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• High-frequency intra-storm samples
were taken in an instrumented urban
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• Concentrations and loading rates of four
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• Culturable and molecular general fecal
indicators correlate significantly.

• Source-specific and general fecal indica-
tors show different patterns.
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Elevated concentrations of fecal indicator bacteria in receiving waters during wet-weather flows are a consider-
able public health concern that is likely to be exacerbated by future climate change and urbanization. Knowledge
of factors driving the fate and transport of fecal indicator bacteria in stormwater is limited, and even less is known
about molecular fecal indicators, which may eventually supplant traditional culturable indicators. In this study,
concentrations and loading rates of both culturable and molecular fecal indicators were quantified throughout
six storm events in an instrumented inland urban stream. While both concentrations and loading rates of each
fecal indicator increased rapidly during the rising limb of the storm hydrographs, it is the loading rates rather
than instantaneous concentrations that provide a better estimate of transport through the stream during the en-
tire storm. Concentrations of general fecal indicators (both culturable andmolecular) correlatedmost highlywith
each other during storm events but not with the human-associated HF183 Bacteroides marker. Event loads of
general fecal indicators most strongly correlated with total runoff volume, maximum discharge, and maximum
turbidity, while event loads of HF183 most strongly correlated with the time to peak flow in a hydrograph.
These observations suggest that collection ofmultiple samples during a stormevent is critical for accurate predic-
tions of fecal indicator loading rates and total loads during wet-weather flows, which are required for effective
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watershedmanagement. In addition, existing predictivemodels based on general fecal indicatorsmay not be suf-
ficient to predict source-specific genetic markers of fecal contamination.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Fecal pollution from agricultural operations, human-derived
sources, domestic animals andwildlife are often transferred to receiving
waters during intermittent storm events, potentially leading to the
downstream dissemination of pathogens (Ford and Colwell, 1996;
Rose et al., 2000; Krometis et al., 2007; Collier et al., 2012). This repre-
sents a considerable public health concern and challenge in watershed
management. An increase in the frequency and magnitude of storm
events is predicted given anticipated climate change, with themost dra-
matic effects expected in urban areas due to their altered landscapes
and hydrology. Consequently, efforts to better understand sources,
transport processes, and accompanying risks associated with fecal
indicator bacteria (FIB) in urban stormwater runoff continue to receive
substantial attention (Gaffield et al., 2003).

The majority of previous studies have relied upon the collection and
analysis of single grab samples of surface waters during high-flow
events to understand relationships with major environmental factors
such as land use and hydro-meteorological variables (Reeves et al.,
2004; Gentry et al., 2006; Vidon et al., 2008; Liao et al., 2014). However,
the samples collected at single timepoints do not account for concentra-
tion changes during the course of a storm and therefore provide limited
information regarding how loading rates might fluctuate during storm
events. Pollutant loading information is critically important for water-
shed managers, as the current regulatory strategy informing remedia-
tion efforts is the Total Maximum Daily Load (TMDL) program under
the U.S. CleanWater Act's sections 305(b) and 303(d), which quantifies
target reductions in contamination per source in terms of loads rather
than concentrations (Benham et al., 2011). Recent studies that have an-
alyzedmultiple discrete samples per storm event have noted that a sin-
gle storm in an urban watershed could transport the same FIB loads as
multiple years' of dry-weather loads, further emphasizing the need to
focus on reductions of stormwater inputs of fecal contamination to
reduce downstream impacts and exposure risks (Krometis et al., 2007).

Previous estimates of stormwatermicrobial loads have focused exclu-
sively on levels of culturable FIB (e.g., Escherichia coli, enterococci)
(Surbeck et al., 2006; Hathaway et al., 2010;McCarthy et al., 2013), so lit-
tle is known regarding stormwater loading rates of emerging microbial
source tracking (MST) indicators. Focusing on the transport of culturable
FIB remains important given current regulatory standards and programs
that list maximum permissible culturable FIB concentrations in terms of
coliform forming units (CFU) per 100 mL. However, it appears likely
that quantitative polymerase chain reaction (qPCR) will eventually sup-
plant culture-based methods as the monitoring mechanism of choice.
Compared to culture-based methods, qPCR is advantageous in situations
that require quick regulatory decisions (e.g., beach closures) (Griffith
et al., 2009) or quantification of relative contributions from different pol-
lutant sources in order to prioritize remediation efforts (Sauer et al.,
2011). Given that MST markers generally target genetic material rather
than viable organisms, their transport dynamics during stormflows may
be different. This represents an important knowledge gap in developing
improved approaches towatershedmanagement and research is needed
to investigate the relationships between the two method endpoints and
understand associations with environmental variables.

The goal of this studywas to quantify the transport of culturable and
molecular fecal indicators in an inland urban stream during storm
events. The specific objectives were to 1) contrast the intra-storm pat-
terns of concentrations and loading rates of culturable and molecular
fecal indicators throughout each storm; 2) estimate the total event
load of each fecal indicator during each storm; and 3) investigate how
storm-induced event loads of different fecal indicators relate to a variety
of hydro-meteorological and physicochemical factors. High-frequency
samples were collected during six summer storms in 2013, and ana-
lyzed using multiple methods to generate concentrations of culturable
E. coli (EC), culturable enterococci (ENT), Enterococcus spp. 23S rRNA
gene copies (ENT-23S) (Haugland et al., 2005), and the human-
associated HF183 Bacteroides 16S rRNA gene copies (HF183) (Seurinck
et al., 2005) for each sample. It is important to note that these indicators
were selected based on the primary objective to examine relative
changes of different types of fecal indicators commonly used in urban
watersheds during storm events; although a widely used indicator of
human pollution was one of these targets, the goal of this work was
not to definitively quantify or detect specific sources of fecal inputs in
the watershed.

