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Identifying Fecal Sources in a Selected Catchment Reach Using Multiple
Source-Tracking Tools

Jason R. Vogel* Donald M. Stoeckel, Regina Lamendella, Ronald B. Zelt, Jorge W. Santo Domingo,
Steven R. Walker, and Daniel B. Oerther

ABSTRACT

Given known limitations of current microbial source-tracking
(MST) tools, emphasis on small, simple study areas may enhance in-
terpretations of fecal contamination sources in streams. In this study,
three MST tools— Escherichia coli repetitive element polymerase
chain reaction (rep-PCR), coliphage typing, and Bacteroidales 16S
rDNA host-associated markers —were evaluated in a selected reach of
Plum Creek in south-central Nebraska. Water-quality samples were
collected from six sites. One reach was selected for MST evaluation
based on observed patterns of E. coli contamination. Despite high
E. coli concentrations, coliphages were detected only once among
water samples, precluding their use as a MST tool in this setting. Rep-
PCR classification of E. coli isolates from both water and sediment
samples supported the hypothesis that cattle and wildlife were domi-
nant sources of fecal contamination, with minor contributions by
horses and humans. Conversely, neither ruminant nor human sources
were detected by Bacteroidales markers in most water samples. In
bed sediment, ruminant- and human-associated Bacteroidales markers
were detected throughout the interval from 0 to 0.3 m, with detections
independent of E. coli concentrations in the sediment. Although re-
sults by E. coli-based and Bacteroidales-based MST methods led to
similar interpretations, detection of Bacteroidales markers in sedi-
ment more commonly than in water indicates that different tools to
track fecal contamination (in this case, tools based on Bacteroidales
DNA and E. coli isolates) may have varying relevance to the more
specific goal of tracking the sources of E. coli in watersheds. This is the
first report of simultaneous, toolbox approach application of a library-
based and marker-based MST analyses to flowing surface water.

XCESSIVE levels of fecal bacteria are the most com-

mon cause of beneficial-use impairment in Ne-
braska streams and account for impairment of 66 of the
111 stream segments (59%) on the 2004 State’s Section
303(d) list (Nebraska Department of Environmental
Quality, 2004). To achieve the Clean Water Act goal of
“swimmable” waters, fecal indicator bacteria levels in
streams must be reduced to comply with water qual-
ity standards. Fecal contamination may originate from
point or nonpoint sources. Generally, point sources of
fecal contamination include discrete sources such as
wastewater treatment outfalls, storm sewers and com-
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bined sewers, and discharges from large animal-feeding
operations. Nonpoint sources are diffuse and include:
(i) agricultural sources, including livestock access to
streams and riparian zones, land application of livestock
waste, and irrigation from livestock waste lagoons or
pits; (ii) domestic or municipal sources, including pet
waste, septic systems, and land application of municipal
biosolids; and (iii) wildlife sources, including deer, geese,
ducks, raccoons, and other nondomesticated animals
(Wilhelm and Maluk, 1998).

Control techniques (i.e., treatment to achieve permit-
ted effluent concentrations, implementation of best-
management practices [BMPs]) need to be implemented
for both point and nonpoint sources if impaired water
bodies are to meet water quality objectives (e.g.,
achieving total maximum daily load [TMDL] objec-
tives). Monitoring of fecal indicator bacteria distribu-
tion in the environment is a valuable tool for helping
resource managers identify BMPs that will most ef-
fectively reduce fecal contamination. Best management
practices specifically targeted to reduce the effect of live-
stock (e.g., cattle) on stream water quality include ex-
clusion fencing/riparian buffers, finding an alternative
water source for the livestock, finding an alternative
shade source for the livestock, and management of
pasture stocking density (Agouridis et al., 2005). Im-
plementation plans for BMPs in impaired water bodies
now often include identification of fecal contamina-
tion sources by microbial source-tracking (MST) meth-
ods (Simpson et al., 2002; Zhang et al., 2002; Moyer
and Hyer, 2003; Hyer and Moyer, 2004). The MST
methods often are divided into two general categories—
those that require development of a culture collection
reference-isolate library (library-dependent, such as
Escherichia coli [E. coli] and enterococci) and those
that use established host-associated markers (library-
independent, such as coliphage and Bacteroidales). For
E. coli-based, library-dependent methods, methods-
comparison studies have concluded that dependability
tends to be inconsistent, and the recommendation is
for extensive validation of MST results (Griffith et al.,
2003; Stoeckel et al., 2004; Moore et al., 2005). Library-
independent methods have demonstrated relatively
high accuracy but can be prone to false negative results
(Griffith et al., 2003).

The objective of this study was to apply several MST
analyses in a toolbox approach to determine whether

Abbreviations: MST, microbial source tracking; PCR, polymerase
chain reaction; Rep-PCR, repetitive element PCR; BMP, best
management practice; TMDL, total maximum daily load; CFU,
colony forming unit; DO, dissolved oxygen; OWML, Ohio Water
Science Center Microbiology Lab.; OTU, operational taxonomic unit.
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human, livestock, or other animal wastes were sources
of fecal bacteria to Plum Creek, Nebraska. Three tools
were applied in this study: an E. coli repetitive ele-
ment polymerase chain reaction (rep-PCR) method, a
coliphage-typing method, and a Bacteroidales 16S TDNA
host-associated marker method. This article describes
the application of these three MST tools to a small catch-
ment reach within the Plum Creek watershed and
comparison of the data obtained by use of each tool. A
justification for extrapolating the MST results to the en-
tire watershed is presented, and the article discusses
potential positive and negative implications of BMP im-
plementation within the Plum Creek watershed based
on these MST results.

MATERIALS AND METHODS
Site Selection

Plum Creek drains 580 km? of rural land in south-central
Nebraska (Fig. 1) and is a perennial tributary to the Platte
River. Plum Creek flows in a southeasterly direction for most
of its length until it turns north and flows to its confluence with
the Platte River. The climate of the Plum Creek watershed is
classified as semiarid continental with cold winters and a late-
spring to early-summer hydroperiod (Wahl, 1981). Soil parent
material is predominantly unconsolidated deposits of loess
(Wahl, 1981). Grassland is the most extensive land cover in the
Plum Creek watershed (part of U.S. hydrologic unit 10200101),

100°15'01"W

with irrigated row crops, hay, and small grains composing the
secondary land uses. High-intensity, short-duration thunder-
storms common to this region produce most peak stream
flows; stream flows in Plum Creek near Smithfield (15 km
upstream from the confluence) exceed 0.57 m® s™! less than
10% of the time. Plum Creek drains into the middle Platte
River (segment MP2-20000), which is listed on the 2004
Nebraska Section 303(d) list of impaired water bodies for E.
coli, fecal coliform bacteria, and temperature. A TMDL for
fecal coliform bacteria for segment MP2-20000 was approved
by USEPA on 16 May 2003 (Nebraska Department of Envi-
ronmental Quality, 2004).

Results from the State’s preliminary monitoring studies in
summer 2001 show that Plum Creek was the most contami-
nated of the perennial tributaries to the middle reaches of the
Platte River, with a geometric mean concentration of 1100
CFU/100 mL for fecal coliforms (n = 18 samples). Although
the primary contact recreational use is not assigned to Plum
Creek, this level of fecal contamination is much higher than
State water quality standards for primary contact recreation
(400 CFU/100 mL; exceeded in 13 of 18 samples) (PA.
O’Brien, personal communication, 2003). The Plum Creek
watershed was chosen for study because it represents an
important source of fecal contamination to the middle Platte
River segment.

