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Conversion Factors, Abbreviations, and Abbreviated Water-
Quality Units

Inch/Pound to SI

Multiply By To obtain
Length
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
Area
acre 4,047 square meter (m?)
square mile (mi?) 2.590 square kilometer (km?)
Volume
gallon (gal) 3.785 liter (L)
gallon (gal) 3,785 milliliter (mL)
gallon (gal) 3,785,000 microliter (uL)
Flow rate
mile per hour (mi/h) 1.609 kilometer per hour (km/h)
Mass
ounce, avoirdupois (0z) 28.35 gram (g)
ounce, avoirdupois (0z) 28,350,000,000 nanogram (g)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:
°F=(1.8x°C)+32

Specific conductance is given in microsiemens per centimeter at 25 degrees Celsius (uS/cm at
25 °C).

Turbidity is given in Nephelometric Turbidity Units (NTU).

Concentrations of chemical constituents in water are given either in milligrams per liter (mg/L)
or micrograms per liter (ug/L).

Concentrations of Fecal Indicator Bacteria (FIB) from grab samples of water are given as most
probable number per 100 milliliters of water (MIPN/100mL).

Concentrations of FIB from sand samples are given as most probable number per gram of dry
sand (MPN/g).






2 Evaluation of Potential Sources and Transport Mechanisms of Fecal Indicator Bacteria, Murphy Park Beach, Wisconsin

Door County, Wis. is a unique setting in the Great Lakes
region from a geographic, geologic, social, and economic
standpoint. Door County is located on a peninsula between
Green Bay and Lake Michigan and has many public beaches.
A large portion of the economy is based on tourism, and recre-
ational beaches are an important attraction for tourists in Door
County. The subsurface geology is dominated by fractured
carbonate rock aquifers that have a high horizontal to verti-
cal anisotropy and low bulk porosity, which results in rapid
horizontal transport of water through the shallow groundwater
system (Sherrill, 1978).

Frank Murphy Park Beach in Door County (Murphy
Park Beach) was chosen for this study by the U.S. Geological
Survey, in collaboration with the Door County Soil and Water
Conservation Department and University of Wisconsin—Osh-
kosh, because it (1) is a relatively pristine beach compared
with other Great Lakes beaches that have been intensively
studied, but it also has experienced periodic FIB exceedances
during the summer, (2) has a relatively well-defined extent,
(3) does not have a substantial surface water tributary nearby,
and (4) experiences relatively large groundwater discharge
along the beach during the spring, which at times seeps to the
land surface on the beach and drains into the swimming area.
The groundwater typically has relatively low concentrations
of FIB and only periodically has elevated concentrations of
E. coli; 5 percent of E. coli samples had greater than 235 most
probable number per 100 milliliters of water (MPN/100mL)
from 2003 to 2007 (Door County Soil and Water Conservation
Department, 2008).

Several research efforts have evaluated Murphy Park
Beach for factors associated with potential FIB contamina-
tion. Rainfall has been shown to have short-term effects on
E. coli concentrations, which are significant 3 hours (hr) after
rainfall, but not after 8 hr (Kleinheinz and others, 2009).

Bird waste was shown to influence E. coli concentration on
the day following deposition (Kleinheinz, McDermott, and
Chomeau, 2006). Water samples collected within and outside
of Cladophora mats revealed that the average concentrations
of E. coli were greatest within the mats and that concentrations
decreased with distance from the mat up to 33 feet (ft) (Engle-
bert and others, 2008). In addition, sand has been identified

as a source of E. coli contamination in nearby beaches, and
swash zone sand typically has greater E. coli concentrations
than upshore sand (Zehms and others, 2008).

Purpose and Scope

This report describes the methods and results of an
evaluation of multiple potential influences of FIB occurrence,
including sources and transport mechanisms to the water
column, at a relatively pristine beach on the shore of Green
Bay in Door County, Wis. Pathogenic bacteria occurrence was
also evaluated as part of this study, but sources and transport

mechanisms for pathogens were not evaluated because no
pathogenic genes were detected. The field investigation
for the study described in this report included surface and
groundwater sampling during August—September 2008 and
July—August 2009.

