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Abstract
Concern that selected chemicals in the environment may 

act as endocrine active compounds in aquatic ecosystems is 
widespread; however, few studies have examined the occur-
rence of endocrine active compounds and identified biological 
markers of endocrine disruption such as intersex occurrence in 
fish longitudinally in a river system. This report presents envi-
ronmental data collected and analyzed by the U.S. Geological 
Survey, Minnesota Pollution Control Agency, and St. Cloud 
State University as part of an integrated biological and chemi-
cal study of endocrine disruption in fish in the Mississippi 
River. Data were collected from water, bed sediment, and fish 
at 43 sites along the river from the headwaters at Lake Itasca 
to 14 miles downstream from Brownsville, Minnesota, during 
June through August 2006.

Twenty-four individual compounds were detected in 
water samples, with cholesterol, atrazine, N,N-diethyl-meta-
toluamide, metolachlor, and hexahydrohexamethylcyclopent-
abenzopyran detected most frequently (in at least 10 percent of 
the samples). The number of compounds detected in water per 
site ranged from 0 to 8. 

Forty individual compounds were detected in bed-sedi-
ment samples. The most commonly detected compounds (in 
at least 50 percent of the samples) were indole, beta-sitosterol, 
cholesterol, beta-stigmastanol, 3-methyl-1H-indole, p-cresol, 
pyrene, phenol, fluoranthene, 3-beta coprostanol, benzo[a]
pyrene, acetophenone, and 2,6-dimethylnaphthalene. The total 
number of detections in bed sediment (at a site) ranged from 
3 to 31. The compounds NP1EO, NP2EO, and 4-nonylphenol 
were detected in greater than 10 percent of the samples. 

Most (80 percent) female fish collected had measurable 
concentrations of vitellogenin. Vitellogenin also was detected 
in 62, 63, and 33 percent of male carp, smallmouth bass, and 
redhorse, respectively. The one male walleye sample plasma 
sample analyzed had a vitellogenin detection. Vitellogenin 
concentrations were lower in male fish (not detected to 10.80 

micrograms per milliliter) than female fish (0.04 to 248,079 
micrograms per milliliter). Gonadosomatic Index values 
ranged from 0.02 to 7.49 percent among all male fish and 
were greater for male carp than for the other three species. No 
intersex (oocytes present in testes tissue) was found in any 
male fish sampled.

Introduction
Concern that selected chemicals in aquatic environments 

may act as endocrine active compounds (EACs) in aquatic 
ecosystems is widespread (Colburn and Clement, 1992; 
Ankley and others, 1998; Kime, 1998). EACs interfere with 
the natural regulation of endocrine systems by either mimick-
ing or blocking the function of natural hormones (Kime, 1998; 
National Research Council, 1999). This interference com-
monly is referred to as endocrine disruption. Although factors 
contributing to endocrine disruption in fish are complex, labo-
ratory studies have confirmed that exogenous hormones and 
alkylphenols (a class of surfactants that includes nonylphenol) 
affect the endocrine systems of fish through biochemical, 
structural, and behavioral mechanisms (Bistodeau and others, 
2006; Barber and others, 2007). Wastewater treatment plant 
(WWTP) effluent has been identified as a primary pathway of 
hormones and alkylphenols to the aquatic environment (Des-
brow and others, 1998; Ternes and others, 1999; Johnson and 
Sumpter, 2001). In response to standard toxicity laboratory 
studies, the U.S. Environmental Protection Agency (USEPA) 
established final chronic aquatic-life criteria for nonylphenol 
that are the basis for states and tribes to adopt enforceable 
standards. The standard is based on a 4-day average concentra-
tion not to exceed 6.6 micrograms per liter (µg/L) in lakes and 
streams for the protection of aquatic life (U.S. Environmental 
Protection Agency, 2005a). 

Endocrine disruption indications in fish have been docu-
mented in Minnesota in the effluent channel of the Minneapo-
lis/St. Paul metropolitan WWTP (the largest facility of its kind 
that discharges to the Upper Mississippi River in Minnesota). 
Indicators of exposure to EACs include vitellogenin induc-
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tion in male carp (Cyprinus carpio) and walleye (Stizostedion 
vitreum) (Folmar and others, 1996, 2001; Lee and others, 
2000). Intersex characteristics also have been documented in 
smallmouth bass (Micropterus dolomieu) at eight sites along 
the Mississippi River (hereinafter referred to as the river), 
from the upper reaches of the river near Brainerd, Minnesota, 
downstream to Lake Pepin (Lee and Blazer, 2005); however, 
Lee and Blazer (2005) did not attempt to identify factors cor-
related with intersex occurrence in fish. 

Because little integrated information is available about 
endocrine disruption and causative factors in field studies, 
the U.S. Geological Survey (USGS), in cooperation with the 
Minnesota Pollution Control Agency (MPCA) and St. Cloud 
State University (SCSU), initiated an integrated biological and 
chemical study of the river in Minnesota to build on previous 
research. Objectives of the study were to collect water, bed 
sediment, and fish at 43 sites along the river from its source 
at Lake Itasca to Brownsville from June through August 2006 
(fig. 1). The study was designed to identify patterns of occur-
rence and distribution of selected organic chemicals including 
EACs and to relate those patterns to intersex characteristics 
and other biomarkers of endocrine disruption in four spe-
cies of fish. The study provides information to compare with 
previous studies measuring intersex occurrence in fish in the 
river and helps define the spatial distribution of endocrine 
disruption in the river. Data from the study support evalua-
tions of Minnesota streams relative to the USEPA criteria for 
nonylphenol through an improved understanding of endocrine 
disruption and potential sources of EACs in water and bed 
sediment. Information from the study also is being used by the 
MPCA to inform policy makers and the public about the need 
to protect rivers from emerging threats to aquatic organisms.