Digital map data were used to characterize the drainages of
Plum Creek, as well as canals, natural tributaries, and major
lakes within the Plum Creek watershed. Land use character-
istics and animal feeding operation density were summarized
by tributary watersheds and main-stem catchment reaches.
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Fig. 1. Location of Plum Creek watershed in south-central Nebraska, including six sampling sites and contributing reach catchments on the main

stem of Plum Creek.



720 J. ENVIRON. QUAL., VOL. 36, MAY-JUNE 2007

During spring 2004, onsite reconnaissance was made at 86 lo-
cations identified by digital map analysis (at locations where
roads crossed a water body). Where surface water was present
(22 locations), a grab sample was collected and analyzed for
temperature, pH, specific conductance, turbidity, concentra-
tions of dissolved oxygen (DO), nitrate-nitrogen, and E. coli.
Of the 22 sites with water, 16 were on the main stem of Plum
Creek, four were on irrigation canals that pass through the
watershed, and two were at reservoirs (Johnson Lake and
Elwood Reservoir). Flow was not detected in any natural
tributary to Plum Creek during base flow conditions.

On the basis of the results of the reconnaissance sampling,
six sampling sites were selected for this study, including the
stream-gaging station near Smithfield (Fig. 1, Site 4), and five
other sites on the perennially flowing segment of Plum Creek
(Fig. 1). The most upstream site at which excessive levels of
fecal contamination were detected (Site 2; E. coli concentra-
tions greater than 298 CFU/100 mL) was chosen for MST
evaluation. This strategy allowed a small area from which to
collect fecal source samples to represent the E. coli population
from various sources (the stream reach between Sites 1 and 2).
The upper boundary of the area upstream from Site 1 in Fig. 1
represents the extent of the perennially flowing segment of
Plum Creek. The area upstream from the perennially flowing
segment was not considered for sampling because it only
flowed for very short durations during intense storms.

Land use characteristics and catchment areas of each of the
six inter-site reaches and the entire watershed are summarized
in Table 1. In general, each of the reaches supported similar
land uses, consisting mostly of grassland and row-crop acreage.
The reach catchments upstream from Sites 1 and 5 have a
smaller percentage of row crops than the other four reaches.
The catchment upstream from Site 2 has a larger percentage of
water because Elwood Reservoir is located within that catch-
ment; however, stored water is delivered only to irrigation
canals and did not discharge to Plum Creek (except through
springs). An informal survey of cattle in the six catchment
reaches, completed in the summer of 2005, was used to estimate
cattle populations along each reach. The reach ending at Site 2
had the greatest density of cattle, followed by the reach ending
at Site 4; the area upstream from Site 1 had the lowest density of
cattle at the time of the survey. Because the perennially flowing
segment of Plum Creek is similar along its entire length in terms
of land use, agricultural practices, topography, climate, and
water quality, the MST results from the reach upstream from
Site 2 (that was analyzed using MST tools) may be useful for
targeting BMPs for the entire watershed.

Sample Collection

Water was analyzed in situ for pH, temperature, specific
conductance, turbidity, and DO using USGS standard methods

for collecting field measurements (USGS, 2004). Flow-
weighted water samples representing the stream cross-section
were collected every other week from May through December
2004 (Edwards and Glysson, 1999; USGS, 2004). Three ali-
quots were distributed for separate analyses. One was shipped
overnight at 4°C to the USGS Ohio Water Science Center
Microbiology Laboratory (OWML) for analysis of coliphage
concentration (4 May through 21 Sept. 2004 only) and filtra-
tion in preparation of Bacteroidales host-associated marker
extraction (only data from Site 2 are presented in this paper).
The second aliquot was hand delivered for analysis of E. coli
concentration (Ward Labs, Kearney, NE) within the 6-h hold
time (USEPA, 2000). The third aliquot was shipped for
suspended sediment analysis by the methods of Guy (1969) at
the USGS Iowa Water Science Center Sediment Laboratory
(Towa City, TA).

Bed sediment samples were collected every other week
from 9 Aug. 2004 to 1 Dec. 2004 at one site (Site 2) at three
depths (0-0.1 m [top], 0.1-0.2 m [middle], and 0.2-0.3 m
[bottom]) using a US BMH-53 hand-held piston-type bed
material sampler (Edwards and Glysson, 1999). Triplicate
cores were collected at the one-quarter, one-half, and three-
quarters points across the stream, sliced into depth increments,
and shipped overnight at 4°C to OWML. At OWML, the
samples were homogenized and analyzed for E. coli concen-
trations and filtered in preparation of Bacteroidales host-
associated marker extraction. Coliphage concentrations were
not determined for the bed sediment samples.

Fecal samples were collected from cattle, horses, human
septic tanks, and wildlife (most likely raccoons and opossums)
in July and August 2004 in the reach between Sites 1 and 2 and
shipped overnight at 4°C to OWML for cultivation of E. coli
isolates and filtration of Bacteroidales host-associated markers.
Coliphage isolates were not collected from fecal samples.
Cattle and horse fecal samples were collected fresh from the
animals in pastures within the basin. Fecal samples were col-
lected from 100 of approximately 1500 cattle, and 6 of 8 horses
resident within the reach between Sites 1 and 2. Human septic
tank samples were collected by inserting a sterilized swab into
the cleanout port of area septic tanks. Within the targeted
reach, 10 of 15 houses representing approximately 50 of
75 permanent residents were sampled. Wildlife fecal samples
(62 fecal samples collected; most likely raccoons or opossums)
all were collected in the riparian area directly adjacent to Plum
Creek. Samples were collected only if they were moist and
appeared fresh. The percentage of the population that these
samples represent is unknown.

Microbial Cultivation and Enumeration

Male-specific (F+) coliphages in water were analyzed using
the single agar layer (SAL) procedure (USEPA Method 1602;

Table 1. Land use in each of the reach catchments, the perennial watershed of Plum Creek (sum of six reach catchments), and the entire
watershed. (modified from National Agricultural Statistics Service, 2004)

Land use between sites

Catchment area between site

Site name (see Fig. 1) and next upstream site Grassland Row crops Small grains and hay Fallow cropland Urban Water
km® % of area

Site 1 43 74 20 3 0.7 0.5 0.2
Site 2 65 49 37 4 1 2 7
Site 3 24 58 38 4 0.4 0.8 0.4
Site 4 46 50 46 4 0.4 0.7 0.1
Site 5 17 82 14 4 0.6 0.6 0.1
Site 6 4.6 50 39 9 0.6 0.9 0.3
All six reachest 200 59 33 4 0.8 1 2.3
Entire watershed 565 68 24 5 1.5 0.5 0.8

+ Perennially flowing segment of watershed.
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USEPA, 2001). The analysis volume was 100 mL. Data were
reported as plaque-forming units (pfu) per 100 mL.

Water samples were analyzed for E. coli concentration by
cultivation on mTEC agar (USEPA, 2000). Following enu-
meration, presumptive E. coli colonies were picked to 96-well
transfer plates containing fresh mTEC agar. Transfer plates
were shipped overnight on ice to the OWML. Upon receipt,
transfer plates were pre-incubated at 35°C for 2 h to allow
resuscitation and grown out at 44.5°C overnight. Each culture
was streaked for purity onto eosin methylene blue (EMB) agar
and, if the culture exhibited characteristic green sheen, single
colonies were picked and cultivated in Luria Bertani (LB)
broth for further use. Glycerol stocks were prepared for each
pure culture and held at —70°C until further use.

Bed sediment samples were prepared for E. coli analysis at
the OWML by the method described by Francy and Darner
(1998). Twenty grams of sediment were placed into a bottle
containing 200 mL of phosphate buffer. Each sample was
mixed on a wrist-action shaker for 45 min and allowed to settle
for 30 s. The supernatant was analyzed for most probable
numbers concentration of E. coli by use of Colilert reagents in
Quantitray-2000 format (Idexx Corporation, Westbrook, ME).
Isolation of E. coli colonies from wells was done by sterilizing
the paper tray back, puncturing, and streaking culture from
positive wells to modified mTEC agar. Isolated colonies were
restreaked to EMB and, if they exhibited characteristic green
sheen, glycerol stocks were prepared for further use.

