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Abstract

Fecal contamination from sewage and agricultural runoff is a pervasive problem in Great Lakes
watersheds. Most work examining fecal pollution loads relies on discrete samples of fecal
indicators and modeling land use. In this study we made empirical measurements of human and
ruminant-associated fecal indicator bacteria and combined these with hydrological measurements
in eight watersheds ranging from predominantly forested to highly urbanized. Flow composited
river samples were collected over low-flow (n=89) and rainfall or snowmelt runoff events (n=130).
Approximately, 90% of samples had evidence of human fecal pollution, with highest loads from
urban watersheds. Ruminant indicators were found in ~60-100% of runoff-event samples in
agricultural watersheds, with concentrations and loads related to cattle density. Rain depth, season,
agricultural tile drainage, and human or cattle density explained variability in daily flux of human
or ruminant indicators. Mapping host-associated indicator loads to watershed discharge points
sheds light on the type, level, and possible health risk from fecal pollution entering the Great
Lakes and can inform Total Maximum Daily Load implementation and other management
practices to target specific fecal pollution sources.
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Introduction

Coastal regions are increasingly stressed from human activities that contribute fecal
pollution to nearshore waters. In the Laurentian Great Lakes, drinking water intakes can be
vulnerable to pathogen contamination. This vulnerability was demonstrated in 1993, when
approximately 400,000 people in Milwaukee, Wisconsin suffered gastrointestinal (GI)
iliness caused by Cryptosporidium in a public water supply obtained from Lake Michigan?.
This outbreak is a stark reminder that even in developed countries, watershed discharges
contain high pathogen loads and the only barrier preventing illness is treatment of the source
water. Nearly 40 million people living in the United States and Canada rely on the Great
Lakes for drinking water2. The Great Lakes also support a tourist industry dependent on
healthy swimming beaches and a commercial/recreational fisheries industry worth well over
1 billion dollars annually3.

Elevated levels of fecal indicator bacteria (FIB) are the most frequent cause of water quality
impairment in the United States?, including in the Great Lakes®. Human pathogens carried
in fecal pollution are the actual concern, but it is difficult and expensive to monitor for
pathogens. Therefore, FIB are commonly used by municipalities as a general method to
monitor waterways for the broad array of fecal contamination sources that might be present,
including sources that may or may not be associated with human pathogens. Wildlife and
pets can contribute FIB to stormwater runoff, but human and agricultural FIB sources carry
the highest risk of pathogen exposure and disease outcome:’.

Runoff associated with rainfall/precipitation is a driver of degraded water quality in
receiving waters8 and is linked to waterborne diseasel-%:10, Stormwater contaminated with
sewage can increase presence of human viruses in surface waters1-13 and carries with it
other biological and chemical contaminants harmful to humans and aquatic wildlife.
Although infrastructure and population vary widely between urban and rural watersheds,
both inputs contribute to the nearshore pollution that travels from land to water}4-17. Urban
fecal pollution from leaking sewage infrastructure or sewage overflows may introduce
human pathogens!8-21 to waterways. Animals and septic systems from rural areas can
impair drinking, irrigation, and recreational waters?2:23,

Storms have been shown to increase human-associated fecal indicator bacteria by several
orders of magnitude in Great Lakes tributaries during storm events8-24.25, Contamination
plumes from river mouths into the Great Lakes can dilute quickly based on wind direction,
currents, and surface temperature26:27. It is likely that this plume dilution causes reduction
and die-off of associated bacteria in the nearshore. However, Newton et al. (2013) reported
evidence of sewage and fecal contamination in Lake Michigan as far as 3 km offshore after
heavy rains and as far as 8 km offshore after severe storms led to sewage overflows,
illustrating the widespread impact of rainfall on nearshore waters.

Understanding fecal pollution sources and watershed load contributions from different types
of land use is critical for devising management priorities and reducing the overall impact on
the Great Lakes. Only a few studies have measured pollution loads using host associated
fecal indicators, and these have been in single watersheds828-30, In this study, eight
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watersheds with a gradient of land use were examined for sources of human and ruminant
fecal contamination impacting Great Lakes receiving waters during low-flow and runoff-
event periods. DNA-based assays using host-associated indicators were combined with
detailed hydrological measurements to perform a comprehensive study comparing fecal
contamination loads discharging from watersheds ranging from forest to agricultural to
urban land use.

