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Abstract

Escherichia colilevels in recreational waters are often used to predict when fecal-associated
pathogen levels are a human health risk. The reach of the Chattahoochee River that flows through
the Chattahoochee River National Recreation Area (CRNRA), located in the Atlanta-metropolitan
area, is a popular recreation area that frequently exceeds the U.S. Environmental Protection
Agency beach action value (BAV) for £. coli. A BacteriALERT program has been implemented to
provide real-time E£. coliestimates in the reach and notify the public of potentially harmful levels
of fecal-associated pathogens as indicated by surrogate models based on real-time turbidity
measurements from continuous water quality monitoring stations. However, £. coli does not
provide information about the sources of fecal contamination and its accuracy as a human health
indicator is questionable when sources of contamination are non-human. The objectives of our
study were to investigate, within the Park and surrounding watersheds, seasonal and precipitation-
related patterns in microbial source tracking marker concentrations of possible sources (human,
dog, and ruminant), assess correlations between source contamination levels and culturable £. coli
levels, determine which sources best explained model-based £. coli estimates above the BAV and
detection of esp2 (a marker for the esp gene associated with pathogenic strains of Enterococcus
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faecium and Enterococcus faecalis), and investigate associations between source contamination
levels and land use features. Three BacteriALERT sites on the Chattahoochee River were sampled
six times per season in the winter and summer from December 2015 through September 2017, and
11 additional stream sites (synoptic sites) from the CRNRA watershed were sampled once per
season. Samples were screened with microbial source tracking (MST) quantitative PCR (qPCR)
markers for humans (HF183 Tagman), dogs (DogBact), and ruminants (Rum2Bac), the esp2 gPCR
marker, and culturable £. coli. At the BacteriALERT sites, HF183 Tagman concentrations were
higher under wet conditions DogBact concentrations were greater in the winter and under wet
conditions, and Rum2Bac concentrations were comparatively low throughout the study with no
difference across seasons or precipitation conditions. Concentrations of HF183 Tagman, DogBact,
and Rum2Bac were positively correlated with culturable £. coli concentrations; however, DogBact
had the largest RZ value among the three markers, and the forward stepwise regression indicated it
was the best predictor of culturable £. coli concentrations at the BacteriALERT sites. Recursive
partitioning indicated that BAV exceedances of model-based £. coli estimates were best explained
by DogBact concentrations =3 gene copies per mL (CN/mL). Detections of esp2 at BacteriALERT
sites were best explained by DogBact concentrations =11 CN/mL, while detections of esp2 at
synoptic sites were best explained by HF183 Tagman =29 CN/mL. At the synoptic sites, HF183
Tagman levels were associated with wastewater treatment plant density. However, this relationship
was driven primarily by a single site, suggesting possible conveyance issues in that catchment.
esp2 detections at synoptic sites were positively associated with development within a 2-km radius
and negatively associated with development within the catchment, suggesting multiple sources of
esp2 in the watershed. DogBact and Rum2Bac were not associated with the land use features
included in our analyses. Implications for Park management include: 1) fecal contamination levels
were highest during wet conditions and in the off season when fewer visitors are expected to be
participating in water-based recreation, 2) dogs are likely contributors to fecal contamination in the
CRNRA and may be sources of pathogenic bacteria indicating further investigation of the origins
of this contamination may be warranted as would be research to understand the human health risks
from exposure to dog fecal contamination, and 3) high levels of the human marker at one site in
the CRNRA watershed suggests more extensive monitoring in that catchment may locate the
origin of human fecal contamination detected during this study.

Keywords
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1. Introduction

Monitoring for fecal indicator bacteria (FIB) as a proxy for human health outcomes in
recreational freshwater bodies is often conducted by collecting water samples, culturing
Escherichia coliin the samples, and enumerating £. coli colonies (U.S. Environmental
Protection Agency, 2012). However, this method for monitoring FIB has an 18e24 h
minimum delay between potentially harmful conditions at the time of sample collection and
notification to the public. While not yet widely implemented, surrogate models for £. coli
from continuous water-quality monitoring data can solve the delay issue between sample
collection and public notification of a potential human health risk (Lawrence, 2012).
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The Chattahoochee River National Recreation Area (CRNRA) has been a case study of the
use of surrogate models for predicting £. coli concentrations in recreational waters. Models
of E. coli concentrations based on water quality condition (7.e., turbidity) were developed for
two USGS continuous water-quality monitoring stations (USGS 02335000 and
USGS02336000; Fig. 1) on the Chattahoochee River reach within the CRNRA by Lawrence
(2012) as part of the collaborative BacteriALERT program between the National Park
Service (NPS), Chattahoochee Riverkeeper, and U.S. Geological Survey (USGS). The
purpose of BacteriALERT is to monitor £. coli levels in the recreational waters of the
CRNRA and inform the Park and public when levels exceed the U.S. Environmental
Protection Agency (USEPA) beach action value (BAV) for primary contact (>235 colony
forming units per 100-mL; U.S. Environmental Protection Agency, 2012). When model-
based estimates of E. coli concentrations exceed 235 cfu/100 mL, the Park cancels all NPS-
sponsored water-based activities (e.g., rafting, interpretive events, river-based trash clean
ups). Water-based recreational park concessionaires (e.g., tubing and kayaking companies)
are also required to post the health advisory until the notice is lifted, which can deter patrons
from their establishments. Model-based estimates of £. coli concentrations are updated
every 15 min on the BactertiALERT website (https://wwwz2.usgs.gov/water/southatlantic/ga/
bacteria/, accessed Oct. 15, 2019) for the public to make informed decisions about recreating
in the Park.