Known source fecal samples were mixed to disperse solids
and streaked for isolation on mTEC agar (USEPA, 2000).
Streak plates were cultivated, isolates picked, and purified on
EMB, then stored in the same manner as the water-cultivated
E. coli isolates.

Total DNA extractions were performed for each pure
culture using DNA extraction kits (MO BIO, Carlsbad, CA).
The DNA concentration of each extract was measured, and
DNA samples were diluted to a consistent concentration
(50 ng pL™") for use as the DNA fingerprinting template.
Normalized DNA extracts were held at —20°C for later use.

The rep-PCR was performed using BOX A1R primer
(5-CTA CGG CAA GGC GAC GCT GAC G-3) in a
commercially available kit (Diversilab System, Bacterial
Barcodes Inc., Athens, GA). AmpliTaq polymerase (Applied
Biosystems, Foster City, CA) was added for all PCR using
the following cycling conditions: 94°C for 2 min; 35 cycles of
94°C for 30 s, 50°C for 30 s, and 70°C for 90 s; and 3 min
at 70°C. The PCR products were separated by use of a
BioAnalyzer (Agilent, Palo Alto, CA). Image analysis utilized
both the proprietary Diversilab analysis reporting system
and BioNumerics software (Applied Maths, Sint-Martens-
Latem, Belgium).

“Fingerprint” analysis in the Diversilab System is done by
means of a similarity-based dendogram created from un-
weighted, paired-group means with arithmetic averages
(UPGMA) clustering of Pearson similarity coefficients. This
dendogram was used to assign each isolate to an operational
taxonomic unit (OTU) on the basis of similarity of patterns
observed with a repeated-measures isolate. To further eval-
uate assignment of OTU, files representing each fingerprint
were imported to the BioNumerics image analysis tool as de-
scribed previously (Stoeckel et al., 2004). The BioNumerics
software was used to create alternative dendograms and to
classify isolates to source by use of a k = 1 nearest neighbor
approach (custom script “Bootstrap” available from Applied
Maths, Sint-Martens-Latem, Belgium). Further information
about selection and validation of the isolate-classification ap-
proach is included in the supplemental material (available at
http://jeq.scijournals.org).

Bacteroidales Analysis

Water samples (50-100 mL) collected from the Plum Creek
watershed were filtered at OWML through 47-mm, 0.2-pm
polycarbonate filters within 24 h of collection, transferred to
15-mL conical centrifuge tubes, and stored at —80°C until ana-
lyzed. Fecal samples were held at —80°C as slurries suspended
in phosphate buffer. Sediment samples also were held at
—80°C pending analysis.

Fecal total DNA extractions were performed with the
UltraClean Fecal DNA TIsolation Kit at USEPA (Cincinnati,
OH) according to the manufacturer’s instructions (MO BIO
Laboratories, Inc. Carlsbad, CA). Approximately 250 pL of
fecal slurry from each known source sample were used for
DNA extractions. For water samples, DNA was extracted di-
rectly from whole filters using the UltraClean Soil DNA Iso-
lation Kit (MO BIO Laboratories). Sediment total DNA
also was extracted using the Ultraclean Soil DNA Isolation
Kit. Total DNA was eluted in 50 pL of 10 mM Tris buffer
and quantified using a NanoDrop ND-1000 UV spectropho-
tometer (NanoDrop Technologies, Wilmington, DE). Ex-
tracted total DNA was diluted using ultra pure water to
achieve a final concentration of 1.5 ng pL™". The PCR for fecal
and sediment samples was performed with both undiluted
template and with a 10-fold dilution to reduce matrix inter-
ference. To test for possible cross contamination, control
blanks for total DNA extractions were performed using
250 pL of ultra pure water samples. Extracted total DNA
was stored at —20°C until further processing.

Bacteroidales 16S tTDNA PCR assays were performed on
reference feces samples, water samples, and sediment samples
using four primer sets as originally described by Bernhard and
Field (2000) under conditions detailed in Table 2 (general fecal
marker Bac32 [G], ruminant-associated markers CF128 and
CF193 [R1 and R2], and human-associated marker HF183 [H]).
The final PCR solutions contained 2.5 mM dNTP mixture,
0.06% BSA, 0.25 pM primer, 0.625 units of Ex Tag DNA
polymerase, and 1 pL of diluted or undiluted template in Takara
Ex Taq buffer. Reactions were done with a DNA Engine 2
Tetrad thermalcycler (MJ Research, South San Francisco, CA).
Template concentrations for fecal samples were adjusted to
0.25 and 1.5 ng wL~! for marker G and markers R1, R2, and H
amplification, respectively. General PCR conditions were
denaturing at 94°C for 2 min, followed by 30 cycles (fecal
samples) or 35 cycles (sediment and water samples) of dena-
turing (94°C for 1 min), annealing (for 1 min, see Table 2),
extension (72°C for 1 min), and a final extension step (72°C for
7 min). The PCR products were separated using 1% agarose
gel stained with GELSTAR (Cambrex, Baltimore, MD).

Quality Assurance/Quality Control

Two field equipment blanks and nine field duplicate sam-
ples were collected during the study and analyzed as inde-

Table 2. Bacteroidales primer sets and annealing temperatures
(from Bernhard and Field, 2000).

Forward Reverse Annealing
Target primer primer temperature
°C
All Bacteroidales (marker G) Bac32F Bac708R 53
Ruminant-origin Bacteroidales =~ CF128F Bac708R 62
(marker R1)
Ruminant-origin Bacteroidales ~ CF193F Bac708R 62
(marker R2)
Human-origin Bacteroidales HF183F Bac708R 63

(marker H)
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pendent samples. Positive and negative control reactions were
included with every PCR reaction set for both E. coli and
Bacteroidales. Cultivation steps included at least one blank
analysis per 20 test samples to detect cross contamination, if
present. For Bacteroidales DNA marker detection, all PCR
preparations were completed in a laminar flow hood following
the USEPA quality-assurance guide for using PCR methods
on environmental samples (USEPA, 2004).

Detection limit assays were conducted for all four markers.
Known amounts of feces were spiked into ultra pure water and
serially diluted and amplified at 35 cycles for each primer
set. In addition, background levels of fecal sample DNA ex-
tracts were spiked into ultra pure water to detect possible
matrix inhibition.

Statistical Analysis

Arithmetic or geometric means were calculated on the basis
of normality of the data as determined by a preponderance
of results from four normality tests (Shapiro-Wilk W test
[Shapiro and Wilk, 1965], Anderson-Darling test [Anderson
and Darling, 1954], Martinez-Iglewicz test [Martinez and
Iglewicz, 1981], and Kolmogorov-Smirnov test [Dallal, 1986])
on the data set for each property from each site. The arithmetic
mean was used if normality was not rejected on the original
data set, and geometric means calculated if normality was not
rejected on the log-transformed data set. The Kruskal-Wallis
One-Way ANOVA on Ranks test (o = 0.05) was used to test
for difference between medians (Ott, 1993).

Supplemental Material

The authors recognize that method validation studies on
library-dependent methods for microbial source tracking sug-
gest that these approaches are prone to error, particularly
when they rely on small libraries (Griffith et al., 2003; Stoeckel
et al., 2004; Moore et al., 2005). Although the library in this
study is small relative to current recommendations (for exam-
ple, USEPA, 2005), the potential fecal source populations in
the study area were well represented in the library and the
known source reference feces. Extensive quality control was
incorporated into analysis of these results as a means of vali-
dating interpretations. Full presentation of the quality control
evaluations detracts from this article as a whole and is not of
interest to many readers; therefore, these evaluations are pre-
sented as a supplemental section.