2. Materials and methods

Study sites

Eight Great Lakes watersheds were selected that represent a varying degree of land use from
high to low urban and agricultural intensity (Table S1; Table S2; Figure S1). Urban land
cover comprises the majority of the Clinton and Rouge watersheds. The Milwaukee
watershed contains mixed urban and agricultural land use. Maumee, Portage, Raisin, and
Manitowoc watersheds are predominantly agricultural land use. The Menominee watershed
has primarily forest and wetland land cover. Each watershed or river is abbreviated with the
first name of the river. Land cover compositions were obtained from 2011 National Land
Cover Database3L. Percent of watershed area underlain by agricultural drainage tiles, which
are essentially piping systems under fields intended to remove excess water, was computed
using data from the 1995 National Resources Inventory32. Human and cattle population
(dairy and non-dairy) densities (Table S2) were calculated based on the total population
within a watershed divided by the total drainage area for that watershed31:33-35,

Sample Collection

A total of 219 samples were collected over a 24-month period from July 2011 through June
2013 at USGS streamgages that were furthest downstream along each river before the
discharge point to the lake36. Flow-weighted composite samples were collected during low-
flow periods (n = 89) and during periods of increased runoff (n = 130) due to rainfall and
snowmelt (designated as “runoff-event periods”) and used to determine event-mean
concentrations of host-associated indicator. With this flow-weighted sampling approach,
subsample (60 mL) collection frequency increased as streamflow increased throughout the
event hydrograph. Runoff-event sampling was initiated when water level increased above the
low-flow level and lasted generally 1 — 7 days, when sampling was terminated. Low-flow
samples were collected over approximately 24 — 36 h. Concurrent samples were separately
collected from the same water line and analyzed for pathogens as reported by Lenaker et al.
(2017) and these data were compared to host-associated indicators. Samples were kept
refrigerated during collection and shipped overnight on ice for analysis.

Culture-based analysis

Immediately after arrival, samples were analyzed for Escherichia coli (E. coli) and
enterococci using standard EPA methods38:39,

DNA extraction and quantitative PCR analysis

Extraction of DNA from filtered water samples was performed as previously described?4,
with extraction efficiencies determined to be 46%8. Inhibition was not observed in a subset
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of samples, consistent with previous studies that included highly contaminated stormwater
samples825. Quantitative PCR was carried out using an Applied Biosystems StepOne Plus™
Real-Time PCR System Thermal Cycling Block (Applied Biosystems; Foster City, CA) with
Tagman hydrolysis probe chemistry. Previously published primers and probe were used for
all analyses: human Bacteroides (HB)824.2528 which is an assay modified from Kildare et
al. (2007) that substitues the forward primer with the HF183 primer#!; human
Lachnospiraceae (Lachno2)820.24.28: ruminant Bacteroides (BacR)*243; and enterococci
(ENT)*4. Both HB and Lachno? are highly correlated and have steady concentrations in
sewage8. The HB assay targets the human associated HF183 bacterial cluster®® and mapping
of family specific clone libraries using DNA from untreated sewage*® verified that the
HF183F and the forward primer of the assay described by Kildare et al*C target the same
organism. Both the HB and Lachno2 assay have been used as human-associated indicators at
the Milwaukee site824.25.28_ Standard curves and amplification conditions were carried out
as described in Templar et al. (2016). Results were reported in copy number (CN) of
respective markers per 100 mL sample volume. The limit of quantification was 225 CN/100
mL and the limit of detection was set at 40 cycles (1 to 224 CN/100 mL) for all assays. All
field blanks (one per sample event per location) and no DNA template controls (one per
gPCR plate set-up) were negative. See Supporting Information for standard curves, assay
efficiencies and gPCR primers (Table S3).