While model-based estimates of £. coliin recreational waters can provide a general
indication when a human health risk exists based on USEPA recommendations they do not
provide source or spatial origins information for directing mitigation efforts. Further, if the
primary sources of fecal contamination are non-human, the reliability of FIB as indicators of
the risk to human health can be inconsistent (Calderon et al.,1991; McBride et al.1998;
Colford et al. 2007). Studies used by the USEPA to develop the BAV for E. coli were based
on gastrointestinal illness rates in people exposed to waters contaminated primarily by
human waste from wastewater treatment plants (U.S. Environmental Protection Agency,
2012). Due inpart to the host specificity of most viruses (Webby et al., 2004; Medina and
Garcia-Sastre, 2011) there the possibility that exposure to human fecal contamination is a
greater human-health risk than exposure to fecal contamination from non-human sources as
some studies have indicated (Colford et al. 2007; Schoen and Ashbolt, 2010; Soller et al.
2010b; Soller et al. 2014, but see McBride et al., 1998). However, few studies have directly
investigated human morbidity rates associated with exposure to fecal contamination from
specific non-human sources (but see Soller et al. 2015). Escherichia coliare shed in the
feces of many different warmblooded animals, including wildlife and domesticated species.
Therefore, the health risk from exposure to contaminated waters with £. coli concentrations
above the BAV may be different if the primary sources of fecal contamination are non-
human versus human. Determining the sources of fecal contamination in the CRNRA, and
sources associated with E. coli levels above the BAV may indicate if further research is
warranted to accurately assess the human health risk from exposure to fecal contamination
when recreating in the CRNRA.

Microbial source tracking (MST) is an approach for determining sources of fecal
contamination by detecting bacteria, often by quantitative PCR (gPCR), that occur in the
gastrointestinal tract of particular species, which allows for the assessment of the presence or
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absence of enteric bacteria as well as identification of probable animal sources (Bradshaw et
al.; Bernhard and Field, 2000a; Meays et al. 2004; Beversdorf et al., 2007; Byappanahalli et
al. 2012a; Byappanahalli et al., 2012b; Boehm et al. 2013). The intestinal systems of
different animals such as humans, dogs, and deer have distinct physiological and dietary
signatures. Because of these differences, the characteristics of enteric bacterial populations
differ as well. Quantitative PCR is a sensitive molecular technique for detecting DNA
sequences of interest and, when combined with fluorescently-labeled probes, can add
additional specificity to an assay. The Species of the order Bacteroidales have been
established as useful indicator microorganisms for fecal contamination (Allsop and Stickler,
1985) because they are restricted to warm-blooded animals, make up a significant portion of
the bacteria present in mammalian feces, can be highly specific to particular species or
taxonomic groups, and are strict anaerobes and therefore indicative of recent contamination.
As most E. coliis non-pathogenic to humans, the inclusion in an MST study of a molecular
marker associated with a pathogen (from here on referred to as a pathogenic marker) can
provide further insight to associations between MST markers and human health risks.

The goals of this project were to investigate spatial and temporal trends in sources of fecal
contamination in the CRNRA, identify potential primary sources (humans, dogs, and deer)
and spatial or land use origins of contamination, and determine sources and MST marker
levels associated with exceedances of the BAV for £. coliand presence of a pathogenic
marker. The objectives of this study were to (1) compare levels of gPCR MST markers at
BacteriALERT sites in the CRNRA by season (summer: high visitation; and winter: low
visitation) and precipitation condition (wet: precipitation within the 24 h prior to sample
collection, and dry: little to no precipitation 24 h prior to sample collection) to assess trends
in sources of fecal contamination; (2) correlate culturable £. coli concentrations with gPCR
MST marker levels to test for evidence of primary sources of £. coli, (3) investigate which
gPCR MST markers best explain model-based estimates of £. coli concentrations above the
BAV and pathogenic marker detection; and (4) investigate gPCR MST marker levels and
pathogenic marker detection in tributaries throughout the CRNRA watershed to assess
associations between marker levels and surrounding land use characteristics.

Understanding contamination sources and spatial origins will enable Park managers target
outreach efforts within the CRNRA and facilitate discussions with local communities from
which runoff originates that can impact waterways located within Park boundaries. Further,
determining which markers best predict £. co/i BAV exceedances from model-based
concentration estimates may help assess if the current USEPA BAV for E. coliis an
appropriate indicator of a human health risk in the CRNRA, or if further research is
warranted to determine more effective indicators of human health risk from exposure to
contamination of non-human sources.

2. Methods

2.1. Study locations

This study took place in the CRNRA watershed in Georgia in the greater Atlanta-
metropolitan area. A total of 114 samples were collected over the duration of the study.
Different sampling designs were used to study three BacteriALERT sites on the
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Chattahoochee River (USGS 02335000, USGS 02335880, and USGS 02336000; Fig. 1)
versus 11 synoptic sites located throughout the CRNRA watershed on tributaries to the
Chattahoochee River (Fig. 1). BacteriALERT sites were sampled six times in the summer
(June—September) and winter (December—March) of water years (WY 2016 (October 1,
2015-September 30, 2016) and WY 2017 (October 1, 2016-September 30, 2017), totaling
72 BacteriALERT samples. Synoptic sites across the CRNRA watershed were sampled once
in the summer and winter in WY2016 and WY2017, with the exception of USGS02336313
and USGS02336360, which were not sampled in winter WY 2016, totaling 42 synoptic
samples. Synoptic sample locations were determined based on the presence of a USGS
gaging station (current or historic), and with an approximately even distribution along the
48-mile stretch of the CRNRA, on both sides of the River (Fig. 1). Water samples were
collected from the approximated middle of the stream or river channel by hand-dipping or
with a bridge sampler in sterile 1-L bottles (U.S. Geological Survey variously dated).

2.2. Water sample collection and bacterial enrichment and enumeration

2.3.