Stream Flow and Water Quality Properties

Stream flow was measured at the time of sample collection
from each sampling site (data available in Hitch et al., 2004,
2005; Nebraska Department of Natural Resources, 2005).
Analysis of these stream flow values indicates that springs
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were active between Sites 1 and 2 during the entire period of
sample collection and between Sites 5 and 6 during September
and early October. The springs between Sites 5 and 6 likely are
active during fall because of local furrow irrigation. Most of the
area between Sites 5 and 6 also has different topography than
the rest of the watershed (relatively flat Platte River Valley
with shallow water tables vs. hills with deeper water tables)
that would promote seepage of infiltrated irrigation water
into the ground water during periods of intensive irrigation.
The flow in the headwaters of Plum Creek upstream from
Site 1 during base flow conditions also is assumed to be a re-
sult of springs. The average increase in flow rate due to springs
between Sites 1 and 2, calculated from stream flow data mea-
sured during non-runoff sampling (all samples except 12 July,
23 August, 7 September, and 1 December), was 0.21 m* s7!
(75% increase).

Water temperature, specific conductance, turbidity, and DO
were measured onsite during sample collection. Data for these
water quality properties and pH were previously published in
Hitch et al. (2004, 2005). Comparisons using a Kruskal-Wallis
One-Way ANOVA on Ranks (o = 0.05) on this data indicated
that water temperatures were not significantly different among
the six sampling sites on any sample date. However, median
specific conductance was higher and turbidity and DO lower at
Site 1 than at the other sampled sites. In addition, median
specific conductance at Site 2 was higher and median tur-
bidities at Sites 2 and 3 were lower than at downstream sites.
The differences in water quality properties at these sites may
be a result of ground water effects from springs in these
reaches of the stream.

RESULTS AND DISCUSSION

Suspended Sediment, E. coli, and
Coliphage Concentrations

Quality Assurance/Quality Control

Replicate analyses were completed to evaluate
whether samples collected at the same time would re-
sult in similar measurements. Results for all five du-
plicate suspended sediment concentrations and for all
nine duplicate log-transformed E. coli concentrations
were within 10% for all replicates collected during the
study. Coliphage concentrations in replicate samples
were all less than the limit of detection.

Water Samples

Suspended sediment and E. coli concentrations were
measured in 93 water samples collected from the six
sampling sites (Table 3). Averaged over time, the maxi-

Table 3. Geometric mean, median, and interquartile range (IQR) for suspended sediment and E. coli concentrations, and coliphage
detection rate from biweekly water-quality samples collected at six sampling sites on Plum Creek from May through December 2004.

Suspended sediment

E. coli Coliphage

Site name (see Fig. 1) Geometric mean  Median IQR Geometric mean  Median IQR  Detection rate (detections/number of samples)
mgL~? cfu/100 mL

Site 1 29 26ai 41.5 55% 65e 106 0/0

Site 2 70 86b 43.3 270 270f 637 1/10

Site 3 85% 124bc 103 381 406f 693 0/1

Site 4 149 200bed 262 534 645f 1235 0/3

Site 5 187 257d 203 4667 480f 950 0/0

Site 6 1317 212cd 179 302 505f 1037 0/10

T Used geometric mean for comparison purposes even though normality tests could not reject normality of this data set.
i Values with the same letters are not significantly different using a Kruskal-Wallis One-Way ANOVA on Ranks (alpha less than 0.05).
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mum geometric mean suspended sediment concentration
was for samples from Site 5; however, concentrations
gradually increased from Site 1 to Site 4. Between Sites 4
and 6 the median suspended sediment concentrations
were not significantly different. Averaged over time, the
maximum geometric mean E. coli concentration was for
samples from Site 4; however, concentrations increased
from Site 1 to Site 2, but were not significantly different
from Site 2 down to Site 6 (Table 3). Figure 2A depicts
temporal trends of E. coli concentrations at all six sam-
pling sites. During the study coliphage concentrations

723

were determined in 24 water samples collected from all
sites and were detected only once, at Site 2 (Table 3).

Sediment Samples

The concentration of E. coli in sediment samples
was highest in the upper 0.1 m of streambed sediment
(Fig. 2B) and peaked on 19 October 2004 during a pe-
riod of base flow conditions (no storms) in Plum Creek.
Flow results from Sites 2 and 4 are included to demon-
strate similarities and differences in the flow at the two
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Fig. 2. E. coli concentration in (A) water samples at the six sampling sites along Plum Creek and in (B) water and bed sediment samples at Site 2.
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sites, and to indicate storms that occurred between sam-
ple collection dates.

E. coli-Based Microbial Source Tracking
Quality Assurance/Quality Control Summary

Several approaches for classification of water-isolated
E. coli as to source were evaluated for accuracy. Results
of these evaluations, replicate analyses, and classifica-
tion accuracy on single-blind spiked samples are pre-
sented in the supplemental materials.

Known Source Library

The known source library contained rep-PCR pat-
terns for 201 cattle-isolated E. coli, 29 horse-isolated
E. coli, 69 human-isolated E. coli, and 110 wildlife-
isolated E. coli. Because of the small study area (65 km?
catchment reach between Sites 1 and 2), these isolates
represented a substantial proportion of the contribut-
ing population for these fecal source groups (between
about 7 and 75% of individuals sampled). In all, 220
OTUs were assigned among the 409 known source
isolates—207 specific to single sources and 13 to multi-
ple sources (called cosmopolitan isolates). Figure 3 de-
picts the sources of isolates composing the known source
library and the distribution of OTU among the sources.

E. coli Classification

Classification results for E. coli isolated from water
and sediment samples are shown in Fig. 4. In both cases,
cattle and wildlife were indicated as the major sources of
fecal contamination to the stream and sediment with
possible contributions by horses and humans. Failure to
detect horse feces in a known source spike sample (see
supplemental material) means that horses may be an
undetected contributor to these samples, although the
scarcity of horses within the reach (eight animals) di-
minishes this possibility. Detection of multiple sources
(and subsequent classification as an unknown source) in
the wildlife spike sample means the relative contribution
by wildlife may be underestimated by this test. Also,

classification of a source outside of our library as cattle
indicates that cattle may be overestimated by use of E.
coli-based MST as applied in this study. The low-level
detection rates of horse and human contribution fall into
the range of false positive classifications (see supple-
mental section) in this study and, as such, are not con-
sidered credible evidence of fecal contamination from
those sources.

Evaluation of the data from water samples by season
(Table 4) did not show evidence of a seasonal com-
ponent to the relative contribution by each source. May
through June were considered spring, July through
September were considered summer, and October
through December were considered autumn for pur-
poses of the seasonal evaluation. A chi-square test of
independence also indicated that the frequency of de-
tections from each source (cattle, horse, human, wildlife,
unknown) in each season did not vary. However, be-
cause the number of detections for horses and humans
were less than five, the chi-square test of independence
may not be conclusive for testing whether or not these
two sources vary by season.

Bacteroidales-Based Microbial Source Tracking
Quality Assurance/Quality Control

Laboratory Blanks and Detection Limit Assays. All 14
water blanks collected during Bacteroidales filtration
tested negative for all four markers. Assays were com-
pleted using DNA from fecal source material to de-
termine the detection limit of the PCR-based assays.
From these assays, the general feces marker G, the two
ruminant feces markers R1 and R2, and the human-
associated marker H had average detection limits of
115X 107,115 X 10712, 1.15 X 10", and 1 X 107 g
DNA, respectively.