Data Analysis

Concentrations of HB and Lachno2 were highly correlated in runoff-event and low-flow
periods (Pearson’s r = 0.83 and 0.80, respectively; p < 0.001); therefore, only the HB was
used as a proxy for human fecal pollution in some calculations because it is equivalent to
multiple assays targeting the HF183 cluster. Additionally, Lachno2 has been found to give
sporadic false-positives with animal markers*’. Bacterial and viral data were log base 10-
transformed for statistical analysis. Streamflow volume, measured by continuous flow
gauges at or near the collection site, was computed by integrating instantaneous discharge
values over the sampling period for low-flow periods, and throughout the runoff hydrograph
during event periods. Because sampling was flow weighted, concentrations represented an
average for that period. Mean concentrations for wet weather and low-flow events were
reported as event mean concentrations. Event loads (units of CN) were computed by
multiplying concentration by the associated streamflow volume as defined previously3’.
When multiple samples were collected during the same runoff-event period, loads were
calculated for each sample concentration and corresponding volume and then summed to get
a total runoff-event load. Watershed yields were computed by dividing the event load by the
watershed drainage area (DA) as a normalization step for comparison among sites, resulting
in units of CN/km?2. Bacteria flux was computed by dividing the yield by the duration of the
sample collection resulting in units of CN/km2/h. All concentrations have been published36
and streamflow data are available in the U.S. Geological Survey (USGS) National Water
Information System (http://waterdata.usgs.gov/nwis). Sample volumes, sampling time
periods, and detailed instructions to query the USGS National Water Information System for
the specific data reported in this study have been previously published3.
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One-way analysis of variance (ANOVA) was used to compare mean host-associated fecal
indicator concentrations and mean event yields for each site and groupings of sites based on
land use. Urban (Clinton, Rouge) and mixed (Milwaukee) land use watersheds were grouped
into high percent urban use (range 30-92% of surface area); agricultural watersheds
(Maumee, Portage, Raisin, and Manitowoc) were grouped into low percent urban use (range
7-11% of surface area); and Menominee forested watershed was considered a least-
impacted reference category (3.8% urban land use). ANOVA was used to compare low-flow,
rain-event, and snowmelt-event mean concentrations of fecal indicators for land use
categories. When significant (a = 0.05) differences were found, post-hoc analysis with
Tukey Honest Significant Difference resolved which groups were different. Quantum GIS*8
was used to map watershed runoff-event yields to receiving waters, applying Jenk’s natural
breaks classification method to cluster median yield values into similar categories.

Multiple regression analysis (Tobit regression for left-censored data assuming the Weibull
distribution) for samples that were collected in periods without snow influence was used to
explore variables that help explain fecal indicator flux#°. Flux was used in this analysis to
remove differences in sampling period. Regression models were selected based on variables
that logically have potential to influence magnitude of bacteria markers including season
(sine and cosine of decimal day of the year x 2 x ), rainfall depth, percent of tile drainage
in the watershed, and population density for humans or cattle (Table S2). Resulting
standardized coefficients were reported to provide information on the relative influence of
each variable in the regressions. All regression coefficients reported were significant at a =
0.05. A logistic regression model was created based on virus results from these same
samples, published in Lenaker et al (2017). Human virus data used in the model included the
sum of adenovirus C, D, F, adenovirus A, norovirus groups | and I, and enterovirus to
examine human virus occurrence in relation to human associated indicators. Bovine viruses
in the summation included bovine polyomavirus, bovine rotavirus a, bovine enterovirus, and
bovine viral diarrhea virus type 237. Data analysis was performed using Excel®, R version
3.1.1%9 open source programming language, and RStudio version 1.1.383°L,

3. Results

3.1 Detection of human-associated and ruminant-associated fecal indicators in eight
Great Lakes watersheds

Overall, HB and Lachno2 markers were detected in 94% and 87% of 219 total samples,
respectively, and concentrations ranged from just above the limit of quantification (225
CN/100 mL) to >10° CN/100 mL (Table S4). A total of 11 samples were below the limit of
detection for both indicators. The watersheds with the greatest number of samples exceeding
median concentrations (i.e., in the upper half of the overall dataset) for each indicator are
shown in Figure 1. Over 85% of runoff-event samples in the two most urban watersheds
(Rouge and Clinton) exceeded median concentrations of 1470 CN HB/100 mL and 1970 CN
Lachno2/100 mL for human-associated indicators (Figure 1A), and more than 75% of the
samples exceeded the median during low-flow periods (Figure 1B). Portage stood out from
agricultural sites with significantly higher mean concentrations for human-associated
indicators than the other agricultural sites (p < 0.05) and had unusually high frequency of

Environ Sci Technol. Author manuscript; available in PMC 2019 April 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dilaetal.

Page 6

samples over the median level in both runoff-event and in low-flow periods (Figure 1). There
are combined sewage outfalls upstream and in close proximity to the Portage sampling
location (see Woodville results at http://wwwapp.epa.ohio.gov/dsw/maps/cso/index.php).

