds may be slower because of adsorption to soil. This
is additional evidence that the 17BE measured in soil water
and groundwater came from a source external to the experimental treatments. Chemical properties alone do not explain
why SMZ and SMX behaved differently from each other and
from bromide. Further investigation into these observations
is warranted.

Implications
The data collected during this plot-scale experiment
provide information about the fate and transport of three compounds, SMZ, SMX, and 17BE, applied on the land surface.
Little to no SMZ, SMX, or 17BE was observed in perennial
(prairie, hay) or annual (corn) aboveground plant tissues
even though the antibiotics, SMZ and SMX, persisted in the
soil for at least 8 weeks after application. These observations
indicate that only small amounts (less than 1 percent of the
applied mass) of these chemicals might be removed from soil
through biomass harvesting, regardless of perennial or annual
land cover. Detections of SMZ in soil water and groundwater
beneath perennial and annual land-cover types on sandy soils
highlight the mobility and persistence of this chemical in the
environment. Because SMZ was not taken up by plants in substantial quantities and was transported to groundwater in both
perennial and annual land-cover types, a different strategy
(other than changing vegetation from corn to prairie) might be
more effective at preventing SMZ from reaching groundwater.
Quality-assurance data from chemical analysis with
ELISA kits indicate that SMZ and SMX can be detected and
quantified in soil, plant-tissue, and water samples if the chemicals are present at concentrations greater than a kit’s minimum
reporting level. With a properly designed quality-assurance
plan, SMZ and SMX ELISA kits are a useful method for
quantifying concentrations of these chemicals in environmental samples. Concentration data from the 17BE ELISA kits
were less reliable than the SMZ and SMX kits and indicate
that cross-reactivity with other chemicals in environmental
samples hindered interpretation of results. A more robust analytical method is necessary for determining 17BE concentrations in environmental samples.

This study only focused on the parent chemicals; further
research is needed to understand the degradation and transformations of these chemicals within plant tissues, soils, soil
water, and groundwater. The methods used in this study were
not designed to detect such altered compounds.