Distribution in Reference Materials. Known-source feces
samples were used to test how the markers were dis-
tributed in feces collected from the study area. Marker G
was detected in 90% or greater of cattle, horse, and
human-derived samples, but in only 32% of the wildlife-

A B
(A) (B) 32%
9% i > 2%
{ g
9% f SRR
6% RN - g0 [mmwin
’= ’ N,
.;— n=409 isolates s
7% 47% n=220 OTU
= Cattle E Horse M Human 3 Wildlife

& Cattle-Horse

g5 Cattle-Wildlife  [£] Human-Wildlife

Fig. 3. Distribution of (A) isolates among sources and (B) operational taxonomic units (OTU) among sources in the known source library (inset pie

chart in [B] depicts cosmopolitan OTUs).
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Fig. 4. Pie charts depicting classification of (A) water-isolated E. coli and (B) sediment-isolated E. coli. Only isolates that could be assigned to a

single host of origin are included in the plots.

derived samples. This result could be because wildlife
feces samples were collected from the banks of the
stream and were not as fresh as other feces samples when
analyzed, or it could be that bacteria carrying marker G
often were not present in fecal communities from the
wildlife sampled. Markers R1 and R2 were detected in
more than 90% of cattle- and horse-derived samples,
but only in 3% or fewer of wildlife and human sam-
ples. Marker H was detected in 40% of human-derived
fecal samples, but only 1, 0, and 0% of cattle, horse,
and wildlife feces samples, respectively (Lamendella
et al., 2007).

Bacteroidales-Based Fecal-Source Classification

DNA extracted from Site 2 environmental samples
collected between 4 May 2004 and 19 Oct. 2004 (for
water) and between 9 Aug. 2004 and 2 Nov. 2004, (for
bed sediment) was tested for presence of the four
markers to indicate fecal contamination sources. Al-
though all extracts from water samples from Site 2 tested
positive when challenged against marker G, only one,
in July, showed evidence of ruminant (cattle or horse)
fecal contamination (markers R1 or R2), and none
showed evidence of human fecal contamination (marker
H). This could be because contamination was less than
the method detection limit (as an indication of intensity
of fecal contamination; E. coli concentrations gener-
ally were in the hundreds but peaked in July above
1000 CFU/100 mL; Fig. 2) or because fecal contamina-
tion at the site did not come from detectable sources
(such as birds, dogs, or other animals in the area).

DNA extracted from bed sediment samples at Site 2
most frequently contained marker G in the surface slice
(86%, from Table 5); overall, 81% of bed sediment
samples contained marker G. Markers R1 and R2 each

Table 4. Classification of E. coli isolates to source by season in
water samples.

Spring Summer Autumn
Parameter (May-June) (July-Sept.) (Oct.-Dec.)
Cattle 21 (42%) 21 (44%) 19 (34%)
Horse 2 (4%) 3 (6%) 3 (5%)
Human 4 (8%) 1 (2%) 2 (4%)
Wildlife 9 (18%) 10 (21%) 12 (21%)
Unknown 14 (28%) 13 (27%) 20 (36%)

were detected in 14% of bed sediment samples, al-
though seldom in the same sample. Marker R1 was de-
tected once at each depth, whereas marker R2 was
detected twice at the 0- to 0.1-m depth and once at the
0.2- to 0.3-m depth. Among the five samples amplified
by ruminant markers, in only one (surface slice sample
collected 24 Aug. 2004) were both ruminant markers
detected. In two instances (R1 once at the middle depth
and R2 once at the deep depth), ruminant markers were
amplified when marker G was not. Finally, marker H
was detected in DNA extracted from 19% of the bed
sediment samples, with three of four detections on the
same date (detected at all three depths) (Table 5).
Marker H was detected in three samples when marker G
was not detected (once at the each depth, all on the same
date; one of these three samples coincided with the
sample where marker R1 was detected but marker G
was not).

Interpretations of the Study Area and Reference
Material Characteristics

Samples for MST analysis, supported by local refer-
ence materials representing various fecal sources, were
collected from a small catchment (between Sites 1 and
2) that was selected for intensive investigation. This
smaller subcatchment was used to generalize the results
for the rest of the perennially flowing portion of the
Plum Creek watershed. This generalization is defensible
because of similarities in land use (Table 1), agricultural
practices, topography, climate, water quality properties,
and E. coli concentrations (Table 3). However, more
coliphage and Bacteroidales marker might be detected
downstream from this site if detection limits for these
tests require more fecal contamination than was present

Table 5. Detection of Bacteroidales-based markers, by depth,
from bed sediment samples at Site 2 (n = 7 at each depth).

Marker
Sample depth G R1 R2 H
0-0.1 m depth 6(86%) 1(014%) 2(29%) 1(14%)
0.1-0.2 m depth 686%) 114%) 0(0%) 2 (29%)
0.2-0.3 m depth 5(T1%) 1014%) 114%) 1(14%)
Overall (0-0.3 m depth) 17 (81%) 3 (14%) 3 (14%) 4 (19%)

T G, general fecal marker; R1 and R2, ruminant-associated markers; H,
human-associated marker.
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at site 2. Cumulative contributions by additional popu-
lations in the downstream subcatchments might increase
marker concentrations to above the detection limit.

Of the three intended MST analyses, coliphage typing
had to be abandoned early in the study because of rare
detection (1 of 24 samples [from Table 3] had mea-
surable F-specific coliphage concentrations). Prior re-
ports have indicated that F-specific coliphage are not
commonly found in all host populations, even when they
carry E. coli (Calci et al., 1998; Cole et al., 2003). In the
setting of this investigation, rare detection of coliphage
in stream water negated its usefulness for MST.

Tests of the assumptions behind MST results by use
of E. coli libraries generally supported the approach in
this setting, although the support is not strong enough to
allow reliance exclusively on this approach (see USEPA
[2005] for full details of assumptions and supplemental
material for tests and results). On the basis of the results
of these tests, the E. coli-based MST tool as applied in
this setting provided reproducible assignment to types,
the types tended to be unique to the host, and classifi-
cations of dominant fecal contamination sources, where
attempted, are expected to provide useful evidence of
contamination sources with the following exceptions: (i)
the tool was unable to detect when a source was not
represented in the library, so if the sanitary survey
results of likely sources failed then the analysis may also
fail; (ii) the tool made more false assignments for one
source (wildlife; raccoons and opossums) that may have
used feces of other hosts as a food source; (iii) the tool
was unable to detect feces from the source that had few
isolates in the library (horses; limited representation
because there were very few horses in the watershed).

Reference materials also were tested for the presence
of Bacteroidales-based host-associated markers. Marker
G, which was expected to be present in every feces
sample, was present in most cattle-, horse-, and human-
derived feces, but only some wildlife-derived feces.
The age of wildlife feces compared with other reference
feces or incomplete distribution of marker G among
wildlife are potential explanations for this result. Among
the host-associated markers, R1 and R2 were detected
in most cattle and horse reference materials but not
in wildlife and human reference materials. Marker H,
on the other hand, was detected only some of the time
in human reference material. The incomplete distribu-
tion of this marker among human populations was
previously reported (Bernhard and Field, 2000). Thus,
interpretation of marker H detection was limited to
indication of human fecal contamination in this study,
but not to indicate absence of fecal contamination from
human sources.