2. Materials and methods

2.1. Study area description

Samples were collected at a sampling bridge at the Virginia Tech
Stream Research, Education, and Management Laboratory (StREAM
Lab) along Stroubles Creek in Blacksburg, VA, USA (Fig. 1) (Thompson
et al., 2012). The 15-km creek, classified as a recreational water, runs
from northeastern Blacksburg, through the Virginia Tech campus, and
then into the New River, which has been the region's main source of
drinking water supply and home to various recreational activities
since the 1950s. A segment of the creek is instrumented with real-
time monitoring capacity for a variety of hydro-meteorological and
physicochemical variables as described in previous studies (Thompson
et al., 2012; Liao et al., 2014). Thewatershed that drains to the sampling
site encompasses an area of 14.4 km2 currently classified as 84% urban/
residential, 13% agricultural, and 3% forested (Fig. 1). The average annu-
al precipitation is 103.9 cm (40.9 in.) with 30% of this precipitation
occurring during the summer (June–August). The average temperature
in summer is 20.9 °C (69.7 °F),with aminimumof 14.7 °C (58.4 °F) and a
maximum of 27.2 °C (80.9 °F).

Growth and urbanization is rapidly changing the Stroubles Creek
watershed and stream hydrology (VADEQ and VADCR, 2006). The
complete watershed above the sampling bridge is serviced by a sewer
system, and storm and sanitary sewers are entirely separate. A Total
Maximum Daily Load (TMDL) implementation plan was established in
2006 to address violation of the general biological integrity clause of
the Clean Water Act; reduced benthic macro-invertebrate abundance
anddiversitywas assumed to bemainly the result of excessive sediment
loads (VADEQ and VADCR, 2003, 2006). In 2008, the 11.6-km segment
of the creek (Fig. 1) was added to the state's 303(d) impaired waters
list due to elevated E. coli levels, with a TMDL specifying reductions in
reducing bacteria loads impending (VADEQ, 2010).

2.2. Sampling strategy

Discrete water samples were collected automatically via a Teledyne
6712 ISCO sampler (Isco, Inc., Lincoln, NE, USA) during six summer
storms (June 26, June 27, June 30, July 2, July 10, and July 21, 2013).
Prior to an anticipated storm event, the ISCO was loaded with 24 pre-
sterilized sampling bottles and programed for equal-volume (i.e.
750 mL) sampling at constant intervals (i.e. 15 min or 30 min). The
ISCO was triggered manually based on direct observations of rainfall
within the watershed. The samples were kept on ice and retained for
analysis if discharge and turbidity values (continuously monitored in



Fig. 1. Location and land use distribution of upstream watershed above the sampling bridge — B1 (map projection: NAD83/UTM zone 17 N; land cover data source: NLCD 2006 http://
nationalmap.gov/).
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real-time at the StREAM Lab) were higher than the observed average
dry-weather values. In addition, three grab samples were collected dur-
ing dry-weather conditions, defined as no rainfall for the previous 24 h
(June 25, July 9, and July 16, 2013). These samples provided baseline FIB
concentrations to enable comparison with wet-weather FIB concentra-
tions. All samples were preserved on ice during transport and stored
at 4 °C for less than 24 h in the Water Microbiology Lab of Virginia
Tech prior to analysis.

2.3. Laboratory analyses

Concentrations of culturable E. coli and enterococci in each sample
were measured via the Colilert® and Enterolert® Defined Substrate
Technology® kits, respectively (IDEXX Laboratories, Inc., Westbrook,
ME, USA). All samples were diluted with reagent-grade water by
1:100 prior to analysis following the manufacturer's instructions. Both
tests used the Quanti-Tray®/2000 for enumeration of cells, and the
number of positive wells were converted to most probable number
(MPN) per 100 mL water via the MPN generator software (IDEXX,
2015). An additional 50 mL from each sample was filtered through a
Millipore™ Isopore™ Polycarbonate Membrane Filter (0.4 um pore
size, 47 mm diameter; Fisher Scientific, Pittsburgh, PA, USA) and stored
in 2-mL sterile cryotubes at−80 °C for future qPCR analyses. DNA was
extracted from the filters via the PowerSoil® DNA Isolation Kit (MO BIO
Laboratories, Inc., Carlsbad, CA, USA) according to the manufacturer's
protocol. Filters were cut into smaller fragments with sterile razor
blades prior to addition to the PowerBead Tubes, a technique frequently
employed in environmental studies to maximize DNA removal and re-
covery (Sauer et al., 2011). Extracted DNA concentrations were quanti-
fied using the Qubit® dsDNA BR Assay kit (Life Technologies, Grand
Island, NY, USA), following the manufacturer's instructions.

Molecular assays were performed using previously published
methods for the Enterococcus spp. 23S rRNA genetic marker
(Haugland et al., 2005), and the human-associated HF183 Bacteroides
16S rRNA genetic marker (Seurinck et al., 2005), adhering to the guide-
lines outlined in Bustin et al. (2009). Briefly, qPCR reaction mixtures to
detect ENT-23S consisted of 12.5 μL of 2× iTaq™ universal probes
supermix (BioRad, Hercules, CA, USA), 500 nM each primer, 400 nM
probe, 2 mg/mL bovine serum albumin (Fisher Scientific, Pittsburgh,
PA, USA), and 5 μL DNA template (sample DNA extracts containing
15 ng total DNA, or 10 to 107 copies of plasmid standards). The total re-
action volume was adjusted to 25 μL with PCR-grade water (MO BIO
Laboratories, Inc., Carlsbad, CA, USA). The reaction mixtures for HF183
contained 12.5 μL of 2× iTaq™ universal SYBR Green supermix (BioRad,
Hercules, CA, USA), 300 nM each primer, and 5 μL DNA template
(sample DNA extracts containing 15 ng total DNA, or 10 to 107 copies
of plasmid standards), in a total reaction volume of 25 μL adjusted by
PCR-grade water. All qPCR reactions were performed in triplicate in
96-well plates using an Eppendorf Mastercycler® ep realplex instru-
ment (Eppendorf North America, Hauppauge, NY, USA). A no template
control (i.e. replacing DNA template with PCR-gradewater) was includ-
ed in each 96-well plate run. The amplification efficiency (E) was esti-
mated from the slope of the log standard curve as E = 10−1/slope − 1.
Data from each run were only used if efficiency was between 0.9 and
1.1, the correlation coefficient value was above 0.99, and the no tem-
plate controls did not amplify. Concentrations of molecular markers
were reported as copy number (CN) per 100mL as described previously
(Yun et al., 2006).