Mean runoff-event concentrations of human markers were highest in the two urban (Rouge
and Clinton) and one agricultural watershed (Portage), with moderate concentrations in the
mixed land use watershed (Milwaukee) and one agricultural watershed (Maumee) (Table 1,
Figure S2). The two remaining agricultural watersheds (Raisin and Manitowoc) had
evidence of human fecal pollution, but with the lowest mean HB and Lachno2
concentrations. In urban watersheds, mean concentrations of human markers were ~10 to
30-fold higher during runoff-events compared with low-flow periods; however, in
agricultural watersheds, mean concentrations of human markers during runoff-event periods
were similar to low-flow periods and within the same order of magnitude.

Mean concentrations of the ruminant-associated fecal bacteria marker were highest in three
agricultural watersheds (Manitowoc, Portage, and Maumee), but were also in moderate
concentrations in the Clinton and Milwaukee during runoff-event periods (Table 1, Figure
S2). In the Manitowoc watershed, dairy farming is a primary agricultural activity and BacR
was detected over the median concentration of 510 CN BacR/100 mL in 100% and 70% of
runoff-event and low-flow period samples, respectively (Figure 1). The ruminant-associated
indicator was higher than the median concentration (of the entire dataset) in 82% of runoff-
event samples from the Portage watershed; whereas the ruminant-associated indicators were
over the median concentration in roughly 40% of the runoff-event period samples at other
agriculturally impacted sites (Figure 1, Table 1).

In this study, we measured enterococci by gPCR for a general indicator of fecal pollution.
The median event concentrations for all samples was 6400 CN ENT/100 mL, and the
Clinton, Rouge and Portage had the most samples over the dataset median concentration,
mirroring what was found for the human-associated indicators (Figure 1). Mean
concentrations of ENT in samples collected at the forested site (Menominee) were
significantly lower than all other sites during runoff-event periods (p < 0.01) (Table 1, Figure
S2) and all sample results were below the median concentration for the dataset (Figure 1).
Overall, the human-associated indicators were moderately correlated with ENT under runoff
conditions (Spearman’s rank correlation coefficient: HB rho = 0.71, Lachno2 rho = 0.74, p <
0.001). Spearman’s results for individual sites are in (Table S5).

Enterococci and £. coliwere also tested by standard plate-count methods. Overall, the plated
indicators were highly correlated to each other (Pearson’s r = 0.83; p < 0.001). Table S6
provides the Federal recreational water quality standard exceedance percentages for
enterococci and £. coli plate-counts. During events, exceedance of these standards in the
Rouge and Clinton mirrored the high concentrations of human-associated marker levels
(Figure 1 and Table S6); however low-flow FIB concentrations were unrelated to HB
concentrations, indicating that FIB may not be associated with human sewage contamination
in all hydrologic conditions. Additionally, other watersheds did not have a correspondence
of patterns between cultured FIB and HB assays.
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3.2 Influence of rainfall and snowmelt within watersheds with different land use

The impact of hydrologic conditions on human-associated, ruminant-associated, and general
fecal indicator concentrations was examined by grouping watersheds into three land use
categories (agricultural, forest, and urban/mixed; Figure 2). Mean concentrations of all fecal
indicators increased significantly up to two orders of magnitude during snowmelt periods
compared to low-flow periods in the urban/mixed land use category (p<0.02 for HB,
Lachno2, BacR, and ENT). Concentrations of BacR in samples from sites with agricultural
land use increased one order of magnitude in samples collected during rainfall-periods and
three orders of magnitude in samples from snowmelt-event periods compared to low-flow
periods (p < 0.001). In the forested category, mean concentrations of each fecal indicator
type were similar in low-flow and both runoff-event conditions.

3.3 Loads and yields of human and ruminant markers from eight watersheds

Human-associated indicator loads were compared among watersheds for runoff-event
periods (Table 2). The ~16,000 km? Maumee watershed (agricultural) had the greatest mean
event load for Lachno2 and second greatest for HB. Similar mean loads were measured from
the smaller Milwaukee, Clinton, and Rouge watersheds (Table 2). Despite the Maumee
having a much smaller percent urban land use, it still had the largest urban acreage due to
sheer size of the watershed (Table S2). The median load value reflects a “typical” event,
perhaps more so than the mean. The smallest watershed (Rouge) had the greatest median
load. When considering loads normalized to drainage area (yields), the mean and the median
watershed yields of human fecal indicators from Milwaukee, Clinton, Rouge, and Portage
were higher than the Maumee (Table 2).