Summary
The U.S. Geological Survey, in cooperation with the College of Biological Sciences of the University of Minnesota and
the Legislative-Citizen Commission on Minnesota Resources,
initiated this study to investigate the effects of land-cover type
on the fate and transport of three surface-applied chemicals of
emerging concern. The antibiotics sulfamethazine (SMZ) and
sulfamethoxazole (SMX) and the steroidal hormone 17-betaestradiol (17BE) were applied to the surface of five plots of
each land-cover type in May 2008 and April 2009. Current
(2013) practices of animal waste application to row-crop
systems used for biofuel production can affect surface-water
and groundwater quality. Previous research has indicated that
perennial crops, such as prairies, have the potential for producing biofuel and reducing flows of water and chemicals to
surface water and ground-water compared to row crops. Few
studies have documented, in detail, the use of inexpensive analytical methodology for measuring antibiotics and hormones
in a variety of environmental sample matrices, such as plant
tissues and soils.
The experimental design included 35 plots [11 meters (m)
by 11 m] with land-cover types of nonvegetative bare soil,
corn, hay, or prairie. Five “treatment” plots of each land-cover
type (20 plots total) received applications of SMZ, SMX,
17BE, and bromide. Background levels of these chemicals in
plant tissues, soil, soil water, and groundwater were determined in samples collected from bare soil, hay, and prairie
control plots (15 plots total) that did not receive any chemical
applications. Background levels of these chemicals in corn
plants were determined in samples collected from a single
large stand of corn that did not receive additions of these
chemicals.
Concentrations of SMZ, SMX, and 17BE measured with
enzyme-linked immunosorbent assay (ELISA) kits in planttissue, soil [0–10 centimeters (cm)], soil-water, and groundwater samples collected between October 2008 and October
2009 were used to compare the fate and transport of these
chemicals through land-cover types of bare soil and three
potential biofuel cropping systems: corn, hay, and prairie.
A quality-assurance plan was implemented in support of
quantitation with the ELISA kits. Multiple check standards,
blanks, and spikes were analyzed with each individual ELISA
kit to assess the accuracy and precision of SMZ, SMX, and
17BE quantification within and between kits. A minimum
reporting level (MRL) for each ELISA kit was assigned
according to a protocol that minimized false positive detections. The antibiotic SMZ was detected at concentrations
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greater than the MRL in 2 of 26 deionized water and in none
of 39 organic-free laboratory and field blanks. The antibiotic
SMX was not detected at concentrations greater than the
MRL in any field or laboratory blanks of deionized water
(42 samples) or organic-free blank water (40 samples). The
hormone 17BE was detected at concentrations greater than
the MRL in 1 of 25 laboratory deionized water blanks and
2 of 33 organic-free field blanks. Plant-tissue and soil-extract
samples were analyzed as spiked-unspiked pairs to assess the
yield of each chemical through the processes of extraction and
ELISA analysis. The recovery of SMZ, SMX, and 17BE in
spiked samples through the extraction procedure generally was
higher in soil samples compared to plant-tissue samples.
The areal concentrations of SMZ, SMX, and 17BE, in
milligrams per square meter (mg/m2), were compared among
the land-cover treatments. Prairie plots tended to have the
highest areal concentrations of SMZ and SMX in the upper
10 cm of soil immediately following application. Areal
concentrations of SMZ in the upper 10 cm of soil decreased
in all 5 replicate prairie treatment plots and SMX concentrations decreased in 4 of 5 replicate prairie treatment plots
during 8 weeks from April 2009 to June 2009. During these
same 8 weeks, prairie plots had produced more aboveground
biomass and had extracted more water from the upper 125 cm
of the soil profile compared to all other land-cover types. A
consistent increasing or decreasing pattern was not observed
across the replicate plots of the other land-cover types. The
high root biomass in prairie plots may have contributed to the
collection of soil samples in April 2009 and June 2009, which
were more representative of the entire soil profile (0–10 cm)
compared to soil samples collected from the other land-cover
types. This issue of sample “representativeness” may explain
the low initial SMZ and SMX soil concentrations and small
concentration changes between April 2009 and June 2009 in
bare soil, corn, and hay plots.
Areal concentrations of SMZ and SMX in prairie plant
tissue did not explain the temporal changes in areal concentrations in soil of these chemicals. The areal concentrations of
SMZ and SMX in the aboveground plant tissues in June 2009
and August 2009 were much lower, generally two to three
orders of magnitude, than the areal concentrations of these
chemicals in soil. Pooling all treatment plot data, the median
areal concentration of SMZ and SMX in plant tissues was
0.01 and 0.10 percent of the applied chemical mass compared
to 22 and 12 percent in soil, respectively. Furthermore, areal
concentrations of SMZ and SMX in plant-tissue samples were
variable, and did not differ significantly between control and
treatment plots within each land-cover type.
Soil-water and groundwater samples collected periodically between October 2008 and October 2009 indicated that
SMZ leached below the rooting zone to groundwater in all
four land-cover types, whereas SMX rarely was detected in
water in measurable quantities at those depths. The chemical
SMZ was detected in 23 percent of soil-water samples and in
16 percent of groundwater samples collected from treatment
plots. SMZ was detected most frequently in soil water beneath

hay plots, followed by bare soil plots, prairie plots, and corn
plots. The highest SMZ concentration, 320 nanograms per
liter, was measured in the soil water from a hay plot. The
chemical SMX was detected in only 1 percent of soil-water
and groundwater samples collected from treatment plots.
In contrast to SMZ and SMX, 17BE was not detected
reliably in soil samples. ELISA-determined 17BE concentrations in plant-tissue, soil-water, and groundwater samples
indicated the presence of chemicals that were not applied as
part of this experiment [17BE from an external source or other
chemical(s) that interfered with the 17BE ELISA kits].
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Appendix 1. Soil-Temperature and Soil-Water Content Data
Soil-temperature and volumetric soil-water content measurements were made with
Campbell Scientific® 107-L and CS616 TDR sensors, respectively, at 25, 50, 100, 150, and
200 centimeters below land surface in four plots: 204 (corn), 217 (prairie), 254 (hay), and 276
(bare soil). The entire continuous dataset from March 2008 through December 2009 is available in tables 1–1, 1–2, and 1–3. Table 1–1 is a Microsoft Excel file (http://pubs.usgs.gov/
sir/2013/5202/downloads/Table1-1_to_1-2.xlsx) that provides metadata for each column in
table 1–3 (http://pubs.usgs.gov/sir/2013/5202/downloads/Table1-3.txt). Table 1–2 is a Microsoft Excel file (http://pubs.usgs.gov/sir/2013/5202/downloads/Table1-1_to_1-2.xlsx) that
describes coding used to qualify data values in table 1–3 (http://pubs.usgs.gov/sir/2013/5202/
downloads/Table1-3.txt). Table 1–3 is a comma-separated file containing the soil-temperature
and volumetric soil-water content data. Additional details about field operations and data processing are provided in Trost (2010).