Water samples were processed within 48 h of sample collection, with samples kept away
from light and refrigerated in the interim. To collect bacterial DNA, 50 to 100-mL (McKee,
2019) of water were filtered on a vacuum manifold through a 47-mm polycarbonate filters
with 0.4-um pore size (Millipore, Bedford, MA, USA). Six filter replicates were collected
per sample, two of which were selectively enriched for Enterococci with mEI agar as
described by USEPA Method 1600 (U.S. Environmental Protection Agency, 2006). DNA
from filters enriched for Enterococci were subsequently screened for a gene associated with
pathogenic strains of Enterococcus faecium and Enterococcus faecalis (see section 2.3.2).
Filters were stored in sterile tubes at 80°C until DNA extraction. To investigate correlations
between MST marker and culturable £. coli concentrations at the three BacteriALERT sites,
we used the most probable number (MPN) method with IDEXX Colilert-18 (IDEXX
Laboratories, Inc. Westbrook, MEZ) for enumerating £. cofi, following Myers et al. (2014).
Sterile de-ionized water controls were filtered in conjunction with each sample event to test
for contamination during sample collection or laboratory processing and were treated
identically to filtered samples in subsequent processing.

Model-based estimates of £. coliwere only available for two of the three BacteriALERT
sites (USGS 02335000 and USGS 02336000) over the duration of the study. Model-based £.
coli concentration estimates were calculated for the time of sample collection at the
associated site from models by Lawrence (2012) with turbidity data from continuous water-
quality monitoring stations. As turbidity measurements are recorded every 15 min, turbidity
values for times measurements were interpolated for samples collected between
measurements.

Molecular methods

2.3.1. DNA extraction—For non-enriched filters, two filter replicates per sample were
extracted, and remaining filter replicates were stored as backups. For enriched filters, DNA
was extracted from one replicate with the other stored as a backup. Based on equipment

1Any use of trade, firm, or product names is for descriptive purposes only and does not imply endorsement by the U.S. Government.
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availability, DNA was extracted using the Qiagen DNeasy PowerLyzer PowerSoil DNA
Isolation Kit (Catalog No. 12855-100) with bead-beater homogenization, or the Qiagen
DNeasy PowerSoil DNA Isolation Kit (Catalog No. 12888-100) with sample
homogenization via a vortex adapter following manufacturer’s instructions (S1 Table).
These kits isolate genomic DNA from environmental samples and can help remove PCR
inhibitors that interfere with quantitative gPCR (gPCR) accuracy. Extraction blanks were
processed with all batches of DNA extractions to test for contamination during the DNA
extraction process.

2.3.2. Quantitative polymerase chain reaction for microbial-source tracking
markers—Samples were tested for PCR inhibition following Bradshaw et al. (2016) using
the Sketa22 assay (Haugland et al. 2010), where a 1.5 Ct difference or more between the
mean Ct values for the gPCR no template control (NTC, PCR-grade water) and sample was
indicative of PCR inhibition. PCR inhibition was not detected in any of the samples and
therefore no further action to mitigate inhibition was necessary. Microbial source-tracking
markers HF183 Tagman (human associated marker, Table 1, Green et al. 2014a), Rum2Bac
(ruminant associated marker suggestive of deer contamination in this study, Table 1,
Mieszkin et al. 2010), and DogBact (canine associated marker, Table 1, Dick et al., 2005;
Shibata et al. 2010) were screened to detect possible sources of fecal contamination within
the CRNRA. We also screened the mElenriched filters for presence of the esp gene
associated pathogenic strains of Enterococcus faeciumand E. faecalis (Table 1, Scott et al.
2005), which can also be suggestive of human fecal material (Shankar et al. 1999; Scott et
al. 2005). mEl-enrichments began starting with samples collected on February 23, 2016
(McKee, 2019). All markers were screened using gPCR on a QuantStudio 3 (Applied
Biosystems). Extracted DNA from non-enriched duplicate filters were screened for the MST
markers HF183 Tagman, DogBact, and Rum2Bac. Each extracted DNA sample was run
with two gqPCR replicates, for a total of four qPCR replicates per sample (with the exception
of one sample for HF183 Tagman (two gPCR replicates) and DogBact (3 gPCR replicates),
and the Sketa22 assay which was screened on two qPCR replicates from one DNA sample;
McKee 2019). Because DogBact has demonstrated low specificity to dogs (Boehm et al.
2013), samples that tested positive for DogBact were screened with a second dog source-
tracking marker, DG3 (Green et al. 2014b) to verify DogBact results. DNA from filters
enriched with mEI agar were screened for esp2 (Table 1), a probe-based gPCR marker for
the esp gene. Two gPCR replicates were run for DNA from one mEl-enriched filter
replicate, resulting in two esp2 gPCR replicates per sample.

Reactions were carried out in 96-well gPCR plates, sealed with optical 8 strip caps.
Quantitative PCRs were carried out in 20-mL reaction volumes. Final concentrations of
reagents in the assays were 1-mM forward and reverse primers; 80-nM 6-carboxy-
fluorescein FAM-labeled TagManTM probe, 0.02-mg/mL BSA (Life Technologies), and 1x
DNA TagMan™ Fast Universal PCR Master Mix (HF183 Tagman, Rum2Bac, esp2, and
DGS3; Life Technologies) or 1x TagMan™ Environmental Master Mix (DogBact; Life
Technologies) and 4-uL of template (genomic DNA, PCR-grade water as no template
controls), standard concentrations of 10 to 10° target sequence copies of HF183 Tagman,
Rum2Bac, or DogBact, or positive genomic DNA control for £. faecium). No template
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controls were run in duplicate with all gPCR plates, as were standard curves for all markers
except esp2, for which positive controls were run with every plate. Quantification of target
sequence copies for HF183 Tagman, Rum2Bac, and DogBact was determined from a serial
dilution standard curve of linearized control plasmid DNA containing the targeted amplicon
sequence. Minimum R2 values for standard curves was 0.99 for all markers except DogBact,
which had a minimum R2 value of 0.96. Quantitative PCR efficiencies for all markers were
between 80 and 110%, with slopes ranging from 3.76 to 3.05 (McKee, 2019).