Purpose and Scope
This report presents the study design, environmental data, 

and quality assurance/quality control data for the integrated 
biological and chemical study of endocrine disruption in fish 
in the Mississippi River. Monitoring data for EACs and bio-
logical responses were collected and analyzed by the USGS, 
MPCA, and SCSU from 43 sites along the river from the head-
waters at Lake Itasca to 14 miles downstream from Browns-
ville, Minnesota, from June through August 2006 (fig. 1). The 
goal was to collect samples of all media (water, bed sediment, 
and fish) from all sites; however, site access and the absence of 
fish at a site precluded sample collection of all media from all 
sites. All sample media were collected from 38 common sites. 
Water and bed sediment were collected solely from three sites, 
and fish were collected solely from two sites (table 1).

Environmental Setting 
The Mississippi River flows southward in Minnesota 

from its source at Lake Itasca, in northern Minnesota, to the 
Minnesota/Iowa border. Along this reach, the river flows 
though glacial moraines and outwash plains (Stark and others, 
1996). Land use and land cover in the basin can be catego-
rized into three general zones: an agricultural zone across the 
southwestern one-third of the basin; a forested zone across the 
northeastern one-third; and a transitional zone between these 
areas. Although urban land accounts for a small percentage of 
land use, it is heavily concentrated in the Twin Cities (Min-
neapolis and St. Paul) Metropolitan Area (TCMA) through 
which the Mississippi, Minnesota, and St. Croix Rivers flow 
(Stark and others, 1996). The Mississippi River has three 
major tributaries along the reach that include the Minnesota, 
St. Croix, and Chippewa Rivers. Each tributary has its own 
diverse setting and conditions as a result of natural and anthro-
pogenic factors. Dominant factors include land use and land 
cover, climate, hydrology, geology, soils, water use, and water 
management. 

Surface runoff and streamflow in the river are affected 
by climatic variations in temperature, precipitation, and 
evapora tion across the basin and by season. The basin has 
a wide variety of weather patterns in four distinct seasons. 
Average air temperature ranges from 38 °F in the north to 
43 °F in the south (Stark and others 1996; Minnesota Pollution 
Control Agency, 2000). Average annual precipitation ranges 
from about 24 inches (in.) in the upper basin to 30 in. in the 
southeastern part of the basin (Stark and others 1996; Minne-
sota Pollution Control Agency, 2000). Streamflow is greatest 
in spring and early summer as a result of melting snow, rains 
falling on melting snow, or intense rains falling on saturated or 
frozen soils. 

Water quality in the river varies along the river’s length 
in response to natural and anthropogenic factors. Surface 
runoff from intensive row-crop agriculture and urban land use 
contributes sediment, nutrients, pesticides, trace elements, 
and other industrial chemicals to streams (Stark and others, 
1996). Concentrations of nutrients, suspended sediment, and 
pesticides in the river increase downstream from the conflu-
ence with the Minnesota River, and then decrease slightly 
downstream from the confluence with the St. Croix River 
because of dilution from its waters. The primary contributor of 
suspended sediment to the Mississippi River is from the Min-
nesota River (Payne, 1994). Concentrations of cadmium, lead, 
and mercury generally are greatest in bed-sediment samples 
within or immediately downstream from the TCMA (Kroening 
and others, 2000; Wiener and others, 1984).

Water use and the disposal of waste water also affect river 
quantity and quality. Most water used is returned to the river as 
wastewater after treatment. The St. Paul Metropolitan WWTP 
is the largest point-source discharge to the Mississippi River 
within the study area, discharging 250 million gallons per day 
(mgal/day) to the river (Barber and others, 2007). Numerous 
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other major WWTPs discharge directly to the Mississippi 
River in Minnesota including those in Bemidji, Grand Rap-
ids, Brainerd, Little Falls, St. Cloud, Monticello, Elk River, 
Rosemount, Cottage Grove, Hastings, Redwing, Lake City, 
and Winona.

 Biological communities in the river are affected by 
chemical and physical conditions. Fish communities in the 
river downstream from the TCMA contain more species than 
the Mississippi River upstream from the TCMA because of 
a waterfall and dam at St. Anthony Falls that forms a fish 
migration barrier (Underhill, 1989). Other differences exist 
among segments of the river. The upper part of the river has 
fish species that thrive in colder waters, because of inflow 
from the cooler waters from the tributaries. Fish communities 
in these reaches are dominated by species like redhorse, suck-
ers, and smallmouth bass. Further downstream, particularly 
downstream from the TCMA, the fish community consists of 
more warm-water-tolerant species like catfish, buffalo fish, 
freshwater drum, carpsuckers, and shiners (Goldstein and oth-
ers, 1999).