Appendix 2. Groundwater-Level Data
A continuous groundwater-level record for the water-table well in plot 254 (table 1;
fig. 2) from March 2008 through December 2009 is available in a Microsoft Excel spreadsheet (.xlsx format) (http://pubs.usgs.gov/sir/2013/5202/downloads/Tables2-1_to_2-4.
xlsx). There are four worksheets in this file: “Table2-1_Readme,” “Table2-2_GWSiteInformation,” “Table2-3_GWDataCodeDescriptions,” and “Table2-4_GroundwaterData.” The
“Table2-1_Readme” worksheet (table 2–1) provides metadata for each column in tables
2–2, 2–3, and 2–4. The “Table2-2_GWSiteInformation” worksheet (table 2–2) contains
well construction and installation details. The “Table2-3_GWDataCodeDescriptions” worksheet (table 2–3) describes a code associated with each plot 254 water-level data point. The
“Table2-4_GroundwaterData” worksheet (table 2–4) contains the groundwater-level data record
for plot 254. Original data for another well, BG3, are also presented in this table but have not
been corrected. Additional details about field operations and data processing are available in
Trost (2010).
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Appendix 3. Detailed Methods and Data for Sulfamethazine, Sulfamethoxazole,
and 17-beta-Estradiol
This appendix describes methods for determining
chemical concentrations for this study using enzyme-linked
immunosorbent assay (ELISA) kits. Specifically, calibration
procedures and laboratory methods for the ELISA kits are
described.

ELISA Kit Calibration Procedure
Sulfamethazine (SMZ), sulfamethoxazole (SMX), and
17-beta-estradiol (17BE) concentrations in aboveground
plant-tissue, soil, soil-water, and groundwater samples were
determined with ELISA kits purchased from Abraxis, LLC,
Warminster, Pennsylvania (product numbers 515001, 522003,
580002, respectively). All stored environmental samples were
thawed and allowed to come to room temperature before
ELISA analysis. No more than 80 samples were analyzed
per any one calibration series. Each standard, control, and
environmental sample was analyzed in duplicate. Kit-specific
calibration curves were calculated with a least-squares regression procedure, which related the observed relative percent
absorbance (eq. 1) to the expected concentrations of manufacturer-provided calibration standards. A detailed error analysis
of the concentrations predicted from regression coefficients in
equations 10, 12, and 14 was beyond the scope of this report.
Because the error term, ei, in each regression model (equations 9, 11, and 13) was not necessarily identically or normally
distributed, confidence intervals of the predicted concentrations could not be determined (Helsel and Hirsch, 2002).
Sulfamethazine (SMZ) concentrations were determined
with Abraxis ELISA magnetic particle kits (product number 515001) capable of detecting SMZ in the range of 50 to
5,000 nanograms per liter (ng/L). The following paragraph is a
summary of the laboratory procedure and principle of operation provided with each SMZ Abraxis kit (Abraxis, 2010b).
Unless specified otherwise, the reagents were supplied
with the Abraxis kits. Separate test tubes received 250 microliters (µL) of each standard, control, or environmental sample
to be tested. Each test tube then received 250 µL of a buffered
solution containing horseradish peroxidase-labeled sulfamethazine analog (SMZ Enzyme Conjugate) and 500 µL of a
buffered solution containing suspended paramagnetic particles
covalently bound to an SMZ antibody (rabbit anti-SMZ).
Each test tube was vortexed for 1 to 2 seconds. A competitive reaction took place between the SMZ in the sample and
the enzyme-labeled SMZ for the antibody binding sites on
the magnetic particles. The reaction was allowed to continue
for 30 minutes at room temperature. The test tubes were then
placed in a magnetic separator plate for 2 minutes, decanted,
and blotted gently on a paper towel to remove liquid from