Interpretations of Fecal Contamination Sources
to Plum Creek Based on Microbial
Source Tracking Results

E. coli-Based Tool

The E. coli-based MST tool provided evidence that
the dominant sources of fecal contamination at Site 2

were cattle and wildlife. Although the distribution of
classifications is similar to the composition of the library
(half cattle, a quarter wildlife), which might be taken to
indicate random classification to source, the demon-
strated ability to identify sources of some spiked sam-
ples gives credibility to this evidence of contamination
sources. The pattern of error exposed in validation
efforts indicated that cattle detections may have been
overestimates of the true contribution of cattle-origin
fecal contamination and that horses and wildlife detec-
tions may have been underestimates of the true con-
tribution of fecal contamination with their respective
origins. With the caveat of these potential misrepresen-
tations, it appears, based on interpretation of the E. coli
MST data, that both cattle and wildlife contributed
substantial portions of fecal contamination to the stream
and that horses and humans contributed relatively little
or no fecal contamination to the stream at site 2.

Potential for sediment to act as a reservoir of E. coli,
which could later contaminate the water column, is
relevant to this approach. The longer E. coli are away
from the original host, the more likely it is that dif-
ferential die-off will skew the type distribution in the
water column away from the type distribution in the
known-source library (sensu Gordon et al., 2002). To
partially address this question, sediment- and water-
isolated E. coli OTU distributions were compared.
Among the OTU detected more than once in the en-
vironmental settings (43 of 156 OTU detected in the
environment), 13 were detected in both water and sedi-
ment, 23 were detected only in water, and 7 were de-
tected only in sediment. The considerable overlap in
sediment and water-detected OTU indicates that largely
the same population of E. coli was present in both. The
presence of more unique OTUs in water samples than in
sediment samples may be because sediment samples
were not collected during the first half of the study and
because sediment-isolated E. coli were biased toward
those OTU capable of the most rapid growth in the
MPN liquid medium.

Bacteroidales-Based Tool

Although E. coli concentrations were at or above
regulatory limits in 9 of 14 water samples for which
Bacteroidales markers were analyzed, neither ruminant
nor human sources were detected in most (8 of 9) of
the contaminated water samples. However, marker G
was detected in all water samples. This is compatible
with the fact that the general Bacteroides assay (marker
G) is more sensitive than the host-associated assays
(Bernhard and Field, 2000) and with the likelihood that
host-associated populations were below marker detec-
tion limits. An alternative explanation is that the fecal
contamination detected in the stream by analysis for
E. coli was from non-human, non-ruminant sources. In
bed sediment, Bacteriodales markers identified rumi-
nant (cattle and/or horse) and human as potential
sources of fecal contamination. The detections of the
general (G), ruminant (R1 and R2) markers, and human
marker (H) were distributed throughout the interval
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from 0.0 to 0.3 m. Host-associated Bacteroidales markers
were not necessarily detected in the most contaminated
sediments (as measured by E. coli concentration). Where
the general Bacteroidales marker was not detected,
specific Bacteroidales-based markers also would be ex-
pected to fail detection attempts. This occurred in all
samples except for four sediment samples (19% of sedi-
ment samples; three of the four were collected on the
same date). The importance of not detecting a signal with
the general marker where there is detection of the host-
associated marker is unknown.

Integrated Evaluation of Microbial
Source-Tracking Tools

To our knowledge, this is the first report in which
library- and marker-based MST results have been inte-
grated in a toolbox approach to detect fecal contamina-
tion sources to flowing surface water. Three approaches
utilizing coliphage, E. coli, and Bacteroidales-based MST
tools were applied to feces, water, and sediment sam-
ples to identify bacterial sources in the Plum Creek
watershed. Of these, coliphage-based MST was not ap-
plicable because coliphage were rarely detected in water
samples using the study methods.

The E. coli-based MST tool provided confirmatory
evidence that cattle and wildlife were dominant fecal
contamination sources within the watershed. The library-
dependent E. coli analysis used in this study could the-
oretically have been applied to any population that
carries E. coli in its feces; however, each population
would have to be represented in the library with ample
numbers of E. coli isolates for effective use. In com-
parison, library-independent markers have not yet been
developed for all fecal source populations, but the use
of existing markers is not constrained by library pro-
duction (USEPA, 2005). Additionally, classification of
a dominant source by E. coli MST was expected to be
reliable evidence of contamination in this study on the
basis of results for the known source spikes. Negative
aspects of the library-dependent E. coli MST were
the expense and time required for constructing a refer-
ence library, ambiguity in results caused by chronic
low levels of false classification, and inability to account
for contributions by sources not included in the known
source library.

The Bacteroidales-based MST tool had a nearly com-
plete distribution and host specificity for cattle and
horses as a class, but the distribution was less reliable for
human contamination. Because a limited number of
local reference materials are needed to validate the
method, rather than a known source library of isolates,
the overall cost of validation is less using this tool com-
pared with the E. coli rep-PCR tool. However, the num-
ber of identifiable sources is limited by the existence of
available markers for each host type. As research con-
tinues and markers are developed for more species of
interest, this limitation may be overcome. Bacteroidales
markers were not detected in samples where E. coli
concentrations were one to five times the regulatory
limit, although other evidence indicated that cattle were

among the dominant contributors of fecal contamina-
tion; therefore, utilization of these markers for MST by
use of current protocols may be confounded or under-
mined by high detection limits.

Implications of Sources Identified for Best
Management Practice Implementation

The results in this study provide evidence that cattle
and wildlife are major sources of fecal contamination in
Plum Creek stream water, whereas cattle, wildlife, and
humans contribute to the type of fecal contamination
present in bed sediment. Of the fecal sources identified,
cattle would be easier to manage to help achieve water
quality objectives in the watershed. Implementation of
cattle management BMPs likely will have the effect of
decreasing E. coli and sediment inputs to the stream.
However, the effect of decreasing sediment transport to
the stream also can have short-term detrimental effects
on stream water quality. After cattle exclusion from
streams, bankfull width can decrease because of in-
creased sediment deposition in vegetation on the stream
banks (Magilligan and McDowell, 1997). Furthermore,
incorporation of riparian buffers might cause an in-
crease in channel slope and erosion of stream bottom
sediment in the area of the riparian buffer (Haan et al.,
1994) and could cause resuspension of associated bac-
teria into the stream. Fecal loads from increased wildlife
populations using the expanded riparian habitat may
counter expected post-BMP water quality improve-
ments expected from incorporation of riparian buffers.
Water quality gains also may be tempered because of
mortality rates of fecal indicator bacteria associated with
finer sediment that is delivered to a stream after passage
through a riparian buffer (Anderson et al., 2005). Mor-
tality rates of various fecal indicator bacteria including
fecal coliforms, fecal streptococci, and E. coli are less in
clay-sized sediments than in coarser sediments (Burton
et al., 1987; Sherer et al., 1992; Howell et al., 1996).

The combined effect of multiple cattle management
BMPs on improving water quality has not been studied
extensively, but the studies that have been completed
reported net improvements (Edwards et al., 1997;
Brannan et al., 2000; Agouridis et al., 2005). Potential
implementation of BMPs by natural resource managers
and local farmers to reduce fecal indicator bacteria input
from cattle into streams in the Plum Creek watershed
will need to consider possible water quality, geomor-
phological, and interactive effects, as well as economic
considerations before they are initiated.

CONCLUSIONS

Water quality analyses in the Plum Creek watershed
in south-central Nebraska showed significant increases
in E. coli concentrations between Site 1 and Site 2. Tar-
geted sampling and analysis of stream water, stream bed
sediment, and reference fecal material in this catchment
reach have been used to provide evidence about the
origins of E. coli contamination in the watershed by use
of coliphage, E. coli, and Bacteroidales-based MST tools.
This reach was chosen for in-depth investigation be-
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cause it was the most upstream reach in which large
concentrations of E. coli were detected. Sampling from a
portion of the fairly homogeneous (as evidenced by land
use, agricultural practices, topography, climate, and
water quality) Plum Creek watershed allowed for a
small area from which to collect fecal source samples to
represent the E. coli population from various sources.
Similarities of land use characteristics and E. coli con-
centrations throughout the perennially flowing stream
reach indicate that MST results from the targeted
samples may be representative of other parts of the
Plum Creek watershed as well.