Fish communities are affected by numerous anthro-
pogenic activities including loss of riparian habitat, reduc-
tion in fish populations, loss of habitat for bottom-dwelling 
organisms, eutrophication, and introduction of contaminants. 
Changes in habitat of the river have resulted from the con-
struction of locks and dams, dredging to maintain navigation 
channels, modifications to stream morphology, and changes 
in land use. Introduction of contaminants such as EACs can 
adversely affect the health of aquatic biota and may biocon-
centrate in aquatic organisms and bioaccumulate through the 
food chain. 
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Study Design
The USGS cooperated with the MPCA and SCSU on this 

study. The study was designed to identify patterns of occur-
rence and distribution of selected organic chemicals including 
EACs, and to relate those patterns to intersex characteristics 
and other biomarkers of endocrine disruption in four species 
of fish. This section of the report describes site selection and 

data-collection methods, laboratory methods, and quality 
assurance and control.

Site Selection and Data Collection 
Methods

An interagency effort using a geographic information 
system (GIS) approach was used to select sampling sites. Sites 
were selected where previous biological and chemical data had 
been collected upstream and downstream from point-source 
discharges, major changes in land use (from forested to agri-
cultural and urban land use) had occurred, and where major 
tributary inflows were present. Based on these criteria, 43 sites 
were selected and sampled from June 25 through August 16, 
2006 (fig. 1, table 1). USGS personnel collected and analyzed 
water and sediment samples; SCSU staff collected and ana-
lyzed fish samples (table 2).

Water samples were collected from 41 of the 43 sites 
(table 1) using established USGS techniques (U.S. Geologi-
cal Survey, 2003). Sam ples were collected by wading tech-
niques or from boats or bridges, depending on stream size and 
streamflow conditions. To ensure that samples collected were 
representative of water flowing in the entire stream cross sec-
tion, samples were collected with a depth-integrating sampler 
from 5 to10 equally-spaced verticals. In backwater locations 
that were more lentic in nature, samples were collected with 
a depth-integrating sampler from 5 to10 locations within 328 
feet (ft) of the targeted sampling location. Following sample 
collection, whole water samples were composited into a glass 
or Teflon container and chilled before processing. Chilled 
samples were processed within 1 to 2 hours of col lection 
before shipping to the USGS National Water Quality Labora-
tory (NWQL) in Lakewood, Colorado. 

Bed-sediment samples were collected from 41 of the 43 
sites (table 1) using established USGS protocols (U.S. Geo-
logical Survey, 2003). Samples were collected from the top 20 
cm of bed sediment at 5–10 depositional areas at each sam-
pling location with a stainless steel Eckman dredge sampler 
or other stainless steel sampling equipment. The bed-sediment 
sample was dis carded if it contained a large amount of veg-
etation or appeared to be disturbed. Bed-sediment samples 
were transferred to a glass container and homogenized for 5 
minutes. After homogenization, about 3.5 to 7.5 ounces (oz) 
of unsieved wet material was placed in wide-mouth glass con-
tainers, chilled, and sent to the NWQL. 

To minimize contamination of samples, use of per-
sonal-care items (such as insect repellent, sunscreen, cologne, 
aftershave, and perfume) were avoided by personnel collect-
ing and processing samples. Caffeinated and tobacco products 
were not consumed or handled by sample collectors during 
(or immediately before) collection or processing of samples. 
Additionally, sampling and processing equipment was cleaned 
and stored according to rigorous cleaning protocols for collec-
tion of organic compounds (U.S. Geological Survey, 2003). 
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Physical water-quality mea surements (dissolved oxygen, 
pH, specific conductance, and water temperature) were made 
using a submersible data sonde. The sonde was calibrated 
accord ing to U.S. Geological Survey (2003) and manufactur-
er’s specifications before and after sampling to ensure accurate 
measurements.

Walleye (Stizostedion vitreum), smallmouth bass 
(Micropterus dolomieu), redhorse species (Moxostoma 
sp.), and common carp (Cyprinus carpio) were targeted for 
collection (table 2). Fish were collected from boats using 
electrofishing techniques from 38 of the 43 sites. Each fish 
collected was placed into a tub containing 2-percent clove oil 
to anesthetize the fish. Once sedated, 3 to 5 milliliters (mL) of 
blood was drawn from the caudal vasculature and transferred 
into a hematocrit tube that was stored on wet ice. The fish 
was then sacrificed, and measurements were recorded for the 
fish’s weight, total and standard lengths, as well as weights 
of extirpated livers and testis. Gonadosomatic indexes (GSIs) 
were calculated as [gonad weight (g)/body weight (g)] x 100 
(Allen and others, 1999). Hepatosomatic indexes (HSIs) were 
calculated as [liver weight (g)/total body weight (g)] x 100 
(Allen and others, 1999). 

Several testis samples were collected for histological 
analysis, and placed into histological cassettes. In male fish, 
both testes were removed and a representative sample from the 
anterior, middle, and posterior section of each testis was col-
lected, marked with ink for later identification, and placed into 
a histological cassette. Two histological cassettes were pre-
pared from each male fish (left testis and right testis). If gravid 
ovaries were present in the abdominal cavity, the sex was 
noted on the data sheets as female, but no attempt was made 
to weigh or collect these tissues for later histological analysis. 
The rationale for the exclusion of female reproductive tissue 
was that a gravid female ovary was too fragile to be removed 
intact and that histological analysis would not yield any further 
information. All histological cassettes were then placed into 
a site-specific container with 4 percent formalin. During the 
collection, an effort was made to return collected fish samples 
(blood and testis) to the laboratory within 15 hours but not 
more than 36 hours, from collection time. All specimens were 
maintained on ice until they could be processed according to 
analysis needs in the laboratory.