the wells that would interfere with subsequent procedures.
The sample SMZ and the enzyme-labeled SMZ were held
in the test tube by the magnetic field of the plate, allowing
unbound reagents to be decanted. The magnetic particles
remaining in the test tube were washed twice with 1 milliliter
(mL) of preserved deionized water. During each wash step,
the test tubes remained in the separator plate for 2 minutes
and were then decanted and blotted as before. The presence
of SMZ, now attached to the magnetic particles, was detected
by the addition of 500 µL of color solution containing the
enzyme substrate, hydrogen peroxide, and the chromogen,
3,3ʹ,5,5ʹ-tetramethylbenzidine. The enzyme-labeled SMZ
bound to the SMZ antibody catalyzed the conversion of the
substrate/chromogen mixture to a colored product. Because
the labeled SMZ (conjugate) was in competition with the
unlabeled SMZ (sample) for the antibody sites, the color that
developed was inversely proportional to the concentration
of SMZ in the sample. After the color solution was added,
the test tubes were vortexed for 2 seconds and incubated at
room temperature for 20 minutes. The color development was
stopped with the addition of 500 µL of Abraxis acid reagent.
Within 15 minutes of stopping the color development, the
absorbance at 450 nanometers (nm) was measured on an
Ohmicron RPA-1 Analyser (Newtown, Pa.).
Sample SMZ concentrations, in nanograms per liter
(ng/L), were predicted from absorbance measurements with
kit-specific calibration curves. The relative percent absorbance
(Ar) was calculated for each sample according to equation 1.
The calibration curve for each kit was determined from a
linear regression that related the observed percent absorbance
values (Ar) to the expected calibration standard concentrations
([xl,SMZ,e]) according to the model:

where



 xl , SMZ , e 




1, 000
Ari = b + m × ln 
 + ei
 xl , SMZ , e   


 100 −
1, 000  


Ari

b
m
[xl,SMZ,e]
ei

(9)

is the relative percent absorbance for
standard i computed in equation 1;
is the intercept of linear regression model;
is the slope of linear regression model;
is the expected SMZ standard concentrations
of i=50, 500, and 5,000 nanograms per
liter; and
is the independent random error for
observation of standard i.
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Sample concentrations of SMZ ( [ xˆl ,SMZ ] ) were then predicted according to the re-arranged calibration equation:

 xˆl , SMZ  = 1, 000 × exp
where
 x̂ l , SMX 
exp
b̂
m̂
Ar

 
 ˆ 
Ar
  ln 
 −b  
   (100 − Ar )   


mˆ



(10)

is the predicted sample SMZ concentration, in
nanograms per liter;
is the base of the natural logarithm;
is the intercept determined from linear
regression in equation 9;
is the slope determined from linear regression
in equation 9; and
is the observed relative percent absorbance of
sample, computed in equation 1.

Sulfamethoxazole (SMX) concentrations were determined with Abraxis ELISA microtiter plate kits (product
number 522003) capable of detecting SMX in concentrations
in the range of 15 to 1,000 ng/L. The following paragraph is a
summary of the laboratory procedure and principle of operation provided with each SMX Abraxis kit (Abraxis, 2010c).
Unless specified otherwise, the reagents were supplied with the Abraxis kits. Seventy-five µL of each sample,
standard, or control to be tested were pipetted into separate
microtiter wells coated with goat anti-rabbit antibody. Fifty µL
of SMX antibody solution were added successively to each
well. The well plate was covered, mixed for 30 seconds, and
incubated at ambient room temperature for 20 minutes. After
the incubation, 50 µL of SMX enzyme conjugate solution was
added successively to each well. The well plate was covered,
mixed for 30 seconds, and incubated at ambient room temperature for 40 minutes. During the incubation, a competitive
reaction took place between SMX in the sample (if present)
and the enzyme-labeled SMX analog for the antibody binding
sites on the microtiter well. After the incubation, the solution was poured out of the wells. The wells were then rinsed
three times with 250 µL of dilute wash buffer. Color solution
(150 µL) containing the enzyme substrate, hydrogen peroxide,
and the chromogen, 3,3ʹ,5,5ʹ-tetramethylbenzidine, was added
successively to each well. The well plate was covered, mixed
for 30 seconds, and incubated at ambient temperature for
30 minutes. During this incubation, the enzyme-labeled SMX
bound to the SMX antibody catalyzed the conversion of the
substrate/chromogen mixture to a colored product. Because
the labeled SMX (conjugate) was in competition with the
unlabeled SMX (sample) for the antibody sites, the intensity of the color developed was inversely proportional to the
concentration of SMX present in the sample. After 30 minutes,
the color reaction was stopped with the addition of 100 µL of
Abraxis acid reagent. Within 15 minutes, the absorbance at
450 nm was then determined for each well using a Dynatech
Laboratories MRX microplate reader.