HF183 Tagman, Rum2Bac, and esp2 were run with a qPCR protocol of a 20 s 95°C hold
followed by 40 cycles of a 95°C for 3 s and 60°C for 30 s. DogBact was run with a gPCR
protocol of a 2-min 50°C hold, followed by a 10-min 95°C hold, followed by 40 cycles of a
95°C for 15 s and 60°C for 1 min. Guidelines for determining the limits of quantification
(LOQ) are based on Forootan et al. (2017). LOQ was determined by the lowest copy number
with a coefficient of variation (CV = 100*s/m; where s is the standard deviation, and m is
the mean number of estimated gene copies) less than 35% (Table 1). Gene copy estimates
were based on the equation where X is the initial number of target copies in the qPCR;
Eanmp is the exponential amplification value, which is 1 + the amplification efficiency (e.g. if
the amplification efficiency is 0.94, Eamp = 1.94); b is the y-intercept of the standard curve;
and Cr is the cycle number when the amplification curve crosses the threshold line that
distinguishes fluorescence intensity of a reaction from background levels.

2.3.3. Estimating microbial source-tracking marker concentrations—
Quantitative PCR data provide an estimate of the initial number of marker copies present in
the gPCR reaction (also referred to as the copy number per reaction; CN/rxn), which is then
used to calculate an estimated concentration of the bacterial marker in the original water
sample (CN/mL). The calculation from CN/rxn to CN/ mL is a function of the volume of
sample that was filtered, the estimated percent of DNA from the filter that was captured
during the extraction process (we assumed capture of approximately 50% of the total sample
DNA sample based on a 50% volume recovery after the homogenization step in the DNA
extraction), the volume of solution in which the DNA was eluted during the extraction
process, and the volume of DNA added to the qPCR reaction. When CN/rxn estimates of
gPCR replicates were less than LOQ, including when the marker was not detected (CN/rxn
= 0), we accounted for the error in the CN/rxn estimate by randomly selecting a value from a
normal distribution centered around the CN/rxn estimate, the standard error of which was a
function of the gPCR-based estimate (S1-S3 Files). When the randomly selected value was
negative or greater than LOQ, the distribution was resampled until a value between 0 and
LOQ was obtained (S1-S3 Files). The value selected from the distribution (S1 Table) was
used in subsequent analyses and treated as an accurate estimate of concentration. Because of
the variation in volumes of water filtered across several filter replicates, CN/mL was
calculated for both subsamples of the gPCR replicate for HF183 Tagman, DogBact, and
Rum2Bac, then averaged by sample (four reaction average) and rounded to the nearest
integer to obtain an estimated CN/mL value for each sample. To facilitate interpretation and
discussion of results, we used the threshold of 210 CN/mL as a general determinant of high
marker concentrations for all three MST markers as HF183 Tagman concentrations >>10
CN/mL may indicate sewage contamination (Templar et al. 2016). The esp2 results were
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reported as detected/not-detected because of the enrichment with mEI agar, where
amplification at any C+ in either gPCR replicate was indicative of esp2 detection for the
sample.

2.4. Land use characterization

Factors affecting bacterial levels at Chattahoochee River BacteriALERT sites may differ
from those affecting bacterial levels at synoptic stream sites. Buford dam releases can affect
flow and resuspension of sediments at the BacteriALERT sites, which may mask possible
land use associations with bacterial levels. Analyses of land use associations with MST
marker concentrations and esp2 detections were therefore limited to synoptic sites. The land
use features investigated for associations with a given marker were based on hypotheses
about the relationship between the source and the land use feature (Table 2).

We investigated land use features at three different spatial scales: 1-km, 2-km, and
catchment-wide. MST marker correlations with land use proximal to the stream channel (1
and 2-km buffers) would support detection of recent contamination from nearby inputs. In
contrast, MST marker correlations with catchment-scale land use may indicate more broad
scale sources of contamination. Catchment areas were delineated for each synoptic site using
StreamStats (https://streamstats.usgs.gov, accessed September 12, 2018). We created 1 and
2-km buffers around our study sites in ArcMap (v. 10.4.1; Environmental Systems Research
Institute, Redlands, CA) and used the /ntersecting Layers Mask tool with our site-specific
catchment areas to create GIS layers of 1 and 2-km buffers within the catchment for each
site (Long and Plummer, 2004). For each buffer and catchment, we calculated septic system
density (Clarke and Painter, 2014); percent developed land (DEVEL; Homer et al. 2015,
Classes 21-24, 30-m resolution); percent forested land (FOREST; Homer et al. 2015,
Classes 41-43, 30-m resolution); and percent open developed land, which includes parks,
lawns, and vegetation planted in recreational areas (OPEN; Homer et al. 2015, Class 21, 30-
m resolution). Percentage variables were arcsin-square root transformed for linear modeling.
Wastewater discharge density, which was used as a surrogate for sewer infrastructure
density, was calculated for each catchment area as the number of wastewater treatment
plants divided by the area of the catchment (WWTP), as was septic system density. Land use
variables are heretofore presented as VARIABLEgje.

Within a river basin, downstream USGS Station IDs are numerically higher than upstream
USGS Station IDs. While USGS Station ID was not included as an independent variable in
land use models of MST marker concentrations, it was included as a numerical variable with
Spearman Rank correlations against independent variables to investigate if land use features
demonstrated an upstream-downstream spatial pattern across the CRNRA watershed.

2.5. Statistical analysis

HF183 Tagman, DogBact, Rum2Bac, and £. coli concentration estimates were logyg
transformed to reduce data skew for linear regression. Numerous qPCR marker
concentration estimates were 0 or 1 CN/mL for HF183 Tagman, DogBact, and Rum2Bac
after the random number generation for values below LOQ as described in section 2.3.3. To
include gPCR marker estimates of 0 or 1 CN/mL and £. coli estimates of O or 1 colonies/
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100-mL in subsequent analyses, we converted logyg (1) to 0.001 and log;q (0) to 0.0001.
Antecedent precipitation values for each sample were obtained through the USGS National
Water Information System (NWIS; https://waterdata.usgs.gov/nwis, Accessed August 29,
2018). For sites without precipitation gages, we used values from the nearest USGS
precipitation gage (S1 Table).