Laboratory Methods

Water samples were analyzed at the U.S. Geological Sur-
vey National Water-Quality Laboratory (NWQL) in Denver, 
Colorado (Zaugg and others, 2006) for 68 organic compounds 
(table 3) typically present in domestic and industrial wastewa-
ter and nonpoint sources. The analytical method focuses on 
the determination of compounds that are indicators of waste-
water or have endocrine-disrupting potential in whole water 
samples. These compounds include the alkylphenol ethoxylate 
nonionic surfactants, food additives, fragrances, antioxidants, 
flame retardants, plasticizers, industrial solvents, disinfectants, 

fecal sterols, polycyclic aromatic hydrocarbons, and high-use 
domestic pesticides. Wastewater compounds in whole-water 
samples were extracted using continuous liquid–liquid extrac-
tors and methylene chloride solvent, and then determined by 
capillary-column gas chromatography/mass spectrometry. 
Samples were preserved by adding 2.1 oz of sodium chloride 
and stored at 39.2 °F. The holding-time limit before sample 
extraction was 14 days from the date of collection. 

Bed sediment was analyzed for 57 compounds (table 3) 
at the USGS NWQL using methods described in Burkhardt 
and others (2006). The chemicals analyzed are similar to 
those analyzed in water samples with the exception of 11 
compounds that did not meet quality-assurance criteria during 
method development or had a low probability of partitioning 
to bed sediment (Burkhardt and others, 2006). The method 
uses accelerated solvent extraction (ASE), Soxhlet extration, 
and solid-phase extraction (SPE) for sample preparation, 
with analysis by capillary-column gas chromatography/mass 
spectrometry. The method identifies and quantifies individual 
compounds using retention times and spectral matches, along 
with standard calibration curves. Samples were preserved by 
freezing to -4 °F. The USGS NWQL has established a 1-year 
sample-holding time limit (before sample extraction) from the 
date of sample collection (if the sample is kept at -4 °F) until 
a statistically accepted method can be used to determine the 
effectiveness of the sample-freezing procedure.

The alkylphenol polyethoxylates (APEOs), one class of 
compounds analyzed, are branched-chain nonionic surfactants 
that consist of the nonylphenol polyethoxylates (NPEOs) 
and the octylphenol polyethoxylates (OPEOs) (Zaugg and 
others, 2006). The alkylphenol mono-ethoxylates (AP1EOs) 
are represented in the analytical method by 4-octylphenol 
monoethoxylate (OP1EO) and 4-nonylphenol monoethoxylate 
(NP1EO) (total, resulting from addition of several isomers). 
The alkylphenol di-ethoxylates are represented by 4-octylphe-
nol diethoxylate (OP2EO) and 4-nonylphenol diethoxylate 
(NP2EO) (total). The deg radation of APEOs in the envi-
ronment can result in the forma tion of alkylphenols (APs) 
and alkylphenol ethoxycarboxyl ates (APECs). The APs are 
represented in the method by 4-cumylphenol, 4-n-octylphenol, 
4-nonylphenol (total), and 4-tert-octylphenol. The volatility 
and availability of reference standards for APEOs limit the 
method to the determination of OP1EO, OP2EO, NP1EO 
(total), and NP2EO (total), even though APEOs typically 
might contain as many as about 20 ethoxy-units; however, 
most of the APEOs present in the environment after degrada-
tion contain less than four ethoxy-units (Zaugg and others, 
2006). The laboratory method used in this report did not 
include APECs.

Fish tissues were analyzed at the SCSU Aquatic Toxi-
cology Laboratory following established and previously 
published protocols (Bistodeau and others, 2006; Barber and 
others, 2007; Schoenfuss and others, 2008) and guidelines 
established by the U.S. Environmental Protection Agency 
(2006). 
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Vitellogenin concentrations were determined in fish 
plasma using enzyme-linked immunosorbent assay (ELISA) 
techniques. Whole blood samples were centrifuged in hema-
tocrit tubes (Phoenix Research Products, Hayward, Califor-
nia) for 5 minutes at 12,000 revolutions per minute, and two 
aliquots of more than 1 mL plasma were retained for analyses. 
Triplicate aliquots from each sample were stored in two sepa-
rate -112 ºF freezers before analyses. Carp plasma samples 
were analyzed for vitellogenin using a commercially available 
carp vitellogenin ELISA kit (Biosense Laboratories, Bergen, 
Norway). The same kit was used for redhorse plasma and 
demonstrated good cross-reactivity. An ELISA antibody for 
striped bass was used to analyze vitellogenin concentrations 
in smallmouth bass plasma (Biosense Laboratories, Bergen, 
Norway). 

Standard curves were calculated based on five to seven 
dilution points (after removing the highest and lowest dilution 
points). Each ELISA plate included two blanks and a series 
of purified vitellogenin standards at 250, 125, 62.5, 31.25, 
15.62, 7.81, 3.90, 1.95, 0.97, 0.18, and 0.024 micrograms per 
milliliter (µg/mL). The r-square values for the standard curves 
were greater than 0.99. 