Sample SMX concentrations were predicted from raw
absorbance measurements with kit-specific calibration curves.
The relative percent absorbance (Ar) was calculated for each
sample according to equation 1. The calibration curve for each
kit was calculated from a nonlinear least-squares regression
that related the observed percent absorbance values (Ar) to the
expected calibration standard concentrations ([xl,SMX,e]) according to the four-parameter model:
=
Ar
i

where

Ari

B, C, D, E
[xl,SMX,e]
ei

(B − E)
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is the relative percent absorbance for
standard i computed in equation 1;
are the parameters estimated with nonlinear
least squares regression;
is the expected SMX standard concentrations
of i =25, 50, 100, 250, and 1,000
nanograms per liter; and
is the independent random error for
observation of standard i.

Sample SMX concentrations (  x̂ l , SMX  ) were then predicted according to the re-arranged calibration equation:

(
(

 B̂ − Ar
 x̂ l , SMX
 1, 000 × D̂ × 
=
 Ar − Ê
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 x̂ l , SMX 
B̂ , Ĉ , D̂ , Ê
Ar

)
)

1
 

 Ĉ 




(12)

is the predicted sample SMX concentration, in
nanograms per liter;
are the parameters estimated in equation 11;
and
is the observed relative percent absorbance of
sample, computed in equation 1.

17-beta-estradiol (17BE) concentrations (  x̂ l ,17 BE  ) were
determined with Abraxis ELISA magnetic particle kits (product number 580002) capable of detecting 17BE concentrations
in the range of 2.5 ng/L to 25 ng/L. The following paragraph is
a summary of the laboratory procedure and principle of operation provided with each 17BE Abraxis kit (Abraxis, 2010a).
Unless specified otherwise, the reagents were supplied
with the Abraxis kits. Separate test tubes received 250 µL of
each standard, control, or environmental sample to be tested.
Each tube then received 500 µL of estradiol antibody-coupled
paramagnetic particles, was vortexed for 2 seconds, and
incubated at room temperature for 30 minutes. Each tube then
received 250 µL of estradiol enzyme conjugate, was vortexed
for 2 seconds, and incubated for 90 minutes at room temperature. During this incubation, a competitive reaction took place
between the estradiol that may have been in the sample and
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the enzyme-labeled estradiol for the antibody binding sites on
the magnetic particles. The test tubes were then placed in a
magnetic separator plate for 2 minutes, decanted, and blotted gently on a paper towel to remove liquid from the wells
that would interfere with subsequent procedures. The sample
17BE and the enzyme-labeled 17BE were held in the test tube
by the magnetic field of the plate, allowing unbound reagents
to be decanted. The magnetic particles remaining in the test
tube were washed twice with 1 mL of preserved deionized
water. During each wash step, the test tubes remained in the
separator plate for 2 minutes and were then decanted and
blotted as before. The presence of 17BE, now attached to the
magnetic particles, was detected by the addition of 500 µL
of color solution containing the enzyme substrate, hydrogen
peroxide, and the chromogen, 3,3ʹ,5,5ʹ-tetramethylbenzidine.
The enzyme-labeled 17BE bound to the 17BE antibody
catalyzed the conversion of the substrate/chromogen mixture
to a colored product. Because the labeled 17BE (conjugate)
was in competition with the unlabeled 17BE (sample) for the
antibody sites, the color developed was inversely proportional
to the concentration of 17BE in the sample. After the color
solution was added, the test tubes were vortexed for 2 seconds
and incubated at room temperature for 20 minutes. The color
development was stopped with the addition of 500 µL of dilute
acid. Within 15 minutes of stopping the color development,
the absorbance at 450 nm was measured on an Ohmicron
RPA-1 Analyser (Newtown, Pa.).
Sample 17BE concentrations were predicted from
absorbance measurements with kit-specific calibration curves.
The relative percent absorbance (Ar) was computed for each
sample in equation 1. The calibration curve for each kit was
calculated in a similar manner as the SMZ magnetic particle
kits, according to the model:

where



 xl ,17 BE , e 




1, 000
Ar i = b + m × ln 
 + ei
 xl ,17 BE , e   


 100 −
1, 000  


Ari

b
m
[xl,17BE,e]
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(13)

is the relative percent absorbance for
standard i computed in equation 1;
is the intercept of linear regression model;
is the slope of linear regression model;
is the expected 17BE standard concentrations
of i=2.5, 7.5, and 25 nanograms per liter;
and
is the independent random error for
observation of standard i.