Murphy Park Beach and its Watershed

Murphy Park Beach is located in a small embayment
on the eastern side of Green Bay (the western shore of Door
County), 50 miles (mi) north of the City of Green Bay (fig. 1)
and 12 mi north of the City of Sturgeon Bay. Door County is
entirely within the Door Peninsula, which begins in northern
Brown and Kewaunee Counties to the south. A pier extends
approximately 400 feet (ft) into the bay on the northern edge
of the beach and forms a northern boundary for the beach
study area. The beach extends approximately 1,000 ft to the
south of the pier to a boat launch and the northern edge of
Horseshoe Point, which forms the southern boundary for the
embayment that encompasses Murphy Park Beach. The beach
at Murphy Park forms the eastern boundary of the study site
(fig. 2).

The Murphy Park Beach watershed covers approximately
140 acres and includes park land, undeveloped woodland, part
of a golf course, and several private residences. The watershed
is underlain by dolomite bedrock of Silurian age that forms a
steep ridge, known as the Niagara Escarpment, and a plateau
in the eastern part of the watershed. Groundwater flow is
generally from southeast to northwest along the western side
of the Door Peninsula through fractures in the carbonate rocks
(Sherrill, 1978). During the spring, groundwater seepage is
visible along the beach; no seepage was observed during the
study periods of August—September 2008 and July—August
2009, although groundwater is expected to discharge below
shallow beach water year-round. A concrete-lined pit toilet
exists on the park premises, but no subterranean or sur-
face wastewater discharges occur within Murphy Park. An
ephemeral stream channel runs through the center of Murphy
Park, south of the primary swimming area, but flow was not
observed in this channel during the summer study periods
and is therefore not shown in figures 1 or 2. A small perennial
stream enters Horseshoe Bay between Horseshoe Point and
the boat launch, approximately 800 ft south of the beach area,
and was considered to be outside of the study area that was
defined as being bounded along the south edge by the boat
launch sampling site.









Study Methods and Sampling Sites

U.S. Geological Survey (USGS) and University of
Wisconsin-Oshkosh personnel collected samples for quan-
titative analysis of the fecal indicator bacteria E. coli and
enterococci, analysis of the presence or absence of a suite of
pathogenic bacteria, concentrations of suspended particulates
in lake water, and analysis of a suite of basic water-chemistry
characteristics at sites in Murphy Park. Basic water chemistry
included cations, water temperature, pH, specific conductance,
turbidity, and acid neutralizing capacity. Sample collection
and analysis for E. coli, enterococci, and pathogens followed
the methods described by Zehms and others (2008), Englebert
and others (2008), and Eaton and others (2005). E. coli and
enterococci concentrations were expressed as most probable
number per 100ml of water (MPN/100mL) or as most proba-
ble number per gram of dry sand (MPN/g). Pathogen presence
was tested using PCR assays for signature genes of selected
bacterial pathogens. Samples for analysis of basic water
chemistry and suspended particulates were collected using the
grab method, preserved, and then shipped to the Wisconsin
State Laboratory of Hygiene. Preservation included acidifica-
tion of cations with nitric acid to a pH less than 2 and chilling
of all samples to approximately 4 degrees Celsius (°C). All
samples were unfiltered, except the filtered lake water samples
as described below.

Sampling Sites

Sampling sites (fig. 2) were selected to evaluate sources
and transport mechanisms of FIB and pathogens to beach
water at Murphy Park Beach. The beach water site was consid-
ered the primary focus of the study, because FIB exceedances
there trigger beach closure. Thus, the other sampling sites
represented potential FIB and pathogen sources or transport
pathways to the beach water. Sites evaluated for this study are
shown in figure 2 and included the site and sample types listed
below.

1. Lake water. The water of Green Bay could transport
FIB and pathogens to the beach water via currents.
Lake water sampling sites adjacent to the beach site
included the pier and boat launch. Sampling at these
sites captured FIB and pathogens potentially avail-
able for transport into the beach water column via
currents. The beach water site is also included as
a lake water sampling site in sections of the report
describing sampling and laboratory methods and
sample collection schedules.