Testis of all male (or perceived male) fish were removed 
and processed for histological analysis. Histological cassettes 
were processed in a Jung TP1050 automated tissue proces-
sor (Leica, Wetzlar, Germany) according to an established 
histological protocol of dehydration and embedding in paraffin 
wax (Gabe, 1976). Once embedded, histological sections 
(three sections per histological cassette) were produced and 
stained with hematoxylin and eosin stains (two sections) and 
reticular stains (one section). Of the fish collected, 92 carp, 
98 redhorse, 55 smallmouth bass, and 8 walleye were identi-
fied as being anatomically male. The reproductive condition 
of the fish indicated that carp were spermiating, redhorse were 
past reproductive activity, and smallmouth bass were nearing 
the end of spermiation. The slides also were examined for the 
occurrence of intersex. Fish were designated as intersex if 
microscopic evaluation determined the simultaneous occur-
rence of ovarian and testicular tissue (Vajda and others, 2008).  

Quality Assurance and Control

The USGS National Field Manual (U.S. Geological Sur-
vey, 2003) and the Minnesota Water Science Center’s Quality 
Assurance Plan were used to guide water- and bed-sediment 
data collection activities. A study quality-assurance plan was 
established to evaluate field sampling and laboratory tech-
niques for water and bed sediment, to assess possible sources 
of contamination, and to assure that samples representative of 
streamflow conditions were collected. All field personnel were 
familiar with study design and sampling protocols before sam-
pling or sample processing to ensure sample integrity. Labora-
tory quality-control samples were used to validate analytical 
data, and field quality-control samples were used to validate 
collection and processing methods.

Laboratory quality-control samples for water analyses 
included laboratory blanks, reagent spikes, and surrogates. 
Full details of the method are given in Zaugg and others 
(2006) and are described briefly in this report. At least one for-
tified laboratory spike and one laboratory blank were analyzed 
with each set of 10 to16 field samples. Laboratory reagent 
blanks were used to assess potential sample contamination. 
Surrogates are chemicals that have similar properties to the 
analytes of interest, but do not interfere with quantification of 
the compounds of interest. Laboratory recoveries for surro-
gate standards during method development, in reagent-water 
samples fortified at 0.5 µg/L, averaged 72 percent plus or 
minus 8 percent relative standard deviation (Zaugg and others, 
2006). The average recoveries were 107, 90, 63, and 91 per-
cent respectively for the four surrogate standards (bisphenol 
A-d

3
, caffeine-13C

3
, decafluorobiphenyl, and fluoranthene-d

10
) 

analyzed concurrently with study samples. The concentrations 
of 20 compounds always were reported as estimated for one 
of three reasons: unacceptably low-biased recovery (less than 
60 percent) or highly variable method per formance (greater 
than 25 percent relative standard deviation); unstable instru-
ment response; or reference standards prepared from technical 
mixtures (table 3). Nine additional compounds (table 3) had 
variable performance during the initial method validation. The 
concentration of these compounds was estimated if the spike 
recovery or expected continuing calibration verification (CCV) 
concentrations for each set of samples were not within control 
limits (Zaugg and others, 2006). 

Field quality-assurance samples, including blanks and 
replicates, were used to assess possible bias and variability 
introduced during sample collection and processing of water 
samples. Potential contamination introduced during collection 
and processing was assessed with field-blank samples. Field–
blank samples were processed at selected sites before, or after, 
an environmental sample. Blank samples were prepared by 
processing high-performance, liquid chromatography grade, 
organic-free water through the same equipment used to col-
lect and process field samples. Three field blank samples and 
three office blank samples were analyzed (appendix 1). None 
of the field-blank samples had detections of any compounds. 
This provides confidence in the effectiveness of field cleaning 
and sampling protocols. Two of the office-blank samples had 
detections of methyl salicylate at estimated concentrations of 
0.0306 and 0.0062 µg/L. Methyl salicylate is present in lini-
ment and ultraviolet absorbing lotions. 

Replicate samples were used to determine variabil-
ity in detections and concentrations in water samples that 
resulted from sample processing and analytical techniques 
(sample splitting, filtration, transport, and analysis). Rep-
licate samples consist of a split of the field sample so that 
the field and replicate samples should be nearly equal in 
composition. Replicate water samples were collected at 
five sites (appendix 1). Five paired (regular and replicate) 
samples were analyzed. Ten compounds (4-tert-octylphenol, 
atrazine, camphor, cholesterol, N,N-diethyl-meta-toluamide 
(DEET), OP2EO, hexahydrohexamethylcyclopentabenzopyran 
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(HHCB), metolachlor, OP1EO, and prometon) were detected. 
All concentrations were present at concentrations less than 
method detection levels (MDLs) and thus were estimated. The 
MDL is the minimum concentration that can be measured and 
reported with a 99-percent confidence that the concentration 
is greater than zero (U.S. Environmental Protection Agency, 
1997). Method reporting limits (MRLs) are set higher than the 
calculated MDLs as a precaution to reduce the risk of report-
ing false positives (Burkhardt and others, 2006). Atrazine was 
detected in 2 replicate samples, metolachlor was detected in 1 
sample, and the remaining 8 compounds were each detected in 
1 sample). In seven cases, detections were inconsistent, which 
means that a compound was detected in either the environmen-
tal or the replicate sample, but not both. For the five pairs of 
samples where a compound was detected in both samples, the 
relative percent difference (RPD = [Environmental concentra-
tion – Replicate concentration] / Environmental concentration) 
between environmental and replicate samples ranged from 1.5 
to 14, with the exception of an RPD of 120 for cholesterol. 
Generally, the detection consistency and non-detection con-
sistency were acceptable given that the concentrations were 
less than MRLs and in many cases estimated at concentrations 
below the MDLs. 