2.4. Data analysis and statistics

Colilert and Enterolert samples above the maximum detection limit
were assigned the highest value within the limits of detection
(241,960 MPN/100 mL) and samples below the detection limit were
assigned the lowest value within the limits of detection (100 MPN/
100 mL), as in similar studies (Converse et al., 2011). Only 4 out of
130 total samples (3%) measured via the Colilert and Enterolert tech-
niques fell into either of these categories. All qPCR results were within
the dynamic range of the standards.

For eachmonitored storm event, two key parameters were calculat-
ed using previously publishedmethods: 1) event load (EL), which is the
total pollutant load during a storm event (Eq. (1)) (Chong et al., 2011a;
McCarthy et al., 2012, 2013); and 2) equivalent background period
(EBP), which is the ratio of a storm event load to a dry-weather load

http://nationalmap.gov/
http://nationalmap.gov/


Table 1
Hydrometeorological characteristics of the six storm events during which water samples were collected for this study.

Storm ID (sample size) S-1 (n = 23) S-2 (n = 18) S-3 (n = 24) S-4 (n = 24) S-5 (n = 19) S-6 (n = 22)

Sampling date June 26 June 27 June 30 July 2 July 10 July 21
Sampling frequency (min) 15 15 15 30 30 15
Event rainfall depth (mm) 16 6 17 17 12 7
Event duration (h) 12 7 13 19 23 6
Time to peak flow (h) 3 1 3 11 3 1
Event runoff volume (m3) 58,000 8100 57,000 37,000 70,000 12,000
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during an equivalent time period (Eq. (2)) (Krometis et al., 2007). Be-
cause the 15-min intervals of continuouslymonitored streamflowmon-
itoring data did not always strictly overlap with the water sampling
time, the instantaneous loading rates were calculated by multiplying
the fecal indicator concentration with the streamflow recorded (or
linearly interpolated) at the time of sample collection. The maximum
capacity of 24 sampling bottles of the ISCO sampler allowed us to obtain
samples from the majority of each storm hydrograph (i.e. rising limb,
peak, and partial falling limb of a storm), but not the entire recession
to baseline. Therefore, in order to estimate the event load during a
storm, average FIB concentrations measured during three dry-weather
conditions were used as the FIB concentration corresponding to the
end of each storm event (Fig. 4), in keeping with previous studies
(Krometis et al., 2007).

EL ¼ 104
XN

i¼1

QiCiΔt ð1Þ

EBP ¼ EL=DL ð2Þ
Fig. 2. Box-and-whisker plots of fecal indicator concentrations observed during each storm. Th
shows 75th, 50th, and 25th percentile; circles represent outliers. The solid red line represents th
dotted red line represents a single sample enterococci standard (104 MPN/100 mL). (For inter
version of this article.)
where, Ci = ith discrete fecal indicator concentration (MPN/100 mL);
Qi = ith discrete discharge (m3/s); N = total number of discrete con-
centrations measured; Δt = sampling frequency (s); DL = mean total
dry-weather loads in the same duration of the storm event (MPN)

Principal component analysis (PCA) is often used to identify relevant
information from environmental data by reducing a complex dataset to
a lower, andmore easily visualized, number of dimensions (Vialle et al.,
2011). In this study, by resolving multiple variables into lower dimen-
sional principle components, PCA was used to 1) identify and visualize
relationships between measurements of concentrations of culturable
E. coli, culturable enterococci, the Enterococcus spp. 23S rRNA genetic
marker, and the human-associated HF183 Bacteroides 16S rRNA genetic
marker; and 2) investigate relationships between the event loads of
each fecal indicator and various environmental variables available
from ongoing in-stream monitoring efforts at the StREAM Lab and an
extensive literature review of previous studies (Table A.1) (McCarthy
et al., 2013). The environmental variables that had statistical correla-
tions with event loads of at least one of the fecal indicators (Pearson's
correlation analysis of log-transformed data, p b 0.1) were selected for
PCA analysis. During the PCA analysis, in order to eliminate the effect
of different units associated with different variables, all variables were
e upper and lower whiskers represent the 90th and 10th percentile, respectively; the box
e Virginia recreational water single sample standard for E. coli (235MPN/100mL) and the
pretation of the references to color in this figure legend, the reader is referred to the web
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standardized to have zero means and unit variance, and eigenvalues
and eigenvectors were calculated using the Spearman's rank correlation
matrix. The magnitude of EL and EBP associated with each storm was
compared using Wilcoxon signed-rank text. All statistical analyses in
this study were performed in R version 3.1.1 (R Development Core
Team, 2013).
3. Results and discussion