Lack of coliphage detections in Plum Creek precluded
its use as a MST tool in this setting. Both the E. coli-
based and Bacteroidales-based MST tools gave evidence
of fecal contamination sources in this watershed. The
E. coli-based MST tool (rep-PCR) supported the hy-
pothesis that cattle and wildlife were sources of E. coli
in both water and sediment, whereas the Bacteroidales-
based MST tool provided evidence that cattle and/or
horses contributed fecal contamination in water, and
cattle and/or horses and humans contributed fecal con-
tamination to sediment samples. Cattle source contam-
Ination in water samples from Site 2 was detected when
using E. coli-based MST but very infrequently (1 of 13
samples) when using the Bacteroidales markers. Low
detection rates for host-associated markers in the se-
lected catchment reach are an indication that the library-
independent markers might not always identify sources
in waters that are considered contaminated based on
fecal indicator bacteria concentrations. At sites with
higher contamination levels, the host-associated mark-
ers may more reliably detect primary sources of fecal
pollution. Although results by E. coli-based and
Bacteroidales-based MST methods led to similar
interpretations, detection of Bacteroidales markers in
sediment more commonly than in water indicates that
different tools to track fecal contamination (in this case,
tools based on Bacteroidales DNA and E. coli isolates)
may have varying relevance to the more specific goal
of tracking the sources of E. coli in watersheds.

On the basis of the results of this study, the most likely
target for management BMPs to reduce E. coli loadings
in the watershed is cattle. If BMPs are initiated to target
cattle source fecal contamination, additional consideration
of the stream geomorphology and ability of the stream
to recover should be considered before implementing
BMPs such as riparian zones or exclusion fencing.
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VALIDATION STEPS FOR
LIBRARY-DEPENDENT
SOURCE-TRACKING RESULTS
AND INTERPRETATIONS

Method-validation studies on library-dependent meth-
ods for microbial source tracking (MST) suggest that
these approaches are prone to error, particularly when
they rely on small libraries (Griffith et al., 2003; Stoeckel
et al., 2004; Moore et al., 2005). The library used in the
associated manuscript contained 409 isolates. Although
this number of isolates is small relative to current rec-
ommendations (Jenkins et al., 2003; Wiggins et al.,
2003), these isolates were obtained from individuals
representing between 7 and 75% of total populations
of those sources in the target subwatershed. If what is
important for accurate library-dependent MST is rep-
resentation of the source populations, rather than the
absolute size of the libraries, then the 409-isolate library
should be sufficient for the task in this setting. Library-
independent methods for microbial source tracking, such
as coliphage typing and detection of host-associated
molecular markers, also must be validated in the time
and space of the individual study (USEPA, 2005). Vali-
dation information for the library-independent methods
was presented in the associated text. This section provides
supplemental material related to the extensive valida-
tion testing of library-dependent (E. coli-based) source-
tracking results and interpretations.

The known-source library contained rep-PCR patterns
for 201 cattle-isolated E. coli, 29 horse-isolated E. coli,
69 human-isolated E. coli, and 110 wildlife-isolated
E. coli. In all, 220 operational taxonomic units (OTU)
were assigned among the 409 known source isolates—
207 specific to one host and 13 cosmopolitan (isolated
from more than one host), as described in the associated
report. The following quality control data were used in
the various validation steps described in this section:

Twenty duplicate pair analyses of known-source E. coli;

Fifteen duplicate pair analyses of water- or sediment-
isolated E. coli;

Thirty-six replicate analyses of the positive-control E. coli
from the American Type Culture Collection (ATCC),
identified as strain 25922;

Five single-blind, single-source-spiked challenge samples.

Quality Control Characteristics of Analytical Data

The precision of the rep-PCR analytical method was
characterized by the 20 replicate analyses and the 36
positive control repeated measures analyses. The 36
positive control analyses were further used to validate
PCR product patterns produced in each run, and neg-
ative control (blank) samples were used to test for PCR
products that might come from contamination.

Blanks and Positive Controls

None of 17 PCR blank reactions showed evidence of
DNA amplification when analyzed on the Bioanalyzer
or by agarose gel electrophoresis. The repeated-measure

positive control (ATCC 25922) run with each batch
of PCR showed the expected PCR product patterns in
all runs.

Replicate Isolates

Two of 35 sample replicates (6% ) showed visible dif-
ferences sufficient to be assigned to a different OTU-
one replicate showed a substantial difference in the
normalization (very similar pattern, pattern offset more
than typical in other replicates); the other replicate had
several differences in the pattern(s) of PCR products
(some caused by a major difference in intensity). Among
the 36 repeated measures on strain ATCC 25922, four
(11%) showed a difference in the pattern(s) of PCR
products because of a major difference in intensity.
There was no evidence that isolates were mixed up, that
banding patterns shifted during the timeframe of these
analytical runs, or that more than 6 to 11% of isolates
were wrongly assigned to different subtypes.

The 35 replicate analyses had average similarity
(Pearson coefficient, 5% optimization to account for
normalization bias) of 88% (interquartile range 82 to
96%), and the replicate samples often did not cluster
together on the dendogram —this underscores the need
for professional judgment when assigning OTU. Average
similarity among the repeated-measures isolate (ATCC
25922) was 84% (interquartile range 76 to 93%).

Replicate Samples

Replicate analyses were done on four feces samples to
evaluate whether (i) the sampling effort was sufficient to
represent the diversity of major E. coli types in various
samples and (ii) the same types would be recovered
from independent analyses of different subsamples from
the same fecal sample (data not shown). A replicate
analysis also was done on one test water sample to eval-
uate whether the same results could be obtained on in-
dependent samples at the same site and time.

The same OTU frequently were isolated in replicate
analyses of fecal samples, which indicated that the sam-
pling effort invested in human and cattle fecal material
was sufficient to represent the E. coli OTU diversity
present in the individual feces sample. In all four cases,
the major OTU was recovered in duplicate analysis of
fecal suspension. In three of four cases, the major OTU
also was recovered in a different fecal suspension pre-
pared from a different location in the fecal mass. Di-
versity in water, on the other hand, was much higher and
the sampling effort for the individual water sample did
not completely represent the total diversity present in
the sample. This diversity was expected from a prior
study on a much larger river system, the Chattahoochee,
in Georgia, in which the same ribotypes (analogous to
OTU) rarely were recovered from various samples even
with extensive sampling effort (Hartel et al., 2004).

Classification of E. coli to Source

Various strategies can be used to classify E. coli as to
source by comparison to a known source library of data



patterns (Ritter et al., 2003). The most commonly used
strategies include direct matching of OTU in the library
to OTU of unknowns, nearest neighbor (or maximum
similarity) classification, and classification by discrimi-
nant analysis. These three strategies were evaluated for
effectiveness against the experimental data set.

Classification by 1:1 Operational Taxonomic
Unit Matching

Each isolate was assigned an OTU. Briefly, the fifth-
percentile similarity among repeated measures data was
used as a primary criterion to describe variability in the
method. Isolates that were more similar than the re-
peated measures criterion were considered indistin-
guishable members of the same OTU. Operational
taxonomic units defined in this way were checked and
modified as needed by best professional judgment be-
cause, in many cases, the human eye could detect simi-
larities and differences that the BioNumerics software
(Applied Maths, Sint-Martens-Latem, Belgium) did not
recognize. In cases where a sediment- or water-isolated
E. coli was assigned to an OTU that was otherwise ex-
clusively found in one source category, that isolate was
classified to the matched source.