2.5.1. Seasonal and precipitations patterns in MST concentrations—To
investigate seasonal and precipitation-related patterns of HF183 Tagman, Rum2Bac, and
DogBact concentrations across the three Chattahoochee River BacteriALERT sites, we used
precipitation within 24 h prior to of sample collection as our indicator of precipitation
conditions. Any sites that received more than 0.01 inches of rain within 24 h prior to
collection were termed wet samples, versus dry samples. We performed a three factor
ANOVA and Student’s T pairwise comparisons in JMP® (v 14.2.0, SAS Institute Inc.) to
determine how bacterial concentrations and sources varied by site, season, and precipitation.
Forward stepwise regression with Bayesian Information Criterion (BIC; Schwarz, 1978; Aho
et al., 2014) in JMP was used to determine which source tracking marker concentrations
were most closely correlated with £. coli concentrations at the three BacteriALERT sites
individually and combined.

2.5.2. Recursive partitioning of E. coli beach action value exceedances—To
investigate which MST marker best explained BAV exceedances based on real-time gaging
station estimates of £. coli concentrations (S1 Table) and the presence of esp2 we used the
Partition platform in JIMP® with a minimum split size of five data points. Recursive
partitioning is a nonparametric data-mining analysis that splits the response variable into two
categories based on an explanatory variable cutting value. The cutting value is determined
with a partition algorithm that finds the explanatory variable split that maximizes the
difference in the response frequencies between the two nodes of the split. Recursive
partitioning of model-based £. coli estimates only included samples for which associated
turbidity data were available at the time of sample collection, resulting in 19 records for
USGS 02335000 and 17 records for USGS 02336000 (S1 Table). Recursive partitioning of
esp2 was conducted separately for samples from BacteriALERT (N = 63) and synoptic sites
(N = 42). Explanatory variables included in the analysis were untransformed concentrations
of the three source tracking markers (HF183 Tagman, DogBact, and Rum2Bac).

2.5.3. Land use associations with MST markers—Seasonal variation and the
magnitude and timing of rainfall can affect patterns of bacterial contamination in streams
and rivers (Gentry et al. 2006; Shanks et al. 2006; St Laurent and Mazumder, 2014). To
determine land use factors associated with bacteria levels across synoptic sites within the
CRNRA watershed, we first accounted for potential variations in bacteria levels due to
season and precipitation. We used generalized linear modeling to test combinations of
antecedent precipitation (12, 24, 48, and 72 h; PRECIP;jmne) and season to determine which
were most strongly associated with abundances of each MST marker at synoptic sites.
HF183 Tagman, DogBact, and Rum2Bac CN/mL values were modeled with log-normal
distributions using the glm function in R (v.3.4.1; R Core Team, 2017), and esp2 detections
were modeled with a negative binomial distribution using the glm.nb function from the
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MASS package (Venables and Ripley, 2002) in R. Top models were determined as the model
with the lowest BIC.

Residuals from the top model for each marker were used to calculate a mean residual value
(MRV) for each synoptic site, which represented MST marker concentrations after
accounting for the effects of season and precipitation. MRVs were used as the dependent
variables in forward stepwise linear regression in JMP®, with a minimum of one
explanatory variable, to determine which selected land use factors (Table 2) were most
closely associated with bacterial concentrations (HF183 Tagman, DogBact, and Rum2Bac)
or presence (esp2) (Table 2) at synoptic sites. The lowest small-sample-size corrected
version of Akaike information criterion (AlCc; Burnham and Anderson, 2004) for models
with at least one explanatory variable was used as the stopping rule. All tests were
considered significant at p < 0.05.

3. Results

A total of 114 samples were collected over the two-year study period, 72 of which were
from the 3 Chattahoochee River BacteriALERT sites, and 42 samples from 11 synoptic sites
across the CRNRA watershed (S2 Table). From the 3 BacteriALERT sites combined, there
were 19 summer-dry samples, 17 summer-wet samples, 17 winter-dry samples, and 19
winter-wet samples. The number of samples with concentrations greater than the LOQ
(HF183 Tagman = 40 CN/rxn; DogBact = 100 CN/rxn; Rum2Bac = 40 CN/rxn) for HF183
Tagman, DogBact, and Rum2Bac were 12, 17, and 7, respectively. esp2 was detected in 18
of 105 samples, 8 of which were from synoptic sites (McKee, 2019). Model-based £. coli
concentration estimates indicated BAV exceedances associated with for 15 of 36 samples
from USGS 02335000 and USGS 02336000 (S1 Table).

Catchment sizes among sites were variable, ranging in size from 7 to 257 km2. WWTP
density within catchments ranged from 0 to 0.11 WWTP/kmZ, and estimated catchment-
wide septic system density ranged from 1 to 164 septic systems/km? (S2 Table). Greater
variability was seen at proximal scales of 1 and 2-km buffers than at the catchment scale for
land cover variables DEVEL, OPEN, and FOREST (e.g. DEVEL 1y ranged from 40 to 93%
versus DEVEL catchment. Which ranged from 55 to 89%; S2 Table). DEVEL and FOREST
variables were negatively correlated. Correlations between land use variables and USGS
Station ID indicated upstream-downstream land cover spatial trends. USGS Station 1D was
positively correlated with all spatial scales of DEVEL and was negatively correlated with
FOREST ¢catchment, indicating trends of increasing development downstream (towards
Atlanta) and increasing forest cover upstream.

3.1. Verification of DogBact results

We screened samples that were positive for DogBact with a less sensitive second dog MST
marker, DG3, which was found to be highly specific, including the ability to distinguish dog
from human fecal contamination (Green et al., 2014b). Of the 37 samples that tested positive
for DogBact, 25 also tested positive for DG3 (S1 Figure), and DogBact and DG3 mean
CN/rxn for qPCR duplicates from corresponding filter replicates were strongly correlated
(Pearson r = 0.909, p < 0.001; S1 Figure). DogBact and HF183 Tagman mean CN/rxn for
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gPCR duplicates were not correlated (Pearson r = 0.005, p = 0.969; S1 Figure), nor were
DG3 and HF183 Tagman (Pearson r = 0.018, p = 0.882; S1 Figure), further supporting the
validity of DogBact.