Sample concentrations of 17BE (  x̂ l ,17 BE  ) were then
predicted according to the re-arranged calibration equation:

 xˆl ,17 BE  − 1, 000 × exp

 
 ˆ
Ar
 ln 
 −b 
  (100 − Ar )  


mˆ



(14)

where
 x̂ l ,17 BE 
exp

is the predicted sample 17BE concentration,
in nanograms per liter;
is the base of the natural logarithm;

b̂

is the intercept determined from linear
regression in equation 13;

m̂

is the slope determined from linear regression
in equation 13; and

Ar

is the observed relative percent absorbance of
sample, computed in equation 1.

Detailed ELISA Laboratory Procedures
Several check standards were analyzed in each ELISA kit
to assess the accuracy and precision of SMZ, SMX, and 17BE
quantification within and between kits. These standard samples included at least one laboratory deionized water blank,
a mid-range “kit control” check standard from Abraxis, and
laboratory-generated low-range and high-range check standards (table 4). The inclusion of laboratory-generated check
standards provided information about the method performance
across all ELISA kits used for each chemical. Summaries of
all quality-assurance sample determinations for each chemical
are presented in figure 4 and table 5.
The laboratory-generated low-range and high-range
check standards were derived from high-concentration,
1 gram per liter (g/L), standard solutions at the USGS Organic
Geochemistry Research Laboratory in Lawrence, Kansas. The
1-g/L standard solutions were made by weighing 10 to 25 milligrams (mg) of each chemical on a microbalance and dissolving it into 10 to 25 mL of methanol, respectively (Michael
Meyer, U.S. Geological Survey, oral commun., December
2008). An aliquot of each 1-g/L standard solution was then
diluted with methanol to a concentration of 1 milligram per
liter (mg/L). Aliquots of the 1-mg/L standard solution of each
of chemical (SMZ, SMX, and 17BE) were then diluted with
organic-free blank water to the appropriate check standard
concentrations (as listed in table 4). All methanol stock solutions were stored in glass amber bottles wrapped in aluminum
foil at -17 degrees Celsius (ºC). The low-level and high-level
standards made in the laboratory were stored in glass amber
bottles wrapped in aluminum foil. The mid-range control standard was stored in the manufacturer’s packaging. All of the
check standards were stored at approximately 4 ºC.
A citric acid buffer solution acidic solvent, 50-percent
methanol and 50-percent 0.3-molar (M) citric acid at pH 6 by
volume, was added to the dried, homogenized plant-tissue and
soil samples to extract SMZ, SMX, and 17BE from the solid
matrices. The 0.3M citric acid solution was made by dissolving anhydrous citric acid powder (99.5-percent minimum
purity, GFS Chemicals, Incorporated, Powell, Ohio, item
649) in 1 liter (L) of orgranic-free blank water purchased
from the U.S. Geological Survey National Water Quality
Laboratory. The pH of the citric acid solution was raised to
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6 (plus or minus 0.05 standard units) through the addition of
sodium hydroxide (NaOH) pellets (Fisher Scientific part S318,
97.0-percent minimum purity). One liter of methanol (Fisher
Scientific part A456, optima liquid chromatography/mass
spectrometry [LC/MS] grade, 99.9-percent minimum purity)
was then added to the citric acid solution, which was stirred
until used for extraction.
Forty milliliters of citric acid buffer, heated to 35 ºC, was
pipetted into each volatile organic analysis (VOA) vial that
contained dried soil or plant tissue. The samples were mixed
on a vortex mixer for 30 seconds and then placed in a 40 ºC
water bath for 1 hour. The samples were then vortexed for 30
seconds and slowly rotated end-over-end for 1 hour. The vortexing, heating, and rotating steps were then repeated a second
time. The extraction slurry was then poured from the VOA vial
into a plastic centrifuge tube and centrifuged at 3,800 rotations
per minute (rpm) for 10 minutes. The supernatant was pipetted into a plastic syringe and filtered through a 0.45-micron
Durapore™ polyvinylidene fluoride membrane into a new,
clean 40-mL VOA vial. The filtered samples were then placed
in a Zymark TurboVap LV™, heated to 40 ºC, and evaporated
under nitrogen gas to remove the methanol from the final
filtered extract. The total volume of extract solution (Ve ) was
calculated according to the following equation:

where


V
Ve = Ve , ev +  (Ve , pl − Ve , pev ) × e , ev

Ve , pev

Ve,ev





(15)

is the volume of extract solution in the VOA
vial following evaporation, in milliliters;
Ve,pl
is the volume of extract solution in the plastic
extraction vial, in milliliters; and
Ve,pev
is the volume of extract solution in the VOA
vial before evaporation, in milliliters.
The first term (Ve,ev) in equation 15 accounts for the solution
volume in the VOA vial after evaporation, the solution from
which a concentration was determined with ELISA. The second term in this equation, 
Ve , ev  , accounts
 (Ve , pl − Ve , pev ) ×