3.1. Summary of storm events and statistics of concentrations of each fecal
indicator

The six observed storm events varied considerably in terms of dura-
tion, rainfall depth, and total runoff volume (Table 1), reflecting a wide
spectrum of wet-weather flow conditions. Single sample measures of
fecal indicator concentrations during storms were uniformly high. Con-
centrations of culturable E. coli and enterococci were 5 to 50 times
higher than the current Virginia surface water quality standards
(SWCB, 2010). Concentrations of the Enterococcus spp. 23S rRNAgenetic
marker were 10 to 100 times higher than corresponding culturable en-
terococci concentrations (Fig. 2).
Fig. 3. Intra-stormpatterns of concentrations of each fecal indicator. X-axis represents hours pas
and enterococci (ENT) in MPN/100 mL water samples, as well as Enterococcus spp. 23S rRNA g
marker (HF183) in CN/100 mL water samples.
The human-associated HF183 marker was detected in all samples,
with median concentrations for each storm ranging from 1000 to
30,000 CN/100 mL (Fig. 2). There is no regulatory standard for HF183,
but these values would be classified as moderate (1000–5000
CN/100 mL) to high (N5000 CN/100 mL) according to a recent study
of leaking sewer infrastructure in coastal urban areas (Sauer et al.,
2011). TheHF183markerwas selected as a study target based on the re-
sults of a recent multi-laboratory study of the performance of many of
the MST markers proposed for water quality management, which sug-
gested theHF183marker is one of themost sensitive and specific genet-
ic markers of human fecal contamination (Boehm et al., 2013; Harwood
et al., 2014). However, a few studies have recorded cross-reactivity of
HF183 marker with fecal samples from animals (i.e. dog, chicken, duck
and deer) (Staley et al., 2012). Given that source-tracking was not the
primary goal of this study, the potential for cross-reactivity in this spe-
cific watershed was not explored. Despite the potential for some
cross-reactivity, the consistently high levels of the HF183 marker in
the stream is surprising for a watershed with wholly separate storm
and sanitary sewers that is so heavily urbanized (N80%). It also agrees
with several recent source-tracking studies of urban areas that suggest
sewage intrusion into storm sewers and urban streams is generally
ubiquitous due to aging infrastructure (Marsalek and Rochfort, 2004;
sed since the beginning of each stormevent; Y-axis represents concentrations of E. coli (EC)
enetic marker (ENT-23S) and the human-associated HF183 Bacteroides 16S rRNA genetic
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Sauer et al., 2011; Guérineau et al., 2014). For the purposes of TMDL im-
plementation, more rigorous source tracking efforts in this watershed
would be recommended to confirm the presence of human fecal con-
tamination and identify possible sites of sewage intrusion into the
storm sewer system.

3.2. Intra-storm patterns of concentrations and loading rates

The intra-storm patterns of the Enterococcus spp. 23S rRNA marker
were quite similar to culturable enterococci in terms of both concentra-
tions and loading rates (Figs. 3–4). This agrees with previous studies
that have observed strong correlations between culturable andmolecular
indicators of Enterococcus spp. concentrations at both coastal (Converse
et al., 2011) and inland urban watersheds (Krometis et al., 2007; Chong
et al., 2011b). While estimates of numerical concentrations using the
two methods can be quite different as qPCR detects nonculturable and
nonviable cells in addition to culturable organisms, overall differences
in the intra-storm patterns between the two indicators were generally
quite small (Spearman's rank r = 0.53, p b 0.001). Intra-storm patterns
of the HF183 appeared less predictable, or perhaps more sensitive, to
stormflow patterns. For storms with a single peak, the concentrations of
HF183 increased rapidly at the beginning of each storm, but did not
Fig. 4. Instantaneous loading rates of each fecal indicator during storm events. X-axis represents
enterococci (ENT)were reported inMPN/s, and the loading rates of Enterococcus spp. 23S rRNA
marker (HF183) were reported in CN/s. The average of dry-weather samples were used to esti
decrease as rapidly as streamdischargeduring the falling limb. For storms
with a double peak (e.g. Fig. 3, storm 4), the concentrations of HF183 de-
creased at the end of the first peak of the storm, and remained lowduring
the second peak of the storm. This may be the result of different sources
(e.g. faster depletion of the HF183 from storm sewers) or different trans-
port properties. However, it is important to note that only one storm
followed this pattern in the current study and that it also had a relatively
low peak discharge. Therefore, it is difficult to know whether this
pattern is generalizable. In fact, it is in contrast to a previous study
that observed increasing concentrations of Bacteroides spp. gene copies
over the course of a storm at coastal sites (Converse et al., 2011). This
difference may be due to the variation in the climate and landscape,
which affected hydrologic responses. For example, the storms in this
study lasted less than 24 h, while the storms in the study of Converse
et al. (2011) lasted approximately 80 h with four or five peaks in each
hydrograph.

Overall, indicator concentrations generally peaked slightly earlier
than the hydrograph, suggesting rapid inputs into the stream after the
onset of precipitation. Concentrations did not typically decrease with
discharge during the duration of the storm, while the intra-storm load-
ing rates generally follow the hydrograph more closely. The difference
between these two measures is critical from a watershed management
hours passed since the beginning of each storm event; the loading rates of E. coli (EC) and
genetic marker (ENT-23S) and the human-associated HF183 Bacteroides 16S rRNA genetic
mate the instantaneous loading rate corresponding to the end of each storm.



Fig. 7. Variables factor map of PCA on the event loads of the four fecal indicators and the
environmental variables that showed statistical significant correlation with event loads
of at least one of the four fecal indicators (Table A.2).

Fig. 5. Variables factor map of PCA on the concentrations of the four fecal indicators.
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perspective. The bulk of water quality literature has focused solely on
concentrations of indicators because the primary historical concern
with regard tomicrobialwater quality has beenpublic health risks relat-
ed to direct contact between swimmers and surface waters at recrea-
tional sites (e.g., beaches) (Schoen and Ashbolt, 2010; Soller et al.,
2010). However, it is important to note that in small urban streams,
the primary concern is typically not direct human contact with water;
instead, it is their role in transporting fecal contaminants to larger
water bodies downstreamwhere human exposure risks aremore likely.
In this case, or any timewater qualitymanagement is considered from a
whole watershed or system perspective, consideration of loads rather
than concentrations is critical in understanding system behavior
(Badgley et al., 2011). To improve the accuracy of load estimations,mul-
tiple samples spanning the whole hydrograph with higher frequency
during the rising limb should be employed if possible, instead of existing
single grab sampling at regular (e.g., monthly or seasonally) frequen-
cies. Calculating loading rates of fecal indicators, rather than simply
reporting concentrations, is critical to identifying the most prominent
Fig. 6.Measures of (A) event load (EL) and (B) equivalent background period (EBP) for each fec
and the event load of ENT-23S and HF183 were reported in CN).
sources across all spatial and temporal scales in a watershed, and to de-
termining the magnitude of source reductions required of remediation
efforts.