3.2. Microbial source-tracking marker and E. coli concentrations at BacteriALERT sites

Concentrations 210 CN/mL of HF183 Tagman, DogBact, and Rum2Bac were detected in
12, 14, and 4 samples out of 72 samples from BacteriALERT sites, respectively (S1 Table).
HF183 Tagman concentrations were higher in wet samples (S3 Table, Fig. 2a). DogBact
concentrations were greater in winter and wet samples overall, with significantly higher
levels at the middle and downstream BacteriALERT sites under winter-wet conditions
compared to the most upstream BacteriALERT site (S3 Table, Fig. 2b). Rum2Bac
concentrations were not different across seasons, precipitation condition, or by site (S3
Table, Fig. 2c). The low number of samples with Rum2Bac concentrations 210 CN/mL
suggested that ruminant contamination was generally low. esp2 was detected in 10 of 63
samples from BacteriALERTSsites, 9 of which were in wet conditions. During the summer,
esp2 was only detected under wet conditions (Fig. 3).

Concentrations of all three MST markers were positively correlated with £. coli (Fig. 4).
DogBact was the most strongly correlated MST marker with E. coli and was the only MST
marker in the best predictive model of £. coli concentrations (S4 Table). DogBact was also
the best predictor of £. coli concentrations at each individual BacteriALERT site (S4 Table)
indicating the strong correlation between DogBact and £. coliwas not driven by a single
site.

3.3. Recursive partitioning of human health indicators

Recursive partitioning showed that DogBact was the MST marker that best explained model-
based E. coli BAV exceedances (R? = 0.347). Samples with concentrations of DogBact
greater than or equal to 3 CN/mL at USGS 02335000 and USGS 02336000 had an 87%
probability of exceeding the £. coli BAV, whereas samples with DogBact concentrations less
than 3 CN/mL had a 21% probability of exceeding the £. coli BAV. The DogBact split
correctly identified 10 of 15 instances of estimated £. coli concentrations exceeding BAV
and 20 of 21 instances of E. coli estimates below BAV (Fig. 5a) totaling 83% correct
predictions.

At BacteriALERT sites, esp2 detection was also best explained by DogBact, but with poor
predictive power (R? = 0.240). DogBact concentrations 11 CN/mL in samples from
BacteriALERT sites had a 56% probability of esp2 detection, whereas the probability of
esp2 detection in samples with DogBact concentrations <11 CN/mL was only 8%. The
DogBact split at 11 CN/mL for samples from the three BacteriALERT sites resulted in
correct classification of esp2 detection for 55 of 63 samples, 49 of which were for correct
classification of non-detects. False-positives and false-negatives were split for the remaining
samples (Fig. 5b). At synoptic sites, esp2 detection was best explained by HF183 Tagman,
but with poor predictive power (R? = 0.266) and a misclassification rate of 17% (Fig. 5c).
There was essentially no difference in the likelihood of esp2 detection or non-detection for
HF183 Tagman concentrations greater than or equal to 29 CN/mL (52% probability of esp2
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detection for HF183 Tagman =29 CN/mL) at synoptic sites; however, HF183 Tagman
concentrations less than 29 CN/mL were associated with a 93% probability of not detecting
esp2.

3.4. Synoptic sample associations with surrounding land use

The top season and precipitation models differed for all MST markers at synoptic sites and
indicated higher HF183 Tagman levels and esp2 detections in the winter and increasing
Rum2Bac concentrations with increasing 72-h antecedent precipitation (S5 Table). For all
markers, the sites with the highest marker level were in the downstream half of the CRNRA
and on the west side of the CRNRA (Fig. 6). The top land use model for HF183 Tagman was
WWTP¢atchment (B = 8.86, p = 0.016; Fig. 6a) + SEPTIC), (=0.007, p = 0.051; Fig. 6b,
S6 Table). The relationships between HF183 Tagman MRV and the two explanatory
variables in the top model were largely driven by a single site, USGS 02335910 (Fig. 6a).
The top model for esp2 included DEVEL at two spatial scales (S6 Table), but with opposite
directional effects between the two scales (DEVELxm: p= 2.45, p = 0.008, Fig. 6¢; and
DEVEL catchment: P = 1.78, p = 0.040, Fig. 6¢). The directions of association for explanatory
variables in the top models of DogBact (DEVELym: B = 1.13, p = 0.112, Fig. 6d) and
Rum2Bac (FOREST1xm: B = 1.48, p = 0.065, Fig. 6e) were in line with our hypotheses
(Table 2); however, the associations were not significant.

4. Discussion

Escherichia coliis a commonly used indicator of the human health risk from exposure to
fecal-associated pathogens in recreational waters, but standard methods for quantifying £.
colihave an 18e24 h delay between sample collection and public notification of potentially
harmful conditions. Model-based estimates of £. coli from continuous water quality
monitoring can reduce this delay by providing the public with notification of harmful
conditions in real-time. However, E. coli occurs across a wide range of animal species and
does not provide information about sources of fecal contamination, which is critical
information for developing effective mitigation and public outreach plans. Further, while E.
coli has been demonstrated to be a relatively accurate surrogate of morbidity rates when the
primary source of fecal contamination is human, the health risk from exposure to non-
human contamination is poorly understood (U.S. Environmental Protection Agency, 2012).
Viral pathogens, which are often host-specific (Webby et al., 2004), are believed to be the
primary causes of Gl illness for swimmers in wastewater impacted recreational waters
swimmers (Sinclair et al., 2009; Soller et al. 2010a), Given the host-specificity of many viral
pathogens, exposure to non-human contamination in recreational waters may be a lower
human health risk than exposure to waters impacted by human fecal contamination.
Therefore, assessing sources of contamination in recreational waters is important for
directing outreach and mitigation efforts as well as determining whether further research is
needed to accurately assess human health risks if the primary source of fecal contamination
is not human. Our study has indicated that MST analysis can be combined with model-based
estimates of £. coli concentrations to determine sources of contamination and MST marker
concentrations predictive of £. coliestimates that suggest a human health risk.
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We investigated the frequency and magnitude of concentrations of three MST markers and
one pathogenic marker across the CRNRA watershed to assess seasonal and precipitation-
associated patterns in the sources of fecal contamination impacting the watershed. In
addition, we identified land use characteristics associated with the presence of MST markers
in tributaries of the Chattahoochee River located within the CRNRA. A common challenge
with MST markers is the lack of specificity or sensitivity. We addressed this issue by using
Bacteriodales markers determined to be sensitive and specific for humans (HF183MGB,
Green et al. 2014a) and ruminants (Rum2Bac, Boehm et al. 2013), and supplementing a dog
marker that has demonstrated high sensitivity and low specificity (DogBact, Boehm et al.
2013) with a more specific and potentially less sensitive dog marker (DG3, Green et al.
2014b). While we cannot rule out cross-amplification with other sources by DogBact, the
strong correlation between DG3 and DogBact estimates suggest that DogBact was primarily
detecting dog fecal material (although neither marker has been tested on coyotes, which do
occur in the Atlanta metropolitan area). We also screened for presence of the esp gene
associated with pathogenic strains of £. faecium and E. faecalis, which is also generally
associated with human contamination but has been detected in other species, including pigs
and dog, at lower frequencies than human sewage or septage (Whitman et al. 2007).