2. Groundwater. Shallow groundwater is a potential
source or transport mechanism, or both, of microbio-
logical contaminants (Alexander and others, 2008) to
the beach water column. Groundwater sampling sites
included several shallow piezometers, or wells, at
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varying distances from the shoreline and a deep well
about 150 ft from the shoreline that provides drinking
water. Piezometers were categorized as being near
(typically less than 5 ft from shore), middle (typically
5-15 ft from shore), or far from the shoreline (typi-
cally greater than 100 ft from shore).

3. Suspended particulates. Filters were used to capture
FIB and pathogens in lake water associated with
suspended particulates larger than 63 microns (fine
sand), between 63 and 1 micron (silt), and clay,
colloids, or free-floating organisms smaller than 1
micron (filtrate). Samples for FIB associated with
particulates were collected at the beach water and
boat launch sites and are referred to as 63 micron,

1 micron, or filtrate.

4. Sand. Beach sand has been found to harbor high levels
of FIB and represented a potential source of FIB and
pathogens to beach water. Sand cores were collected
representing upshore, swash-zone, and submerged
sand.

5. Cladophora. Water within and adjacent to Cladophora
mats was sampled to evaluate the potential for
Cladophora mats to act as sources of FIB and patho-
gens to beach water at Murphy Park Beach. Samples
were categorized as either interior or exterior of a
Cladophora mat, and are referred to as either within
or adjacent to a mat.

Sampling Schedule

Surface-water samples were collected into sterile
120-milliliter (mL) plastic bottles 4 days per week at the beach
site and 4 consecutive days every other week at the pier and
boat launch sites. Groundwater samples, sand cores, and water
samples associated with Cladophora were collected every
other week and corresponded with the weeks when samples
were collected at the pier and boat launch sites. Sampling for
FIB associated with suspended particulates was targeted for
periods of increased storm activity but always coincided with
a sample from the beach. Sample collection was typically
completed during the morning to minimize potential effects
of FIB reduction due to solar radiation. Although this was
not always possible, analyses of samples collected from the
lake water sampling sites showed no statistically significant
relation with time of day that a sample was collected. Table 1
summarizes which constituents were sampled at each site
during 2008 and 2009. Sampling in 2008 focused on FIB in
lake water at the beach and pier and in groundwater. Sam-
pling in 2009 included collection of samples for analysis for
pathogens, as well as samples of lake water at the boat launch
sampling site, particulates, sand cores, and water sampling
within and adjacent to Cladophora mats.
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Table 1. Dates, locations, and types of environmental samples collected at Murphy Park Beach, 2008-9.

[Dates are indicated by numerals for the month, day, and year. E, Escherichia coli; C, enterococci; W, water chemistry; A, ancillary data including: wave
height, bather and avian counts (beach only), current direction and speed, turbidity, water temperature, specific conductance, and pH; P, pathogen analysis;
--, no data. Sand samples included collection of three cores of submerged, swash zone, and upshore sand at the beach]

Filtered sediment and

Water-sample locations and types water-sample locations Cladophora
Date and types Sand mats
Beach Pier Boat launch Piezometers Beach  Boat launch
2008
8/11/2008 E,C,W E,C,W - E,C,W -- -- - -
8/12/2008 E,C,W E,C,W - - - - - -
8/13/2008 E,C,W E,C,W - - - - - -
8/14/2008 E,C,W E,C,W - - - - - -
8/18/2008 E,C,W E,C,W - - - - - -
8/19/2008 E,C,W E,C,W - - - - - -
8/20/2008 E,C,W E,C,W - - - - - -
8/21/2008 E,C,W E,C,W - - - - - -
8/24/2008 E,C,W E,C,W - - - - - -
8/25/2008 E,C,W E,C,W - - - - - -
8/26/2008 E,C,W E,C,W - E,C,W - -- - -
8/27/2008 E,C,W E,C,W - - - - - -
9/3/2008 E,C,W E,C,W - E,C,W -- -- - -
9/4/2008 E,C,W E,C,W - - - - - -
9/11/2008 E,C,W E,C,W -- E,C,W -- - - -
2009