3.3. Relationships between the FIB concentrations measured by different
methods

Analysis via PCA of the complete dataset of concentrations of the
four fecal indicators (EC, ENT, ENT-23S and HF183, n = 137) resulted
in most of the data variance (79.4%) being contained in the first two
components, PC1 and PC2 (Fig. 5). The correlation circle describes the
correlations between each variable and the two components, with the
angle between two arrows representative of the correlation of the re-
spective variables; there is no linear dependence if the angle is 90°,
while an angle greater than 90° indicates a negative correlation
al indicator during each storm event (the event load of EC and ENT were reported inMPN,
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(Husson et al., 2014). EC, ENT and ENT-23Sweremost important var-
iables for PC1 (r = 0.88, 0.86, 0.78 respectively; p b 0.001), while
HF183 was the most important variable for PC2 (r = 0.93;
p b 0.001). EC, ENT and ENT-23S were closely correlated with each
other as indicated by the narrow angles between each arrows,
while showing weak correlations with HF183 (Fig. 5). This is not sur-
prising given that EC, ENT, and ENT-23S are associated with all fecal
sources in the watershed, while HF183 is associated predominantly
with human sources. These observations agree with data from coast-
al areas that demonstrated weak or no correlations between
culturable FIB concentrations and qPCR measures of the human
Bacteroidales genetic marker (Sauer et al., 2011; Gonzalez et al.,
2012). The observation of differences between concentrations of
general fecal indicators and the human-associated HF183 marker in-
dicates that the existing watershed-scale models based on culturable
E. coli may not be sufficient to predict downstream fluctuations of
source-specific genetic markers of fecal contamination. As emerging
MST markers are more thoroughly integrated into water-quality
monitoring efforts, additional research on the ecology of these
targets in natural environmental systems will be necessary to under-
stand and predict their performance.

3.4. Event load, equivalent background period, and association with key
environmental variables

Event load (EL) represents the cumulative magnitude of total fecal
inputs associated with a storm event, while the equivalent background
period (EBP) represents the number of time periods equal to the
duration of the storm that would be required to transport the same
load during dry-weather. Overall, the event loads of the Enterococcus
spp. 23S rRNA marker were significantly higher than the event
loads of culturable enterococci (Wilcoxon test, p b 0.05, Fig. 6A),
which was expected. However, EBPs associated with the qPCR mea-
sures were significantly smaller than those based on the culturable
measure (Wilcoxon test, p b 0.05, Fig. 6B), indicating that the ratio
of culturable to molecular indicators increases during storm events.
For example, stormwater concentrations of the Enterococcus
spp. 23S rRNA marker averaged 130-times higher than correspond-
ing culturable enterococci measures in dry weather, but only 60-
times higher during storm events. This differential response to
storm events suggests a potentially important difference in the
transport dynamics between the two types of marker. We hypothe-
size that during wet-weather flows, a substantial amount of fresh
fecal material is washed from the watershed surfaces into the
stream, resulting in a higher proportion of newer cells that can still
be captured on culture media. In contrast, during dry weather, expo-
sure to environmental stresses such as temperature and solar radia-
tion since the last storm results in a higher relative proportion of
dead or viable but nonculturable cells. Values for the EBPs of HF183
were generally even lower (except for storm 4, Fig. 6B), which may
indicate a more substantial dry-weather source (e.g., constant sew-
age intrusion) that only modestly increased during storm events
(e.g., flushing of storm sewer system). If these data truly represent
human fecal contamination, these results are consistent with what
would be expected from sewage intrusion, which would predomi-
nate in dry weather and be flushed during storm events. For all
markers, the results of this work echo previous observations that
total microbial loads from individual storms can be equivalent to
loads transported during several months to a year of dry-weather
(Krometis et al., 2007). Therefore, monitoring efforts aiding in
remediation plans such as the TMDL program should preferentially
target storm events whenever possible in addition to dry-weather
monitoring.

The complete dataset of event loads for the four fecal indicators (EC,
ENT, ENT-23S rRNA and HF183) and selected environmental variables
was analyzed via PCA. It is worth noting that during the selection of
statistically significant environmental variables, multiple comparisons
were employed without adjustment. Although the probability of Type
I errors may be elevated via this methodology, correction for multiple
comparisons (e.g. a Bonferroni adjustment)would elevate the probabil-
ity of Type II errors (Perneger, 1998, 1999). Minimizing the chance of
not finding a true relationship was considered more important in this
study. This was in keeping with a number of previous studies (Vidon
et al., 2008; Hathaway et al., 2010; McCarthy et al., 2013). Most of the
data variance (80.7%) was contained in the first two components, PC1
and PC2 (Fig. 7). The event loads of each of the four fecal indicators
show moderate positive associations with runoff duration (RD), total
precipitation in each storm (PT), and antecedent 7-day precipitation
(AP7d), butwere negatively associatedwithminimumdissolved oxygen
(DOmin). Environmental variables most strongly positively associated
with the event loads of general fecal indicators (EC, ENT and ENT-
23S) included total runoff volume (Rv), maximum turbidity
(TBmax), and maximum flow (Qmax). In contrast, event loads of
HF183 were most strongly positively associated with time to peak
flow (tp) during a storm (Fig. 7). These observations together
indicated storm wash-off is a key process controlling the event load
of fecal indicators during a storm event, which is not surprising in a
flashy stream within a steep watershed. Interestingly, the strong as-
sociation between tp and event load of HF183 potentially suggested
that mild storms of long duration can introduce more fecal contam-
ination from human sources than storms that had intense rainfall
of short duration. This could potentially occur if, for example, the
source of human contamination is exfiltration of aging sewage infra-
structure into groundwater, compared to surface sources of other
(e.g., animal) fecal material. Further research is needed to determine
if this finding is generalizable to other watersheds. However, for wa-
tershed management implications, tp could be targeted in predictive
models for quick evaluation of the effectiveness of attempts to miti-
gate human-associated fecal inputs during wet-weather flows.