For the ruminant-associated indicator, the large Maumee watershed had relatively low cattle
density (12.4 cattle/km?) but had the greatest BacR fecal indicator mean load of all of the
study sites, likely due to its large area (Table 2). On the other hand, the smaller Manitowoc
watershed with a high cattle density (143.2 cattle/lkm?) had the greatest mean yield (Table 2)
of all sites.

3.4 Factors influencing the presence and magnitude of host-associated marker levels

Multiple regression analysis was used to explore factors that explain variability in fecal
bacteria flux38. Season, rainfall depth, percent drain tile coverage in the watershed, and
population density (human for HB and Lachno2, and cattle for BacR) were all found to be
significant contributors for explaining variability of the flux of these host-associated markers
(Table 3). Coefficients for these variables were not significantly different than each other
except for one variable in one regression: the coefficient for population density was
significantly greater than other variables for the Lachno2 regression (Table 3). Significant
regressions were developed with human population density (a metric of urbanization) or
cattle density for each respective host associated indicators for instances when the data were
limited to the urban watersheds for human markers or agricultural watersheds for the
ruminant marker; however, adding the percent drain tile coverage in the watershed (a metric
of potential connections to waterways) allowed for a significant regression to explain
human-associated marker variability with data from all eight watersheds.
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3.5 Correlation on bacterial indicator markers and documented viral load

Using previously reported virus data for these sites3’, we examined the relationship between
viruses and host-associated indicators. In the 2017 Lenaker et al. study, human viruses were
detected in 33 of 290 samples from runoff-event (n=189) and low-flow periods (n=101).
Virus concentrations were generally low, with only 3 of the 33 samples above 100 genomic
copies per L. Human viruses were detected more frequently in samples with high
concentrations of human-associated indicator bacteria (Figure 3). Using logistic regression,
combined human-associated indicators (HB plus Lachno2) had a relationship to human virus
occurrence (five pooled human viruses), where the odds of observing human virus increased
by 119% for every 10-fold increase in the human indicator abundance. For the ruminant
markers, the odds of observing bovine viruses (a pool of four viruses) increased by 88% for
every 10-fold increase in BacR abundance. Over all, bovine virus was detected in 77% of
samples with >225 CN BacR/100 mL.

4. Discussion

The Great Lakes hold approximately 20% of the Earth’s fresh surface water and functions
largely as a closed system, with residence times of 62 years for Lake Michigan and 2.7 years
for Lake Erie>2. Pollution enters from the watersheds connected to these immense resources,
with sewage discharges and overland runoff delivering pathogens, nutrients, and trace
organic contaminants. While there are good inventories of impaired rivers in the United
States due to FIB concentrations, a holistic assessment of watersheds draining to the Great
Lakes is needed to understand how different land uses are related to the concentrations
(intensity) and loads (total amounts) of sewage and agricultural pollutants entering the
system on a regional basis.

4.1 Host-associated indicators quantify pollution sources

Most information on watershed pollution loads are derived from land use models and
monitoring data (i.e. discrete samples) for general indicators®3:54. This study used flow
weighted, high frequency sampling to capture representative samples of actual loads of
sewage and ruminant fecal pollution. These data demonstrated the large extent in which
human fecal indicators were found in agricultural watersheds, and the occurrence of
ruminant indicators in heavily urbanized watersheds with upstream agricultural land use
(Clinton and Milwaukee). Understanding the levels of general fecal indicators that co-occur
with these source specific indicators provide benchmarks to the magnitudes of fecal
pollution for these sources across multiple watersheds.

In urban environments, some stormwater outfalls have the microbial signature of untreated
sewage®®. Thus, it is not surprising that human markers are detected in stormwater2>6 and
that concentrations in receiving waters increase during runoff-event periods24. A difference
between urban and agricultural watersheds was seen in the influence of rainfall and
snowmelt on human marker concentration and could be due to the differences in the
mechanisms by which sewage enters receiving waters; i.e. sewer pipes versus septic systems.
It is possible that faulty septic systems need a build-up period over winter, without storm
flushing of leachate, to increase marker concentrations to receiving waters, whereas the

Environ Sci Technol. Author manuscript; available in PMC 2019 April 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dilaetal.