In addition to the routine quality-assurance schedule, 
three water samples were collected at each site; one was 
selected as the primary environmental sample, one as a 
duplicate, and one as a triplicate. The primary and duplicate 
samples were shipped to the NWQL, and the triplicate was 
stored in a refrigerator at the USGS Minnesota Water Science 
Center. These samples were collected in case of sample loss 
because of breakage. Before analysis, 13 primary environmen-
tal samples inadvertently were allowed to warm above proper 
storage temperature for less than 8 hours when a refrigerator 
failed at the NWQL. Because the samples had been preserved 
with sodium chloride before the brief warming period, the 
warming was not expected to affect the analytic results. As 
a check on data quality, however, duplicate and triplicate 
samples from all sites were analyzed. Analysis of the duplicate 
and triplicate samples generally produced more quantified 
results than analysis of the 41 primary samples, regardless of 
warming, because of updates in analytical instrumentation. 
Staff from the NWQL reviewed the samples for misidentified 
compounds, sample preparation error, potential sample mix-
ups, and method performance. No reasons were identified to 
discount any of the reported analytical data (Duane Wydoski, 
U.S. Geological Survey, written commun., 2006, 2007). 

Laboratory quality-assurance samples for bed sediment 
included surrogate analyses. During method development, 
recoveries of surrogate standards in reagent-sand samples, 
fortified at 4 to 72 micrograms, averaged 76 percent plus or 
minus 13 percent relative standard deviation for all method 
compounds (Burkhardt and others, 2006). The average recov-
eries for the three surrogate standards (bisphenol A-d

3
, deca-

fluorobiphenyl, and fluoranthene-d
10

) analyzed concurrently 
with samples were 58, 25, and 87 percent, respectively. Initial 
method reporting levels for individual compounds ranged from 

50 to 500 micrograms per kilogram (µg/Kg). The concentra-
tions of 18 out of 59 compounds initially was reported as 
estimated (table 3) for one of four reasons: unacceptably low-
biased recovery (less than 60 percent); highly variable method 
performance (greater than 25 percent relative standard devia-
tion); reference standards prepared from technical mixtures; or 
potential blank contamination (Burkhardt and others, 2006). 

Field quality assurance for bed sediment included repli-
cate samples. Replicate samples were prepared by splitting the 
bed-sediment sample into two fractions following thorough 
homogenization. Among the five pairs of environmental and 
replicate samples, 31 compounds were detected (appendix 2). 
Generally, the consistency of detections and non-detections 
between the environmental and replicate samples was greater 
than the incidence of inconsistent detections. There was no 
obvious pattern of compounds that were detected inconsis-
tently between samples, with the exception of carbazole (2 
times) and phenanthrene (3 times). Some of the compounds 
with inconsistent detections were detected in only one pair of 
samples so it is difficult to assess their consistency of detec-
tion. The site with the greatest number of inconsistent detec-
tions (site 25) was located directly downstream from the St. 
Paul Metropolitan WWTP. The greater variability among 
the replicate and environmental samples at this site may be 
because of the complex nature of the organic part of the bed 
sediment. 

Replicate data also were used to assess differences 
between concentrations in the replicate and regular samples. 
The RPDs ranged from 2.1 to 1,387 percent. The median RPD 
among all samples was 45 percent. Differences between the 
replicate and regular samples may be because of the great 
variability in bed sediments in the environment, and that 
the samples were not sieved, making it difficult to achieve a 
consistent sample with similar bed-sediment size even after 
homogenization.

Because of a lack of information about EACs, attempts 
were made to present as much information as possible con-
cerning the presence of these compounds in water and bed 
sediment. The attempt to consistently report the water or bed 
sediment data near the MDL is difficult, especially with the 
intention to transmit as much information as possible about the 
presence of compounds in complex samples. 

The water and bed sediment analytical methods are 
considered to be “information-rich” (Childress and others, 
1999) because compound identifications are determined by 
mass spectrometry; consequently, results are not censored at 
the MRL. Compound concentrations are reported as follows: 
if compound concentrations are equal or greater than the 
MRL or the lowest calibration standard (0.2 µg/L for water 
and 8.0 µg/kg for sediment) then results are reported using 
three or four significant figures for water and bed sediment, 
respectively; if the concentrations are less than the MRL or 
the lowest calibration standard, then the results are reported 
as estimated, using an “E” code. Reporting compound results 
as estimated because their concentrations are less than the 
MRL does not decrease confidence in qualitative identification 
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(Zaugg and others, 2006; Burkhardt and others, 2006). How-
ever, uncertainty is greater for concentrations reported near 
or less than the MDL than for concentrations greater than the 
MDL. When compounds are barely discernible in mass spectra 
and responses are near or less than the MDL, then the potential 
for reporting false detections (false positives) or mistakenly 
reporting compounds as not present (false negatives) increases. 
In most of these cases, when doubt about qualitative identifica-
tion is considerable, reporting conservative results (that is, less 
than the MRL, analyte undetected) is appropriate (Zaugg and 
others, 2006; Burkhardt and others, 2006).