Ve , pev 


for the solution volume (and chemical mass) lost in the
transfer from the plastic extraction vial to the final glass vial.
Because the volume was lost before evaporation, the difference is multiplied by the ratio of post-evaporation to pre-evaporation volume to get the volume in terms of post-evaporation.
Changes in the extract volume of each sample caused by
spike addition, transfers between vials, and evaporation were
documented by measuring changes in mass and converting
the mass loss or gain to volume, as described below. Each
solution volume in equations 3, 4, and 15 was computed with
measurements of mass and density according to the following
equation:

Vl =
where

Vl
ml
ρl

ml
l

(16)

is the volume of liquid sample l, in milliliters;
is the mass of liquid sample l, in grams; and
is the mean density of liquid sample l, in
grams per milliliter.

The mass of solution in vials was measured at each transfer and evaporation step. The mean solution density (ρl) was
determined for two solution types—the 50:50 methanol:citric
acid buffer solution and the post-evaporation extract solution. The mean density of each solution was determined from
measurements of mass of 10 aliquots of known volume. The
same two mean density values were used in equations 3, 4,
and 15 for every extract sample. The filtered extract solution
was stored at -17 ºC until analysis for SMZ, SMX, and 17BE
with ELISA kits could be completed.
Soil-water and groundwater samples were not diluted or
extracted before analysis. Aliquots from plant- and soil-extract
solutions were diluted 1:2, 1:10, 1:20, 1:50, or 1:100 so that
matrix interference was minimized and detections were within
the SMZ and SMX kit ranges. Aliquots from plant-extract and
soil-extract solutions were diluted 1:500 before 17BE ELISA
analysis. Diluent provided with each Abraxis kit was used to
dilute the samples.
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Appendix 4. Concentration Data
The concentration data for sulfamethazine (SMZ), sulfamethoxazole (SMX), 17-beta-estradiol (17BE), and bromide
measured in samples collected at Cedar Creek Ecosystem
Science Reserve (CCESR) are available in a Microsoft
Excel spreadsheet (.xlsx format) at http://pubs.usgs.gov/
sir/2013/5202/downloads/Tables4-1_to_4-5.xlsx. There are
five worksheets within this file. The concentrations of SMZ,
SMX, and 17BE in plant-tissue, soil, soil-water, and groundwater samples analyzed with enzyme-linked immunosorbent
assay (ELISA) kits are in table 4–1. The concentrations of
SMZ, SMX, and 17BE in field, filter, and laboratory blank
samples associated with sample processing that were analyzed
with ELISA kits are in table 4–2.
The individual data values for internal lab assessments of
ELISA kit performance, including Abraxis-supplied calibration standards, laboratory-generated check standards, Abraxissupplied check standards, laboratory-generated spikes, and
laboratory-generated blanks (deionized water, organic-free
water, and citric acid extract buffer) that were analyzed with

each kit run are not included in table 4–2; however, these
internal lab quality-assurance data are summarized along
with the field and sample processing quality-assurance data in
figures 4 and 5 and tables 5, 6, and 7.
The concentrations of bromide tracer in soil-water and
groundwater samples analyzed at the U.S. Geological Survey
National Water Quality Laboratory using laboratory code 3166
(Fishman, 1993) or analyzed with a bromide ion-specific electrode are in table 4–3. The concentrations of bromide tracer
in soil-water and groundwater field and replicate samples
analyzed at U.S. Geological Survey National Water Quality Laboratory using laboratory code 3166 (Fishman, 1993)
or analyzed with a bromide ion-specific electrode are in
table 4–4. The concentrations of bromide tracer in blank and
spike samples analyzed at U.S. Geological Survey National
Water Quality Laboratory using laboratory code 3166 (Fishman, 1993) or analyzed with a bromide ion-specific electrode
are in table 4–5.
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