Accuracy by use of similar OTU-matching strategies
has been reported to be higher than other analytical ap-
proaches to classification in methods-comparison studies
(Ritter et al., 2003; Stoeckel et al., 2004). However, the
1:1 matching strategy often results in an uncomfortably
large proportion of isolates for which classification is
unknown (Ritter et al., 2003; Stoeckel et al., 2004). Inter-
pretation of results in terms of major fecal contamina-
tion sources to water is muddied when a large proportion
of water-isolated E. coli remains unclassified. In this
data set, 117 of 154 water-isolated E. coli and 55 of 66
sediment-isolated E. coli could not be classified by the
1:1 OTU matching approach. Isolates could not be classi-
fied if there was no OTU match in the known source
library or if the OTU matched isolates were coming from
more than one source (cosmopolitan OTU).

Classification by Script-Based Nearest
Neighbor Matching

The nearest neighbor (NN) approach to classification
assigns an isolate of unknown origin to the source of the
known source isolate to which it is most similar. This
approach can lead to classification error if the test iso-
late is dissimilar to all known source library isolates or is
equally similar to known source isolates from different
sources. A custom script in the BioNumerics software
called “Bootstrap” can be used for improved NN clas-
sification. The Bootstrap script resamples the library
and assigns isolates of unknown origin to a source in
each resampling. The results table includes the source to
which each isolate was assigned most frequently, the
maximum similarity to a known source isolate (S), and
the proportion of iterations in which the isolate of
unknown origin was assigned to the source (P). The
strategy for acceptance of a classification based on S and
P is user-defined.

In this study, the 20 duplicate pair analyses from
known sources were used to help generate an accep-
tance strategy. One member of the pair was included in
the known source library, and the other was treated as
an unknown. Bootstrap sample sizes of 15, 30, and 50
were tested, and results were scored true or false for
each test. By use of a sample size of 30 isolates, 17 of the
20 duplicates were classified correctly. Values for S and
P among the correct and incorrect classifications were
evaluated to establish acceptance criteria. Low strin-
gency acceptance criteria were S > 85% and P > 40%;
by use of these criteria, 1 of 3 incorrect classifications
would be accepted, and 13 of 17 correct classifications
would be accepted. Higher stringency acceptance cri-
teria were S > 90% and P > 60%; by use of these
criteria, 0 of 3 incorrect classifications would be ac-
cepted, but only 8 of 17 correct classifications would be
accepted. Results of NN classification with the lower
stringency acceptance criteria are presented in the asso-
ciated text.

Classification by Discriminant Analysis

In general, 1:1 OTU matching and NN matching re-
sult in failure to classify a large number of isolates.
Centroid-based classification strategies, such as discrim-
inant analysis, are sometimes used to classify more iso-
lates on the basis of within-source commonalities
(Wiggins, 1996). For these strategies to work, however,
there must be some degree of structure to the data set
such that isolates from the various sources can be dis-
criminated. One way to evaluate whether centroid-
based strategies are likely to work is to plot the data in
two or three dimensions by a technique such as multi-
dimensional scaling. Figure S1 depicts the known-source
isolates, which in this data set do not naturally segregate
by their rep-PCR characteristics; therefore, centroid-
based methods of analysis were considered inappropri-
ate for this data set.

Evaluation of Accuracy
Known Source Single Blind Challenge Samples

Known source spikes were created to evaluate clas-
sification error by each analytical approach (Table S1).
The spikes were submitted blind to the analyzing labo-
ratory and contained fecal material from a single known
source, generally from at least 20 individuals, except for
the horse spike (because there were only eight horses in
the watershed) and the chicken spike, which consisted of
a fresh fecal sample from only one animal. False positive
classifications at low levels were routine; in two cases the
overall sample classification (dominated by cattle or
human feces) would have been correct; in two cases, the
sample could not be clearly classified; in the fifth case,
the wrong classification would have been given (clas-
sified as cattle when, in fact, the contamination source
was chicken, not in the known source library, and the
sample should have been deemed unclassifiable). Ex-
cept in the unlikely case where a dominant source was
not in the library, classification of a dominant source
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Fig. S1. Multi-dimensional scaling plot of isolates in the known source library. For effective discrimination by centroid-based statistical methods, the

isolates should cluster by source.

was expected to be useful as confirmatory evidence of
source in this study on the basis of results for the known
source spikes.

Validation Summary

The assumptions behind library-dependent MST tools
(in this case, E. coli libraries) generally were supported
in this data set (see USEPA, 2005, for full details of
assumptions). First, the method must be able to repro-
ducibly discriminate various types; in this study, duplicate
analyses allowed measurement of precision (numeric
value variable depending on similarity metric used), and
220 types were detected within the limits of method
precision with less than 10% error. Second, the types
detected must be specific to host; in this study, only 13
of the 220 types (6%) were detected in multiple hosts
(cosmopolitan). Third, the method must be able to de-
tect the source in spiked samples; in this study, the cor-
rect source was detected in two of three attempts, and the
incorrect classification was for a ringer (a source not in
the known source library) for which the spike was created
from a single individual’s feces. In the remaining two
samples, classification of a source was not attempted be-

cause multiple sources were indicated. In one of these
cases (wildlife), the pattern of cosmopolitan isolates in-
dicated that wildlife likely used animal feces as a food
source, making discrimination of wildlife samples from
other sample types difficult. In the other case (horses),
the source population was very small so classification was
made more difficult because the library was dispropor-
tionate for that source. On the basis of results of these
validation steps, the E. coli-based MST tool as applied in
this setting provided reproducible assignment to types
and the types defined tended to be unique to source;
however, the value of classifications was limited by the
following exceptions: (i) the tool was unable to detect
when a source was not represented in the library, so if the
sanitary survey assumptions of likely sources failed then
the analysis may also fail; (ii) the tool falsely classified
many isolates from one source (wildlife; raccoons and
opossums) that may have used feces of other hosts as a
food source; and (iii) the tool was unable to detect feces
from one source that had disproportionately low repre-
sentation in the library (horses; only 7% of library iso-
lates, whereas ideal target representation in a four-source
library would be 25%; fewer isolates were included be-
cause there were very few horses in the study area).

Table S1. Microbial source-tracking results of single blind known source spike samples. OTU, operational taxonomic unit; NN, nearest
neighbor; Cosmopolitan, OTU detected in more than one source; Number in parentheses is the number of isolates from that sample that

matched to a particular source.

Feces source OTU 1:1 direct matching

BioNumerics NN (lower stringency) BioNumerics NN (higher stringency) Expected dominant sourcef

Horse horse (1); unknown (9) cattle (3); horse (5); unknown (2) cattle (1); horse (2); unknown (7) unclassified

Chicken cattle (1); unknown (9) cattle (6); wildlife (1); unknown (3) cattle (4); wildlife (1); unknown (5) cattle

Human human (4); unknown (3); cattle (1); human (6); wildlife (1); cattle (1); human (5); wildlife (1); human
cosmopolitan (3) unknown (2) unknown (3)

Cattle cattle (7); unknown (3) cattle (6); horse (1); unknown (3) cattle (3); horse (1); unknown (6) cattle

Wildlife horse (2); human (1); wildlife  cattle (2); horse (1); human (3); horse (1); human (3); wildlife (2); unclassified

(1); cosmopolitan (4);
unknown (1)

wildlife (2); unknown (1)

unknown (3)

T No objective criteria are available by which to evaluate the expected dominant source; therefore, our criteria were arbitrary based on the available data set.
When (1) one source comprised more than half of the classified isolates, (2) the other classifications were distributed among multiple sources, and (3) the
three tests were in agreement, then the source was identified as the expected dominant source of contamination to the sample.
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