Page 9

infrastructure of urban areas has many leaking sewer pipes that maintain high concentration
of human indicators readily available for flushing. Septic tank density has been linked with
human fecal pollution?® and in a primarily non-urban Ohio watershed, Peed et al. found
human fecal markers strongly associated with wet weather and saw a positive correlation
between human markers and septic tank densityl.

In this study, sewage pollution was high in the agricultural Portage watershed, which may be
reflective of the sampling location that was near a small town with a combined sewage/
stormwater system and an outfall upstream of the sampling site. Septic systems near the
stream could also account for contributions of human fecal pollution. Sewage releases to the
river near the sampling location, or efficient delivery of leeched sewage from septic tanks
could be the cause of the consistently high human-associated fecal signal at the Portage site.

In all weather conditions, HB and Lachno2 were closely correlated to each other and found
at ratios consistent with what is found in wastewater treatment plant influent820.24,
suggesting that overall the two human markers behave similarly in the environment. There is
little information on the ecology of host-associated fecal indicators in the environment apart
from microcosm studies®’—39, which is needed to determine the window of time that these
indicators would be detectable in the environment. There are many processes that influence
the overall concentrations captured by sampling in downstream portions of a watershed.
Microorganism survival models often assume a first-order decay®® and recent microcosm
studies suggest that genetic markers are reduced by 1-3 orders of magnitude over a 7-day
time frame®8:61.62, This gives some confidence that genetic markers, which are generally
fecal anaerobes, persist long enough to be detected up to a week’s time over the runoff-
event. However, concentrations captured over the event may underestimate pollution signals
compared to a single-day event and further refinement of estimates are necessary to take into
account attenuation of signals over time for watershed comparisons.

4.2 Sewage sources create a human health risk

Quantitative microbial risk assessment modeling has shown that water containing a mix of
human and non-human sources of enterococci have a smaller probability of producing
gastrointestinal illness in humans compared with enterococci that is exclusively from human
sources’:63, Similarly, a study in Singapore® found predictions of human pathogens
improved when human-associated fecal indicators were included as variables along with
traditional enterococci and £. coli indicators. We found it difficult to generalize the
relationship between human-associated markers and enterococci and £. coli plate-counts,
which highlights the non-specific nature of FIB.

Human markers have been previously associated with increased occurrence of human
viruses in Milwaukee watershed and nearshore20:25, In this study, the relationship between
human markers and viruses was surprisingly consistent with previous work; we reported a
119% increase in the probability of detection of viruses with every 10-fold increase in
human marker, and Newton et al. reported 154% increase in the likelihood of adenovirus
detection with a 10-fold increase of human marker2%, Boehm et al. reported that levels of
4200 CN/100 mL human-Bacteroides®®, detected by a similar assay as the HB assay,
correlated to a risk of gastroenteritis of 0.03; however, the Boehm study did not concurrently
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measure pathogens and human markers in samples, but employed published values for
pathogen concentrations in sewage. In a subsequent study, estimates of HB levels of 7800
CN/100 mL HB were formulated using untreated sewage samples with both constituents
measured in the same sample8.

4.3 Agriculture carries health risks

In the Midwestern region of the U.S., fall and spring are typical times for manure spreading
and this likely influenced seasonal increases in BacR concentrations. Spring concentrations
were generally higher than fall, and snowmelt had a greater effect on increases in BacR
concentrations in most watersheds except for Manitowoc, an agricultural watershed that had
the greatest BacR concentrations. Multiple variables are likely linked to high snowmelt
concentrations and loads including winter manure spreading, saturated soil conditions during
snowmelt periods, reduced UV light exposure due to snow and ice cover, persistence of
indicators in colder temperatures, and differences in direct farm runoff vs. manure spreading.
In a 2010 study, Soller et al. found that human health risks associated with the presence of
fresh cattle feces were not substantially different from risks associated with human fecal
sources®3, However, according to a USEPA study (2010) that examined the human health
risk associated with land-applied manure runoff, the risk was estimated at 25 to 150 times
lower than risk from viruses carried by human fecal sources®6. For many regions the
sampling season should play an important role in assessing ruminant-associated health risk.

4.4 Watershed attributes explain flux variability

A single regression equation for each individual host-associated indicator that included flux
data from all watersheds was sufficient to represent the relation with predictor variables for
periods of rainfall. This result suggests that some generalizations can be made about
influences on the delivery of fecal pollution sources that could be extrapolated to watersheds
to inform modeling efforts for watershed assessments such as TMDLs when empirical data
are not available. This would refine pollution source and load estimates to help watershed
managers prioritize resource management efforts. Uncertainty in such estimates could be
determined with targeted validation measurements for host associated indicators and
potential model recalibration.