7/9/2009 E,C,W,A ECWA ECWA ECW -- - -- -
7/10/2009 -- -- - - - - E,C E,C
7/13/2009 E,C,A - - - - - - -
7/14/2009 E,C A -- - - - - - -
7/15/2009 E,C A -- - - - - - -
7/16/2009 E,C,A - - - - - - -
7/20/2009 E,C A E,C A E.C,A E,C -- - - -
7/21/2009 E,C,A E,C A E,C A E,C -- - E,C E,C
7/22/2009 E,C,W,A ECWA ECWA ECW - - E,C E,C
7/23/2009 E,C A E,C A E.C,A E,C -- - - -
7/27/2009 E,C,A -- -- - E,C - - -
7/28/2009 E, C,A - - - E,C E,C - -
7/29/2009 E,C A - - - - - - -
7/30/2009 E,C A -- - - - - - -
8/1/2009 E,C,W,A E,C,W,A E,C,W,A E,C,W -- -- E,C E,C
8/3/2009 E,C A E,C A E.C,A E - - - -
8/5/2009 E,C,A,P E,C,A,P E,C AP E,C,P -- - E,C E,C
8/6/2009 E,C,A,P E,C,A,P  E,C,A,P E,C,P - - - -

8/10/2009  E,C,A - - - ~ - - -
8/11/2009  E,C,A - - - - - - -
8/12/2009  E,C,A - - - ~ - - -
8/13/2009  E,C,A - - - ~ - - -
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Ancillary Data

Ancillary data were collected at the time of sample
collection at each of the three lake water sampling sites and
included: wave height, water temperature, current direction
and speed, bather and bird counts, turbidity, specific conduc-
tance, and pH. Ancillary data were collected using the same
protocols as Zehms and others (2008). Continuous data were
also recorded at the base of a buoy located in approximately
6 ft of water and approximately 50 ft south of the pier, and
additional continuous data were recorded at an onshore
companion site during the summer of 2009. Continuous data
included water level, turbidity, specific conductance, precipita-
tion, and solar radiation.

Pathogens

Pathogen samples were collected for lake water and
groundwater sampling sites starting on Aug. 5, 2009 (table 1).
Samples were processed by the USGS Michigan Water Sci-
ence Center Microbiology Laboratory within 48 hr from the
time of sampling. Immediately upon arrival at the lab, samples
were unpacked and an identification number was assigned to
each sample for tracking the sample.

The targeted bacterial pathogens were human-pathogenic
enterococci, Shigella sonnei, Shiga toxin-producing E. coli
(STEC), Salmonella species, and Campylobacter jejuni and
coli. Growth media and enrichment parameters for each target
organism are shown in table 2. Solid (agar) media for the
enrichment for E. coli/Shigella (mFC medium) and entero-
cocci (mEI medium) were prepared according the manufac-
turer’s instructions. Membrane filtration was done according
to standard procedures (Eaton and others, 2005; U.S. Environ-
mental Protection Agency, 2000). Selective enrichments for
Campylobacter and Salmonella were done by inoculating the
appropriate broth (table 2) with a filter containing the filtrate
from 100 mL of sample water. Observations were enumerated
from the agar plates, if appropriate, and broth enrichments.

Membrane filters with subsequent growth were frozen directly
at —20°C until further analysis. For broth cultures, following
agitation for 15 minutes, membrane filters were aseptically
removed and the broth centrifuged to form a pellet. Superna-
tant was decanted and the pellet was resuspended in 1 mL of
20 percent glycerol prepared in one-half strength Phosphate
Buffered Solution. Glycerol preparations were stored at =70°C
until deoxyribonucleic acid (DNA) extraction, which took
place up to 2 years later. For DNA extraction, filters cut into
eighths, or pellets from broth cultures, were thawed at room
temperature, and DNA was then extracted from all samples
using the alkaline polyethylene glycol method of Chomec-
zynski and Rymaszewski (2006). Extracted DNA was stored
at —20°C, and was analyzed within 1 week of extraction. All
equipment used in filtering was cleaned and sterilized daily
and checked prior to each use. A laboratory blank was run
daily by filtering Phosphate Buffered Solution through a filter
cup onto a filter for each medium prior to testing, and a labora-
tory replicate was run weekly.