Among the three sources we tested for, humans and dogs were detected most frequently. The
human and dog markers were detected at levels =10 CN/mL at all but two study sites,
indicating that the origins of human and dog contamination are not specific to single
locations in the CRNRA watershed. Dogs in particular appeared to be a primary contributor
of fecal contamination in the CRNRA as indicated by a strong correlations with culturable
E. coliand as the best explanatory variable for £. coli BAV exceedances from model-based
estimates. We found no relationship between land use variables and DogBact concentrations
at the synoptic sites, suggesting the variables we analyzed were not representative of the
number or density of dogs within a 1-km or 2-km buffer, or within the catchment. More
direct indicators of dog presence, such dog park density, may provide better representation
of dog density in a given area.

Dog contamination was higher in the winter and under wet conditions, which is consistent
with contamination caused by runoff. We also saw higher levels of dog contamination at the
middle and downstream BacteriALERT sites in winter-wet conditions. Riedel et al. (2015)
also found elevated levels of dog contamination in the winter at Topanga Beach, CA and
attributed it to changes in owner behavior. Dogs were not allowed at Topanga Beach;
however the authors suggested that illegal dog walking increased in the winter as a result
decreased lifeguard hours or lessened social pressure from fewer visitors to the Beach in the
winter. While dogs are allowed in the CRNRA, they are required to be kept on leash. Further
investigation of the origins (e.g. within the CRNRA, dog parks, or residential areas) of dog
fecal contamination may be warranted to determine if contamination is originating from
within or outside the Park.

Human contamination levels were higher in samples collected during wet conditions. When
groundwater levels are above septic systems, they are more likely to fail (Cogger and

Carlile, 1984), and when groundwater levels are above sewer lines, groundwater infiltration
to sewer systems can occur (Wittenberg and Aksoy, 2010; Thorndahl et al., 2016), resulting
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in capacity exceedences for the systems as well as for treatment processes at WWTPs.
Modeling of land use features associated with the human marker suggested sewer
infrastructure as plausible origins of human contamination in this study. After accounting for
the seasonal and precipitation effects on HF183 Tagman concentrations at synoptic sites, the
human MST marker was significantly associated with increasing WWTP density in the
catchment, which we used as a surrogate for sewer line density. This relationship with
WWTP density was primarily driven by one site, suggesting possible conveyance issues in
that catchment. While not significant, it is worth noting that the top land use model for
HF183 Tagman indicated a near significant (p = 0.051) negative correlation between HF183
Tagman and septic system density within 1 km. Peed et al. (2011) found a strong negative
correlation between septic and sewer line densities, suggesting the negative correlation
between HF183 Tagman and septic system density may indicate a positive correlation with
sewer line density. HF183 Tagman was frequently detected at levels below LOQ in samples
collected during dry conditions, suggesting chronic low levels of human contamination due
to leaking sewer lines across the CRNRA watershed.

Recursive partitioning results for esp2 at synoptic sites suggested that humans are a source
of esp2 in tributaries in the CRNRA watershed. While the correlation strength was relatively
low, the predictive split for esp2 detection at synoptic sites of HF183 Tagman 29 CN/mL is
similar to the 32.2 to 42 3220 to 4200 HF183 gene copies (GC) per 100 mL (3220 to 4200
GC/100 mL; Bernhard and Field, 2000b; Seurinck et al. 2005) determined by quantitative
microbial risks assessments to be a benchmarks for 30 to 36 gastrointestinal (GI) illnesses/
1000 swimmers/swimming event in recreational waters contaminated with untreated and
secondary treated sewage (Boehm et al., 2015; Ahmed et al. 2018). This QMRA-based
benchmark is essentially the same as the benchmark Gl illness rates (36 illnesses/1000
swimmers/swimming event) used to determine the £. co/i BAV threshold (U.S.
Environmental Protection Agency, 2012), suggesting further research is warranted to
determine if and under what conditions do HF183 Tagman concentrations 29 CN/mL
indicate a human health risk similar to the £. coli BAV.

Humans as a source of esp2 at synoptic sites is further supported by the positive association
between esp2 and development within 2-km upstream of the sampling location. The negative
correlation between esp2 and development at the catchment scale is counterintuitive as
values of DEVEL yiy, and DEVEL catchment Were positively correlated. However, the inverse
relationship between esp2 and development at the 2-km and catchment scales may indicate
that multiple sources are contributing to esp2 presence at synoptic sites. While the esp gene
occurs at only about a 30% rate in septic waste (Whitman et al. 2007), the negative
correlation between development and septic system density at the catchment scale supports
the possibility that human contamination originating from septic systems further upstream in
the watershed may be sources of esp2. The esp gene is even less frequent in dog waste
(~21%; Whitman et al. 2007); however, recursive partitioning of esp2 detection at
BacteriALERT sites suggests dogs were a source of esp2 in the CRNRA therefore also
possibly sources of esp2 in streams within the CRNRA watershed.