Standardized regression coefficients indicated that all predictor variables were relatively
similar in importance of explaining variability of these host-associated markers. Three of the
four predictor variables for each regression have relations to hydrology including rainfall,
season, and tile drainage. Coefficients for the seasonal variables reflected a peak seasonal
contribution in late winter and early spring for human and ruminant indicators. This is
typically the time of year in the Great Lakes region when the ground is saturated or frozen
and baseflow levels in streams are greatest, leading to efficient runoff mechanisms during
rainfall periods®7—69. In the mixed land use Milwaukee watershed, high frequency sampling
demonstrated the greatest loads and concentrations in spring®. Tile drainage also increases
efficiency of watershed hydraulics, rapidly draining water from areas that would typically
have a much longer travel time before discharging to surface water. Efficiency in the
watershed hydraulics can also lead to efficiency in contaminant transport, including
microorganisms’?, While the predictor variables used in these regressions were chosen
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based on likelihood of mechanistic linkage to contaminant transport, these are statistical
relations that do not necessarily indicate causation, and validation would be necessary to
provide confidence that management actions would be effective in reducing fecal pollution.

4.5 Management Implications

Managing pollution discharge to Areas of Concern in the Great Lakes is an important issue
for the Great Lakes states, and remediation for effective load reductions must be weighed
against other municipal needs so that managers might identify the best targets for financial
investments. Variables that are driven by natural forces are difficult to change, but the impact
of tiles, people, and cattle may be altered by thoughtful design of infrastructure investments
or runoff management practices. TMDLSs are based on modeling studies of general
indicators, but closer examination of modeling estimates using source specific fecal
indicator information could improve remediation efforts. While pathogen contamination is a
major concern associated with fecal sources, nutrients and trace organic contaminants, like
antibiotics and pharmaceuticals, are also present!® and therefore host-associated fecal
indicators may serve as a proxy for other constituents that enter the Great Lakes. Further
work is needed to understand how different pollutants of concern are coupled and identify
where there are co-benefits for certain management strategies. Results from the current
study provide unique information that may be used to assist in these complex watershed
management tasks.
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Refer to Web version on PubMed Central for supplementary material.
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Heatmaps with frequency of sample concentrations over the median for each host-associated
marker during (A) runoff-event periods and (B) low-flow periods for eight Great Lakes
tributaries. Ordered top to bottom from most to least urban. HB = human Bacteroides;,
Lachno2 = human Lachnospiraceae, ENT = enterococci; BacR = ruminant Bacteroides.
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Boxplots showing sample distribution for fecal indicator concentrations in low-flow (light-
blue), rainfall-event (dark-blue) and snowmelt-event (gray) periods. Characterized by Urban/
Mixed (urban land use 30-92%), Agriculture (urban land use 7-11%) and Forest (urban land
use 3.8%). Y-axis is log-base10. The center line of each boxplot represents the median, the
red dot represents the mean, the upper line represents the 75th percentile, the lower line
represents the 25th percentile, the upper whisker represents the maximum, the lower whisker
represents the minimum, black dots represent sample distribution. HB = human Bacteroides,
Lachno2 = human Lachnospiraceae; ENT = enterococcus; BacR = ruminant Bacteroides.
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Figure 3.
Human-associated fecal indicator concentrations (the sum of HB and Lachno2) grouped into

bins and plotted against the percentage of those samples with human virus detection. The
human viruses pooled for detection included: adenovirus C, D, F, adenovirus A, norovirus
groups | and 11, and enterovirus.
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Page 20

Mean concentrations (in bold) and standard deviations (in parenthesis) of host-associated indicators during
runoff events (n=130) and low-flow periods (n=89) for samples collected at eight Great Lakes watersheds from