A rigorous quality-assurance protocol was followed at the 
SCSU Aquatic Toxicology laboratory to ensure the quality of 
the vitellogenin analyses and histopathology characterizations. 
All plasma samples were analyzed in triplicate to determine 
variation in test results. Coefficients of variation (standard 
deviation divided by the mean) were calculated to assess varia-
tion in analytical results for the veitellogenin data. The coeffi-
cients of variation were within 10 percent, which is the SCSU 
standard for variation. All histopathology characterizations 
followed U.S. Environmental Protection Agency (2006) proto-
cols. In the field, the anterior, middle, and posterior section of 
testes were collected from each male fish to obtain a represen-
tative sample of the testis for histological characterization. In 
the laboratory, two slides of each part of the testis were made 
and blindly assessed according to U.S. Environmental Protec-
tion Agency (2006). 

Water, Bed Sediment, and Fish Data
The environmental conditions during sampling were 

characterized by a prolonged dry period with little or no 
precipitation beginning in late June and extending through the 
summer. Monthly mean streamflows of the river were close 
to long-term averages during the months preceding sampling 
(January to May). During June, monthly mean streamflows at 
streamflow-gaging stations along the river were approximately 
30 percent lower than long-term averages, and during August, 
mean streamflows were on average 70 percent lower than 
long-term averages (appendix 3).

Water

Physical measurements (dissolved oxygen, pH, specific 
conductance, and water temperature) are important in the 
interpretation of water, bed-sediment, and biological data in 
rivers and streams. Each of these measurements generally 
increased in a downstream direction (appendix 4). Within the 
study area, gradients of temperature (cooler in the north), land 
use (less agricultural land and associated nutrient inputs in the 
north), and river morphology (the Mississippi River is larger 
and deeper in the south) exist (Stark and others, 1996). All of 
these spatial changes may interact and contribute to observed 
patterns in compound concentrations by affecting the parti-

tioning, metabolism, and environmental effects of specific 
compounds (Hem, 1970). 

Twenty-four individual compounds were detected in 
water samples (appendix 5). Cholesterol, atrazine, DEET, 
metolachlor, and HHCB were the most commonly detected 
compounds in water samples (in at least 10 percent of the 
samples). Of the alkylphenol polyethoxylates and alkylphe-
nols (OP1EO, OP2EO, NP1EO, NP2EO, 4-cumylphenol, 
4-n-octylphenol, 4-nonylphenol, and 4-tert-octylphenol), only 
OP1EO and OP2EO were detected in one water sample (site 
7). The number of compounds detected per site ranged from 
0 to 8 (fig. 2), with site number 2 (near Bemidji) having the 
greatest number of detections. Atrazine was detected at sites 
within and downstream from the TCMA (fig. 3), and DEET 
was detected at sites upstream from site 24 in the TCMA  
(fig. 4).

Bed Sediment

Forty individual compounds were detected in bed-
sediment samples (appendix 6). The most commonly detected 
compounds (in at least 50 percent of the samples) were indole, 
beta-sitosterol, cholesterol, beta-stigmastanol, 3-methyl-1H-
indole, p-cresol, pyrene, phenol, fluoranthene, and 3-beta 
coprostanol, benzo[a]pyrene, acetophenone, and 2,6-dimethyl-
naphthalene. The total number of detections in bed sediment 
(at a site) ranged from 3 to 31 and was greatest at site 2 near 
Bemidji (fig. 5). Detections of alkylphenol polyethoxy-
lates and alkylphenols (OP1EO, OP2EO, NP1EO, NP2EO, 
4-cumylphenol, 4-n-octylphenol, 4-nonylphenol, and 4-tert-
octylphenol) ranged from 0 to 5 in bed-sediment samples (fig. 
6). The compounds NP1EO, NP2EO, and 4-nonylphenol were 
detected in greater than 10 percent of the samples. 

Fish

Most (75 percent) female fish collected had measurable 
concentrations of vitellogenin. Female carp generally had 
greater plasma vitellogenin concentrations (1.53 – 248,079  
µg/mL) than females of the three other species (less than 
detection – 17,434 µg/mL) (appendix 7). Vitellogenin also was 
detected in 62, 63, and 33 percent of male carp, smallmouth 
bass, and redhorse, respectively. The one male walleye sample 
analyzed had a vitellogenin detection. Vitellogenin concentra-
tions were lower in male fish (less than detection – 10.80  
µg/mL) than female fish (0.04 to 248,079 µg/mL). Gonadoso-
matic Index values ranged from 0.02 to 7.49 percent among 
all male fish, and were greater for male carp than for the other 
three species. No intersex was present in any male fish. 
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Figure 2. Number of wastewater indicator compounds detected in water samples.
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Figure 4. N,N-diethyl-meta-toluamide (DEET) detections in water samples.
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Figure 6. Alkylphenol and alkylphenol polyethoxylate detections in bed-sediment samples.
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Summary
Concern that selected chemicals in the environment may 