4. Conclusions

This study highlights the similarities and differences among
storm loads of commonly used conventional and emerging fecal in-
dicators during urban wet-weather flows. The results suggest that
indicator specificity (general vs. source-specific) rather than type
(culturable vs. genetic marker), may be a stronger determinant of
transport processes for fecal indicators. Given that human fecal con-
tamination is generally considered to present more severe human
health risks than other sources (Soller et al., 2010), and that urbani-
zation, growing populations, and climate change can create more
chances for exposure and dissemination, there is a need to improve
understanding and prediction of transport processes for source-
specific fecal indicators. Ideally, existing water-quality models,
such as the Hydrological Simulation Program-Fortran that is most
commonly used for watershed management in United States, will
be adapted to incorporate these advances. Needed improvements in-
clude more accurate identification of non-point sources of fecal con-
tamination via microbial source tracking techniques, improved load
estimation of fecal contamination via higher-frequency sampling
techniques, and more appropriate fate and transport pathways and
parameters for relating upstream to downstream concentrations.
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Appendix A
Table A.1
Hydro-meteorological and physicochemical variables used in correlation analyses.

Variable name Description

Antecedent climatic variables that can indicate growth and removal on watershed surfaces
Radx (x = 1, 2, 7, 14, 28 days) Mean net radiation (MJ/m2) for x days prior to a storm event
APx (x = 1, 2, 7, 14, 28 days) Total precipitation (mm) in antecedent x days of a storm event
Tx (x = 1, 2, 7, 14, 28 days) Minimum temperature (°C) for x days prior to a storm event

Rainfall variables that can indicate microbial wash-off
PT Total precipitation (mm) in a storm event
PD Precipitation duration of a storm event (h)
PI Mean precipitation intensity of a storm event (mm/h)

Stream flow variables that can indicate in-stream transport
RV Total runoff volume (m3)
RD Runoff duration of a storm event (h)
Qmax Maximum flow rate (m3/s)
Qmean Mean flow rate (m3/s)
tp Time to peak flow (h)

Physicochemical water-quality variables that can indicate source, growth and removal in the stream and watershed surfaces
TBx (x = mean, min, max) Mean, minimum, maximum turbidity during a storm event (NTU)
pHx (x = mean, min, max) Mean, minimum, maximum pH during a storm event
DOx (x = mean, min, max) Mean, minimum, maximum dissolved oxygen during a storm event (mg/L)

Table A.2
Pearson's correlation coefficient between event loadings of each fecal indicator and environmental variables (p b 0.1). All variables were log10-transformed to introduce log-normal
distribution.

Environmental variables (log10-transformed) Event loadings of fecal indicators in log10(CFU)

EC ENT ENT-23S HF183

Total precipitation (mm) in antecedent 7 days of each storm event (AP7d) 0.71 0.78 0.70 0.81
Total precipitation (mm) of each storm event (PT) 0.75 0.81
Total runoff volume (m3) of each storm event (RV) 0.90 0.85 0.90 0.73
Runoff duration (h) of each storm event (RD) 0.82 0.85 0.80 0.84
Maximum observed flow (m3/s) during each storm event (Qmax) 0.76 0.71 0.80
Time to peak flow (h) of each storm event (tp) 0.92
Minimum observed dissolved oxygen (mg/L) during each storm event (DOmin) −0.86 −0.73 −0.83
Maximum observed turbidity (NTU) during each storm event (TBmax) 0.77 0.75
References

Badgley, B.D., Thomas, F.I.M., Harwood, V.J., 2011. Quantifying environmental reservoirs
of fecal indicator bacteria associated with sediment and submerged aquatic vegeta-
tion. Environ. Microbiol. 13, 932–942. http://dx.doi.org/10.1111/j.1462-2920.2010.
02397.x.

Benham, B., Krometis, L.A., Yagow, G., Kline, K., Dillaha, T., 2011. Applications of microbial
source tracking in the TMDL process. In: Hagedorn, C., Blanch, A.R., Harwood, V.J.
(Eds.), Microbial Source Tracking: Methods, Applications, and Case Studies. Springer
Science + Business Media, LLC, 233 Springer Street, New York, NY 10013, USA,
pp. 313–335.

Boehm, A.B., Van DeWerfhorst, L.C., Griffith, J.F., Holden, P.A., Jay, J.A., Shanks, O.C., Wang,
D., Weisberg, S.B., 2013. Performance of forty-onemicrobial source trackingmethods:
a twenty-seven lab evaluation study. Water Res. 47, 6812–6828.

Bustin, S.A., Benes, V., Garson, J.A., Hellemans, J., Huggett, J., Kubista, M., Mueller, R., Nolan, T.,
Pfaffl, M.W., Shipley, G.L., 2009. The MIQE guidelines: minimum information for publi-
cation of quantitative real-time PCR experiments. Clin. Chem. 55, 611–622. http://dx.
doi.org/10.1373/clinchem.2008.112797.

Chong, M.N., Aryal, R., Sidhu, J., Tang, J., Toze, S., Gardner, T., 2011a. Urban stormwater
quality monitoring: from sampling to water quality analysis. 2011 Seventh
International Conference on Intelligent Sensors, Sensor Networks and Information
Processing (ISSNIP). IEEE, Melbourne, Australia, pp. 174–179.

Chong, M.N., Aryal, R., Sidhu, J., Tang, J., Toze, S., Gardner, T., 2011b. Urban stormwater
quality monitoring: from sampling to water quality analysis. Intelligent Sensors,
Sensor Networks and Information Processing (ISSNIP), 2011 Seventh International
Conference on. IEEE, pp. 174–179.

Collier, S., Stockman, L., Hicks, L., Garrison, L., Zhou, F., Beach, M., 2012. Direct healthcare
costs of selected diseases primarily or partially transmitted by water. Epidemiol.
Infect. 140, 2003–2013. http://dx.doi.org/10.1017/S0950268811002858.
Converse, R.R., Piehler, M.F., Noble, R.T., 2011. Contrasts in concentrations and loads of
conventional and alternative indicators of fecal contamination in coastal stormwater.
Water Res. 45, 5229–5240.

Ford, T.E., Colwell, R.R., 1996. A Global Decline in Microbiological Safety of Water: A Call
for Action. American Academy of Microbiology (http://academy.asm.org/index.php/
colloquium-program/water-/214-a-global-decline-in-microbiological-safety-of-
water-a-call-for-action (accessed 11 Oct. 2012)).