2011-2013"
Lachno2 HB ENT

Water shed Basinb Land Use Categoryc Runoff Event L ow-flow Period Runoff Event L ow-flow Period Runoff Event L ow-]
Rouge River DR Urban/Mix 113,000 (+ 125,000) 5,630 (+5,610) | 53,900 (+86,600) | 10,200 (+ 12,400) | 28,000 ( 29,100) 58
Clinton River LSC Urban/Mix 74,000 (+ 188,000) 6,190 (+ 6,860) | 61,600 (+ 151,000) | 11,900 (+ 15,700) | 22,900 (+ 23,700) 36
Milwaukee River LM Urban/Mix 14,000 (+ 36,300) 457 (+ 367) 16,500 (+ 42,600) 685 (£ 678) | 8,460 (+ 10,100)
Raisin River LE Agriculture 1,090 (+ 1,640) 3,810 (+ 9,550) 1,160 (+ 2,090) | 5,720 ( 11,500) 4,030 (+2,540) | 7,26
Maumee River LE Agriculture 11,000 (+ 26,100) 2,420 (+ 4,260) 9,170 (+ 23,200) 4,720 (+ 8,400) | 19,200 (+ 50,800) 42
Portage River LE Agriculture 29,000 (+ 36,500) | 12,000 (+9,920) | 32,000 (+40,700) | 43,100 (+82,000) | 24,800 (+ 31,800) | 22,60
Manitowoc River LM Agriculture 794 (+ 1,170) 143 (+ 183) 444 (+ 560) 247 (+ 67) | 12,700 (+ 12,200) 4,2
Menominee River LM Forested 179 (£191) 309 (+ 324) 286 (+ 343) 812 (+ 1,100) 412 (+ 456)

a i i . . . . .
Lachno2 = human Lachnospiraceae, HB = human Bacteroides, ENT = enterococci; BacR = ruminant Bacteroides. Units for concentration are

CN/100 mL.

bbasin abbreviations: LM = Lake Michigan, LSC = Lake St. Clair, DR = Detroit River, LE = Lake Erie.

C . .
land use categories as defined in text.
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Table 2.
Study Sites with Median Load and Yield and Mean Load and Yield Calculated for Runoff Events”
Water shed Drainage Area (km?) | (n) | Statistic | Load HB | Yield HB | Load Lachno2 | Yield Lachno2 | Load BacR | Yield BacR
o | o |w | |9 USRS MEN | RN | 9EE | 3B
cmmmer | oo || bl |IEENGREN | IMER | MR | IRER | nE
Milwaukee River 2.250 13 | ean | 292616 | 120E+18 | ZSOEMls | IMEs | Ledeels | 7z0md2
Raisin River 2,699 12 | Vo | 630614 | Z29E11 | GOSEs | sdsEds | ameeds | iaseeie

. Median | 5.89E+14 | 531E+11 | 2.71E+14 2 45E+11 441E+14 | 3.98E+11

POTERE (R0 =0 7 [ Mean | 6.21E+15 | 5.60E+12 |  6.39E+15 5.77E+12 6.05E+15 | 545E+12

. . Median | 1.24E+13 | 9.07E+09 | 3.55E+13 2.61E+10 4726414 | 3.46E+11
e (RO e 7 Mean | 4.93E+13 | 3.62E+10 | 116E+14 8.54E+10 167E+16 | 1.23E+13

aCoIor depth highlights drainage area size, going from the largest in dark blue (Maumee) to the smallest in very light blue (Rouge). Some

watersheds share a color because of similar drainage area sizes. Units for load are CN (copy number) and yield are CN/km2; n = number of events

for each watershed.
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Table 3.

Standardized Coefficients for Multiple Regressions used to Explain Variability of Host-Associated Fecal
Indicator Bacteria Flux Measured during Periods without Snow at Eight Great Lakes Tributaries, 2011-2013.

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Standardized Coefficients | 95% Confidenceintervals
Host-associated fecal indicator 2.50% 97.50%
Population density 0.22 0.18 0.26
Rainfall depth 0.11 0.08 0.15
Human Lachnospiraceae2 Cosine(decimal day of year) 0.10 0.07 0.13
Sine(decimal day of year) 0.08 0.05 0.11
Tile drainage % 0.13 0.09 0.17
Population density 0.20 0.16 0.24
Rainfall depth 0.08 0.05 0.11
Human Bacteroides Cosine(decimal day of year) 0.10 0.07 0.13
Sine(decimal day of year) 0.06 0.03 0.10
Tile drainage % 0.13 0.10 0.17
Cattle density 0.08 0.03 0.13
Rainfall depth 0.21 0.15 0.27
Ruminant Bacteroides Cosine(decimal day of year) 0.12 0.07 0.17
Sine(decimal day of year) 0.12 0.06 0.17
Tile drainage % 0.08 0.03 0.13
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