STEC E. coli and pathogenic enterococci were detected
using previously published methods (Duris and others, 2009;
Haack and others, 2009). Shigella sonnei was detected using
modifications of the procedure of Islam and others (1993).
Campylobacter jejuni and C. coli were detected using modifi-
cations of the methods of Inglis and Kalischuk (2003). Salmo-
nella and pathogenic Salmonella species were detected using
modifications of the methods of Chiu and Ou (1996). Standard
quality assurance and control procedures were followed for all
PCR reactions (U.S. Environmental Protection Agency, 2004).
Detection limits for all PCR reactions were determined using
serial dilution of DNA from control organisms (table 3). For
approximately every 20 samples of any given PCR reaction,
PCR-positive controls and PCR-negative controls (no template
reactions) were included. Environmental matrix issues were
minimized in these methods by analyzing DNA extracted from
pre-enriched cultures. All PCR assays were performed using
1 microliter (1-100 nanograms) of template DNA. Prior stud-
ies indicate a range of detection limits of 20-200 cells for the
various reactions (Haack and others, 2009).

Table 2. Growth medium and enrichment parameters for target pathogenic bacteria.

[mL, milliliters; £, plus or minus; °C, degrees Celsius]

Volume
Target organism Growth medium Purpose filtered, Incubation temperature Reference
inmL
Enterococci mEI Enrichment 100 41.5°C £ 1.0°C for 22-24 hours U.S. Environmental Protection
Agency (2006)
Shigella mFC Enrichment 100 44°C £ 1.0°C for 22-24 hours Eaton and others (2005)
Escherichia coli  mFC Enrichment 100 44°C £ 1.0°C for 22-24 hours Eaton and others (2005)
Salmonella Rappaport-Vassiliadis Enrichment 100 37°C £ 1.0°C for 22-24 hours Vassiliadis and others (1978)
R10 broth
Campylobacter Bolton broth Enrichment 100 37°C £ 1.0°C for 4 hours Baylis and others (200)

41.5°C £ 1.0°C for 48 hours
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Four levels of statistical analysis were used to explore
this data. All analyses were conducted using R statistical soft-
ware (R Development Core Team, 2011). The four levels of
analyses were performed as follows.

1. Subdaily time series variable selection. For each
variable that was available on a subdaily basis, all
temporal summation variables derived from that
physical variable and, as appropriate, the log trans-
formations were used to generate Pearson correlation
coefficients with E. coli concentration. The temporal
summation variable with the highest Pearson cor-
relation coefficient for each physical variable was
chosen for subsequent analyses.

2. Recursive partitioning analysis. All daily mea-
surements as well as the subdaily variables that
were chosen in level 1 were used in a recursive
partitioning analysis also referred to as classifica-
tion and regression tree, to explore relations between
E. coli concentrations and predictor variables.
Recursive partitioning analysis provides an option
for exploring complex data relations with nonlinear
structure and variable interactions by successively
splitting the data into increasingly homogeneous
subsets. Stopping rules are used to reach final
splitting points or “terminal nodes.” The recursive
partitioning process results in a flow chart or “tree”
that splits data based on a set of rules. Recursive
partitioning analyses are particularly well suited for
use with complex ecological data (De’Ath and Fabri-
cius. 2000). This analysis was conducted indepen-
dently two times, once for those variables that were
available on a daily time interval and a second time
for derivatives of the subdaily time series variables
that were computed to match the daily sample times
(table 4). The variables that proved to be somewhat
influential were carried forward for subsequent
level 3 and 4 analyses. These variables included the
first three split variables as well as close competitor
variables, which would provide a valuable split if the
chosen split variable were not present, and close sur-
rogate variables, which would provide a split similar
to the chosen split variable.

3. Multiple ordinary least squared linear regression
used all possible four variable combinations from
those variables surviving level 1 and 2 analyses,
which is referred to as “all subsets regression.”