Gaffield, S.J., Richards, L.A., Jackson, R.J., 2003. Public health effects of inadequately
managed stormwater runoff. Am. J. Public Health 93, 1527–1533.

Gentry, R.W., McCarthy, J., Layton, A., McKay, L.D., Williams, D., Koirala, S.R., Sayler, G.S.,
2006. E. coli loading at or near base flow in a mixed-use watershed. J. Environ.
Qual. 35, 2244–2249.

Gonzalez, R.A., Conn, K.E., Crosswell, J.R., Noble, R.T., 2012. Application of empirical
predictive modeling using conventional and alternative fecal indicator bacteria in
eastern North Carolina waters. Water Res. 46, 5871–5882.

Griffith, J.F., Cao, Y., McGee, C.D., Weisberg, S.B., 2009. Evaluation of rapid methods and
novel indicators for assessing microbiological beach water quality. Water Res. 43,
4900–4907.

Guérineau, H., Dorner, S., Carrière, A., McQuaid, N., Sauvé, S., Aboulfadl, K., Hajj-Mohamad,
M., Prévost, M., 2014. Source tracking of leaky sewers: a novel approach combining
fecal indicators in water and sediments. Water Res. 58, 50–61.

Harwood, V.J., Staley, C., Badgley, B.D., Borges, K., Korajkic, A., 2014. Microbial source
tracking markers for detection of fecal contamination in environmental waters: rela-
tionships between pathogens and human health outcomes. FEMS Microbial. Rev. 38,
1–40. http://dx.doi.org/10.1111/1574-6976.12031.

Hathaway, J., Hunt, W., Simmons III, O., 2010. Statistical evaluation of factors affecting
indicator bacteria in urban storm-water runoff. J. Environ. Eng. 136, 1360–1368.

Haugland, R.A., Siefring, S.C., Wymer, L.J., Brenner, K.P., Dufour, A.P., 2005. Comparison of
Enterococcus measurements in freshwater at two recreational beaches by

http://dx.doi.org/10.1111/j.1462-2920.2010.02397.x
http://dx.doi.org/10.1111/j.1462-2920.2010.02397.x
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0175
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0175
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0175
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0175
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0175
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0010
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0010
http://dx.doi.org/10.1373/clinchem.2008.112797
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0180
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0180
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0180
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0180
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0185
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0185
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0185
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0185
http://dx.doi.org/10.1017/S0950268811002858
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0030
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0030
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0030
http://academy.asm.org/index.php/colloquium-program/water-/214-a-global-decline-in-microbiological-safety-of-water-a-call-for-action
http://academy.asm.org/index.php/colloquium-program/water-/214-a-global-decline-in-microbiological-safety-of-water-a-call-for-action
http://academy.asm.org/index.php/colloquium-program/water-/214-a-global-decline-in-microbiological-safety-of-water-a-call-for-action
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0035
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0035
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0040
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0040
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0045
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0045
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0045
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0050
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0050
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0050
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0055
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0055
http://dx.doi.org/10.1111/1574-6976.12031
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0065
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0065
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0070
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0070


356 H. Liao et al. / Science of the Total Environment 530–531 (2015) 347–356
quantitative polymerase chain reaction and membrane filter culture analysis. Water
Res. 39, 559–568.

Husson, F., Josse, J., Le, S., Mazet, J., Husson, M.F., 2014. Package ‘FactoMineR’.
IDEXX, 2015. MPN Generator Software Program. https://www.idexx.com/water/mpn-

generator.html (accessed March 2, 2015).
Krometis, L.-A.H., Characklis, G.W., Simmons III, O.D., Dilts, M.J., Likirdopulos, C.A., Sobsey,

M.D., 2007. Intra-storm variability in microbial partitioning and microbial loading
rates. Water Res. 41, 506–516.

Liao, H., Krometis, L.-A., Hession, W.C., House, L., Kline, K., Badgley, B., 2014. Hydromete-
orological and physicochemical drivers of fecal indicator bacteria in an urban stream
bottom sediments. J. Environ. Qual. 43, 2034–2043. http://dx.doi.org/10.2134/
jeq2014.06.0255.

Marsalek, J., Rochfort, Q., 2004. Urban wet-weather flows: sources of fecal contamination
impacting on recreational waters and threatening drinking-water sources. J. Toxicol.
Environ. Health A 67, 1765–1777.

McCarthy, D., Hathaway, J., Hunt, W., Deletic, A., 2012. Intra-event variability of
Escherichia coli and total suspended solids in urban stormwater runoff. Water Res.
46, 6661–6670.

McCarthy, D., Deletic, A., Mitchell, V., Diaper, C., 2013. Predicting between-event variabil-
ity of Escherichia coli in urban storm water. J. Environ. Eng. 139, 728–737.

Perneger, T.V., 1998. What's wrong with Bonferroni adjustments. BMJ [Br. Med. J.] 316,
1236.

Perneger, T.V., 1999. Adjusting for multiple testing in studies is less important than other
concerns. BMJ 318, 1288.

R Development Core Team, 2013. R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna, Austria.

Reeves, R.L., Grant, S.B., Mrse, R.D., Oancea, C.M.C., Sanders, B.F., Boehm, A.B., 2004. Scaling
and management of fecal indicator bacteria in runoff from a coastal urban watershed
in southern California. Environ. Sci. Technol. 38, 2637–2648.

Rose, J.B., Daeschner, S., Easterling, D.R., Curriero, F.C., Lele, S., Patz, J.A., 2000. Climate and
waterborne disease outbreaks. J. Am. Water Works Assoc. 92, 77–87.

Sauer, E.P., VandeWalle, J.L., Bootsma, M.J., McLellan, S.L., 2011. Detection of the human
specific Bacteroides genetic marker provides evidence of widespread sewage
contamination of stormwater in the urban environment. Water Res. 45, 4081–4091.
http://dx.doi.org/10.1016/j.watres.2011.04.049.