act as endocrine active compounds (EACs) in aquatic eco-
systems is widespread; however, few studies have examined 
the occurrence of EACs and identified biological markers of 
endocrine disruption such as intersex occurrence in fish. EACs 
interfere with the natural regulation of endocrine systems by 
either mimicking or blocking the function of natural hor-
mones. This interference commonly is referred to as endocrine 
disruption. Although factors contributing to endocrine disrup-
tion in fish are complex, laboratory studies have confirmed 
that EACs, such as hormones and alkylphenols (a class of 
surfactants that includes nonylphenol), affect the endocrine 
systems of fish through biochemical, structural, and behavioral 
mechanisms. Wastewater treatment plant effluent has been 
identified as a primary pathway of EACs to the aquatic envi-
ronment (Desbrow and others, 1998; Ternes and others, 1999; 
Johnson and Sumpter, 2001). 

Because little integrated information is available about 
endocrine disruption and causative factors in field studies, 
the U.S. Geological Survey (USGS), in cooperation with the 
Minnesota Pollution Control Agency (MPCA) and St. Cloud 
State University (SCSU), initiated an integrated biological and 
chemical study of the Mississippi River in Minnesota to build 
on previous research. Objectives of the study were to collect 
water, bed sediment, and fish at 43 sites along the Missis-
sippi River from the headwaters at Lake Itasca to 14 miles 
downstream from Brownsville, Minnesota, from June through 
August 2006. 

Twenty-four individual compounds were detected in 
water samples, with cholesterol, atrazine, N,N-diethyl-meta-
toluamide, metolachlor, and hexahydrohexamethylcyclopent-
abenzopyran detected most frequently (in at least 10 percent of 
the samples). The number of compound detections in water (at 
a site) ranged from 0 to 8. 

Forty individual compounds were detected in bed-sedi-
ment samples. The most commonly detected compounds (in 
at least 50 percent of the samples) were indole, beta-sitosterol, 
cholesterol, beta-stigmastanol, 3-methyl-1H-indole, p-cresol, 
pyrene, phenol, fluoranthene, and 3-beta coprostanol, benzo[a]
pyrene, acetophenone, and 2,6-dimethylnaphthalene. The total 
number of detections in bed sediment (at a site) ranged from 
3 to 31. The compounds NP1EO, NP2EO, and 4-nonylphenol 
were detected in greater than 10 percent of the samples. 

Most (80 percent) female fish collected had measurable 
concentrations of vitellogenin. Vitellogenin also was detected 
in 62, 63, and 33 percent of male carp, smallmouth bass, and 
redhorse, respectively. The one male walleye plasma sample 
analyzed had a vitellogenin detection. Vitellogenin concentra-
tions were lower in male fish (not detected – 10.80 µg/mL) 
than female fish (0.04 to 248, 079 µg/mL). Gonadosomatic 
Index values ranged from 0.02 to 7.49 percent among all male 
fish and were greater for male carp than for the other three 

species. No intersex (oocytes present in the testes) was present 
in any male fish sampled. 

The study was designed to identify patterns of occurrence 
and distribution of selected organic chemicals including endo-
crine active compounds and to relate those patterns to intersex 
characteristics and other biomarkers of endocrine disruption 
in four species of fish. The study provides information to 
compare with previous studies measuring intersex occurrence 
in fish in the river and helps define the spatial distribution of 
endocrine disruption in the river.
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Appendixes 1–7 

Appendix 1. The Excel spreadsheet Appendix-1.xls contains concentration data for 
compounds in quality-assurance samples of water submitted in 2006 as part of this study. 
Quality-assurance samples included in the spreadsheet are blanks, replicates, and spikes.

Appendix 2. The Excel spreadsheet Appendix-2.xls contains concentration data for 
compounds in bed sediment quality-assurance samples submitted in 2006 as part of this study. 
Quality-assurance samples included in the spreadsheet are replicates.

Appendix 3. The Excel spreadsheet Appendix-3.xls contains streamflow statistics for 
selected sampling sites. Monthly statistics are presented for 2006 and for the period of record 
for the selected sites. Data used to generate the statistics are available from http://waterdata.
usgs.gov/mn/nwis/sw/

Appendix 4. The Excel spreadsheet Appendix-4.xls contains data on physical 
measurements of water quality for samples collected in 2006. Physical measurements of 
dissolved oxygen, pH, specific conductance, and water temperature are included in the 
spreadsheet. 

Appendix 5. The Excel spreadsheet Appendix-5.xls contains concentration data 
for organic compounds analyzed in water samples for this study. Results of water samples 
collected from 41 sites during June through August 2006 are included in the spreadsheet.

Appendix 6. The Excel spreadsheet Appendix-6.xls contains concentration data for 
organic compounds analyzed in bed sediment for this study. Results of water samples collected 
from 41 sites during June through August 2006 are included in the spreadsheet.

Appendix 7. The Excel spreadsheet Appendix-7.xls contains biological characteristics of 
fish collected for this study. Results of fish samples collected from 38 sites during June through 
August 2006 are included in the spreadsheet.

http://waterdata.usgs.gov/mn/nwis/sw/
http://waterdata.usgs.gov/mn/nwis/sw/
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