While levels of Rum2Bac were generally lower than HF183 Tagman or DogBact, infrequent
detections of Rum2Bac =10 CN/mL suggests that deer are occasional sources of fecal

Water Res. Author manuscript; available in PMC 2021 June 09.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

McKee et al.

Page 15

contamination in the CRNRA. Cha et al. (2016) found that fecal indicator bacteria levels in
forested areas increased in response to temperature under both wet and dry conditions,
potentially because of an increase in wildlife activity. Given that deer contamination in the
Chattahoochee River likely would be from surface water runoff, we would expect to see an
increase in contamination levels in wet samples. If deer activity increased with warmer
temperatures, we would expect that Rum2Bac contamination levels would be highest in
summer-wet samples. This pattern did not appear to be the case for deer in our study. While
Rum2Bac concentrations were positively associated with rainfall within the antecedent 72 h
at synoptic sites, they did not significantly differ across seasons or rain conditions at the
three BacteriALERT sites.

Of the three MST markers tested, the dog MST marker was the best predictor of BAV
exceedances, demonstrating that dog fecal contamination is in part periodically responsible
for Park cessation of water-based activities. The error in DogBact predictions of BAV
exceedances tended towards false negatives (7.e., BAV was exceeded but DogBact
concentrations were below 3 CN/mL) indicating that when DogBact concentrations are
greater than or equal to 3 CN/mL, £. coli concentrations are likely greater than 235 cfu/100
mL. The association between DogBact concentrations and esp2 detections in the CRNRA
indicate that swimming in recreational waters contaminated by dog waste is potentially a
human health risk. Further research into the human health risks from exposure to dog
contamination would help the Park determine if the £. co/i BAV is an appropriate surrogate
of human health risk when dogs are primary sources of contamination, and if not, to assess
potential alternative surrogate indicators that provide more relevant indices.

5. Conclusions

. While several samples from sites within the CRNRA had human marker
concentrations indicative of a risk to human health, these levels were only
detected in the off season for the park, indicating a lower likelihood of guests
being exposed to unsafe levels of contamination in the water than if these levels
had occurred in samples collected during peak visitation season in the summer.

. For sites outside the CRNRA, human MST marker concentrations were
associated with wastewater treatment plant density. However, this relationship
was dictated primarily by one site, suggesting possible conveyance issues in the
associated catchment. Future studies may target this catchment to assess possible
point or distributed sources of sewage impact.

. Because the dog MST marker was the best predictor of £. coli concentrations in
the CRNRA, we assume that dog fecal material contributes to a significant
portion of the fecal contamination at these locations. While a supplementary
assay provided evidence of specificity of the dog marker in this study, previous
studies have demonstrated low marker specificity indicating a need to be cautious
about designating dogs as the major source of £. coliin the CRNRA.

. Dog fecal contamination was the best predictor of USEPA E. colibeach action
value exceedances, indicating dogs are in part, periodically responsible for Park
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cessation of water-based activities. Determining the human health outcomes
from primary contact with dog contamination in recreational waters would assist
the development of more appropriate indicators of human health risk in
recreational waters for which dogs are the primary sources of fecal
contamination.
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Refer to Web version on PubMed Central for supplementary material.
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Map of microbial source tracking sample sites within the Chattahoochee River National
Recreation Area (CRNRA) watershed. Twenty-four samples were collected from

BacteriALERT sites and three to four samples were collected from each synoptic site
between December 2015 and September 2017 for microbial source-tracking analysis.
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Fig. 2.

ancentrations of fecal source tracking markers a) HF183 Tagman, b) DogBact, c)
Rum2Bac, at three USGS stream gaging stations in the Chattahoochee River National
Recreation Area by season and precipitation conditions (Wet: = 0.01 inches of rain within 24
h prior to sample collection; Dry: < 0.01 inches of precipitation 24 h of samples collection).
Box indicates first and third quartiles, upper whisker extends to the largest value within
150% of the inter-quartile range. Letters over box and whiskers indicate pairwise differences
as determined by the Student’s T test with p< 0.01.
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Fig. 3.

Dgtections of a molecular marker for pathogenic strains of Enterococcus faecium and
Enterococcus faecalis in samples from three BacteriALERT sites by season and precipitation
condition. Samples were considered to have been collected under wet conditions when the
site received more than 0.01 inches of rain within 24 h prior to sample collection.
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Fig. 4.

Correlations between £. coliand microbial source tracking marker concentrations for a)
humans, b) dogs, and c) ruminants from three BacteriALERT sites in the Chattahoochee
River National Recreation Area. Blue shading represents the 95% confidence interval for
predicted values. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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Fig. 5.
Recursive partitioning confusion matrices for a) model-based estimates of £. coli

concentrations exceeding the U.S. Environmental Protection Agency beach action value
(BAV, 235 colonies/100-mL) concurrently timed with sample collection at two
BacteriALERT sites, b) esp2 (pathogenic Enterococcus) detection in samples from three
BacteriALERT sites, and c) esp2 detection in samples from 11 synoptic sites. Possible
explanatory variables included microbial source tracking (MST) markers for humans
(HF183 Tagman), dogs (DogBact), and ruminants (Rum2Bac). The splitting value for the
best explanatory marker was determined by a partitioning algorithm that finds the
explanatory variable split that maximizes the difference in the response frequencies between
the two nodes of the split. MST marker concentrations units are copies per mL.
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Fig. 6.
Synoptic site locations in the Chattahoochee River National Recreation Area Watershed,

land use, and mean residuals values (MRVs) of microbial source tracking (MST) marker
concentrations after modeling the effects of season and precipitation on MST marker
concentrations. Land use maps are for explanatory variables included in the top models (8
indicates the effect size and direction of the variable) of MRVs for the MST markers a-b)
HF183 Tagman, c) esp2, d) DogBact, e) and Rum2Bac. The HF183 Tagman MRV (a-b) at
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site 02335910 was an outlier that drove the relationships with WWTP and DEVEL in the top
model.
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