Schoen, M.E., Ashbolt, N.J., 2010. Assessing pathogen risk to swimmers at non-sewage im-
pacted recreational beaches. Environ. Sci. Technol. 44, 2286–2291. http://dx.doi.org/
10.1021/es903523q.

Seurinck, S., Defoirdt, T., Verstraete, W., Siciliano, S.D., 2005. Detection and quantification
of the human‐specific HF183 Bacteroides 16S rRNA genetic marker with real‐time
PCR for assessment of human faecal pollution in freshwater. Environ. Microbiol. 7,
249–259.

Soller, J.A., Schoen, M.E., Bartrand, T., Ravenscroft, J.E., Ashbolt, N.J., 2010. Estimated
human health risks from exposure to recreational waters impacted by human and
non-human sources of faecal contamination. Water Res. 44, 4674–4691. http://dx.
doi.org/10.1016/j.watres.2010.06.049.

Staley, C., Gordon, K.V., Schoen, M.E., Harwood, V.J., 2012. Performance of two quantita-
tive PCR methods for microbial source tracking of human sewage and implications
for microbial risk assessment in recreational waters. Appl. Environ. Microbiol. 78,
7317–7326.

Surbeck, C.Q., Jiang, S.C., Ahn, J.H., Grant, S.B., 2006. Flow fingerprinting fecal pollution and
suspended solids in stormwater runoff from an urban coastal watershed. Environ. Sci.
Technol. 40, 4435–4441.

SWCB, 2010. VirginiaWater Quality Standards. http://water.epa.gov/scitech/swguidance/
standards/wqslibrary/upload/vawqs.pdf (accessed 17 Mar. 2015).

Thompson, T.W., Hession, W.C., Scott, D., 2012. StREAM Lab at Virginia Tech. Resources.
pp. 8–9.

VADEQ, 2010. Final 2010 305(b)/303(d) Water Quality Assessment Integrated Report.
http://www.deq.virginia.gov/Programs/Water/WaterQualityInformationTMDLs/
WaterQualityAssessments/2010305b303dIntegratedReport.aspx (accessed October
9, 2013).

VADEQ, VADCR, 2003. Benthic TMDL for Stroubles Creek inMontgomery County, Virginia.
http://www.deq.virginia.gov/portals/0/DEQ/Water/TMDL/apptmdls/newrvr/stroub.
pdf (accessed 16 Mar. 2015).

VADEQ, VADCR, 2006. Upper Stroubles Creek Watershed TMDL Implementation Plan,
Montgomery County, Virginia. http://www.deq.virginia.gov/Portals/0/DEQ/Water/
TMDL/ImplementationPlans/stroubip.pdf (accessed 16 Mar. 2015).

Vialle, C., Sablayrolles, C., Lovera, M., Jacob, S., Huau, M.-C., Montréjaud-Vignoles, M., 2011.
Monitoring of water quality from roof runoff: interpretation using multivariate anal-
ysis. Water Res. 45, 3765–3775.

Vidon, P., Tedesco, L., Wilson, J., Campbell, M., Casey, L., Gray, M., 2008. Direct and indirect
hydrological controls on concentration and loading in midwestern streams.
J. Environ. Qual. 37, 1761–1768.

Yun, J.J., Heisler, L.E., Hwang, I.I., Wilkins, O., Lau, S.K., Hyrcza, M., Jayabalasingham, B., Jin,
J., McLaurin, J., Tsao, M.-S., 2006. Genomic DNA functions as a universal external
standard in quantitative real-time PCR. Nucleic Acids Res. 34, e85.

http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0070
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0070
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0075
https://www.idexx.com/water/mpn-generator.html
https://www.idexx.com/water/mpn-generator.html
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0080
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0080
http://dx.doi.org/10.2134/jeq2014.06.0255
http://dx.doi.org/10.2134/jeq2014.06.0255
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0090
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0090
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0090
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0100
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0100
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0100
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0095
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0095
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0105
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0105
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0110
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0110
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0205
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0205
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0115
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0115
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0115
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0120
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0120
http://dx.doi.org/10.1016/j.watres.2011.04.049
http://dx.doi.org/10.1021/es903523q
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0135
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0135
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0135
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0135
http://dx.doi.org/10.1016/j.watres.2010.06.049
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0145
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0145
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0145
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0145
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0150
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0150
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0150
http://water.epa.gov/scitech/swguidance/standards/wqslibrary/upload/vawqs.pdf
http://water.epa.gov/scitech/swguidance/standards/wqslibrary/upload/vawqs.pdf
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0215
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0215
http://www.deq.virginia.gov/Programs/Water/WaterQualityInformationTMDLs/WaterQualityAssessments/2010305b303dIntegratedReport.aspx
http://www.deq.virginia.gov/Programs/Water/WaterQualityInformationTMDLs/WaterQualityAssessments/2010305b303dIntegratedReport.aspx
http://www.deq.virginia.gov/portals/0/DEQ/Water/TMDL/apptmdls/newrvr/stroub.pdf
http://www.deq.virginia.gov/portals/0/DEQ/Water/TMDL/apptmdls/newrvr/stroub.pdf
http://www.deq.virginia.gov/Portals/0/DEQ/Water/TMDL/ImplementationPlans/stroubip.pdf
http://www.deq.virginia.gov/Portals/0/DEQ/Water/TMDL/ImplementationPlans/stroubip.pdf
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0160
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0160
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0165
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0165
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0165
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0170
http://refhub.elsevier.com/S0048-9697(15)30151-0/rf0170

	Storm loads of culturable and molecular fecal indicators in an inland urban stream
	1. Introduction
	2. Materials and methods
	2.1. Study area description
	2.2. Sampling strategy
	2.3. Laboratory analyses
	2.4. Data analysis and statistics

	3. Results and discussion
	3.1. Summary of storm events and statistics of concentrations of each fecal indicator
	3.2. Intra-storm patterns of concentrations and loading rates
	3.3. Relationships between the FIB concentrations measured by different methods
	3.4. Event load, equivalent background period, and association with key environmental variables

	4. Conclusions
	Acknowledgments
	Appendix A
	References