4.  Stepwise regression used the resulting variables
from level 3 analysis along with the three most
influential variables in both of the level 2 recursive
partitioning analyses. It was necessary to reduce the
variables from the original 202 for stepwise regres-
sion analysis due to the limitations of ordinary least
squared regression and to avoid overfitting of the
final regression model.

The first three levels were used to aid with variable selec-
tion for the fourth level. Results from the second and fourth
levels were used to draw final conclusions on potential influ-
ential variables identified from this multivariate analysis.

FIB Concentrations at Potential Source
Reservoirs

FIB in Lake Water

FIB concentrations in water samples collected at the boat
launch for only 2009 and the pier for 2008 and 2009 combined
were compared with results from beach water to evaluate
potential sources for transport of FIB to the beach area (fig. 3,
table 5). Daily FIB concentrations at the boat launch and the
pier were directly compared to FIB concentrations in beach
water by normalizing concentrations at the boat launch and the
pier with concentrations in beach water (fig. 3C and D). This
type of direct comparison by normalizing with FIB concentra-
tions in beach water from the same day was performed for
all potential aquatic source locations, including groundwater,
suspended particulates, and Cladophora-associated water.

E. coli concentrations in water at the beach were generally
higher than those in water at either the boat launch or the pier,
except on a few dates when E. coli concentrations at the boat
launch (July 23 and Aug. 26, 2009) and E. coli at the pier
(Aug. 3, 24, and 26, 2009) exceeded those measured at the
beach (fig. 44, table 5). Concentrations of enterococci in beach
water were higher than those at the pier and boat launch sites,
except on a few occasions at the boat launch (July 23 and
Aug. 5, 2009) and at the pier (Aug. 24 and Sept. 11, 2008, and
Aug. 19 and Sept. 17, 2009). Aside from the E. coli measured
at the boat launch on July 23, 2009, the E. coli concentra-
tions at the boat launch and the pier were always less than the
U.S. Environmental Protection Agency water-quality criterion
of 235 MPN/100mL.






Table 5. Fecalindicator bacteria concentrations in samples from the lake water sampling sites and current directions at the three lake water sampling sites at
Murphy Park Beach, 2008-9.

[Dates are indicated by numerals for the month, day, and year. E. coli, Escherichia coli; MPN/100mL, most probable number per 100 milliliters; --, no data]

Beach Boat launch Pier
Current Current Current
Date E. coli Enterococci direction E. coli Enterococci direction E. coli Enterococci direction
(MPN/100mL)  (MPN/100mL) (degrees (MPN/100mL)  (MPN/100mL) (degrees (MPN/100mL)  (MPN/100mL) (degrees
from north) from north) from north)
8/11/2008 206 328 - - - - 6 6 -
8/12/2008 28 10 - - -- -- 2 1 -
8/13/2008 75 20 - - - - 4 1 -
8/14/2008 91 40 - - - - 5 2 ~
8/18/2008 39 13 - - - - 3 5 -
8/19/2008 127 184 -- -- -- -- 16 13 --
8/20/2008 4 3 - - - - 1 2 -
8/21/2008 3 6 -- -- -- -- 1 2 -
8/24/2008 13 2 - - - - 15 792 -
8/25/2008 2 2 -- -- -- -- 1 1 -
8/26/2008 6 37 - - - - 1 2 -
9/3/2008 1 1 -- -- -- -- 1 1 -
9/4/2008 1 2 - - - - 1 2 -
9/11/2008 11 14 - - - - 3 16 -
7/9/2009 5 81 360 1 24 360 1 10 90
7/13/2009 6 3 95 -- -- - - - -
7/14/2009 1 1 95 - - - - - —
7/15/2009 60 2,420 90 -- -- - - - -
7/16/2009 12 46 90 - - - - - -
7/20/2009 17 9 360 1 2 345 1 1 10
7/21/2009 1 1 270 1 1 270 1 1 360
7/22/2009 56 66 245 1 1 190 19 1 360
7/23/2009 7 9 90 548 47 190 1 1 190
7/27/2009 2 -- 45 -- -- - - - -
7/28/2009 2 - 90 - - - - - —
7/29/2009 2 -- 90 -- -- - - - -

7/30/2009 84 -- 90 -- -- -- - - -
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FIB Associated with Suspended Particulates in
Lake Water

FIB concentrations generally increased from the lowest
concentrations in samples associated with suspended par-
ticulates larger than 63 microns, to larger concentrations in
samples associated with suspended particulates larger than
1 micron, to the highest concentrations in the filtrate (fig. 6).
The increasing FIB concentration with decreasing filter pore
size suggests that fewer FIB are associated with coarse-
grained suspended particulates (sand) than with fine-grained
particulates. In general, it appears more FIB are present either
as free-floating bacteria or attached to particles smaller than
1 micron than are attached to larger suspended particulates.
This finding suggests that potential high FIB concentrations
released from eroded beach sand may be dispersing directly to
the water column rather than settling out with sediment. Simi-
larly, this finding suggests that submerged sand would be an
unlikely source of FIB to the water column, because it appears
that FIB are not strongly bound to sand-sized particulates (see
“FIB in Beach Sand” below). In general, the sum of total FIB
concentration from each filter pore-size category was similar
to that measured from the corresponding grab sample of beach
water. Still, summations for several samples produced con-
centrations that were larger or smaller than the grab sample by
more than an order of magnitude, highlighting the uncertain-
ties associated with this analysis.

FIB in Beach Sand

Similar to previous findings from this region of Lake
Michigan (Zehms and others, 2008), FIB concentrations asso-
ciated with sand samples at Murphy Park Beach were higher
in swash and upshore areas of the beach than in submerged
sand samples (fig. 7). Moreover, variability in FIB concentra-
tions was higher in the swash and upshore samples than in the
submerged sand samples.

FIB Associated with Cladophora Mats

Similar to previous findings (Englebert and others, 2008;
Vanden Heuvel and others, 2010), FIB concentrations in water
near Cladophora mats at Murphy Park Beach span a large
range of more than three orders of magnitude and decrease
with distance from Cladophora mats (fig. 8). In general, FIB
concentrations were highest in water samples collected within

Cladophora mats, with medians of 471 MPN/100mL for

E. coli and 794 MPN/100mL for enterococci; intermediate in
water samples adjacent to Cladophora mats, with medians of
136 MPN/100mL for E. coli and 529 MPN/100mL for entero-
cocci; and lowest in water samples from the standard beach
water sampling location, with medians of 125 MPN/100mL
for E. coli and 99 for and enterococci. Differences in the mean
concentrations among these locations were not statistically
significant due to the small sample size.

Pathogen Detection in Lake Water and
Groundwater

No genes indicating the presence of E. coli O157
(/b s,), Campylobacter jejuni or coli, or pathogenic Salmo-
nella, Shigella, or Enterococcus were detected in lake water
or groundwater. Of the three genes indicating potential STEC,
only the eaeA gene was detected, and that only in 8 of the 44
samples tested. The eaeA gene encodes the ability to attach to
intestinal cells and is considered a fundamental virulence fac-
tor for several types of pathogenic E. coli, although multiple
subtypes of this gene are associated with varying disease
outcomes (Trabulsi and others, 2002). In the United States,
the eaeA gene is not typically considered a primary indicator
of pathogenic E. coli in the absence of other virulence genes,
such as the Shiga toxin genes.

The lack of detection of pathogen genes in these samples
could simply be a reflection of the quality of the water at this
site. As noted previously, however, samples were preserved
for an extended period before DNA extraction. Although we
cannot determine whether this preservation period compro-
mised the ability to detect pathogen genes, the E. coli 16S
rDNA gene was detected in every sample where it would be
expected, based on E. coli counts conducted at the site on the
day of sampling. Thus, analysis of this internal control gene
did not appear to be compromised by extended storage.
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Multivariate Analysis of E. coli
Concentrations

Results of recursive partitioning routines (level 2 analy-
sis) using variables from the level 1 correlation analysis are
as follows. The first three split variables for the two recursive
partitioning analyses included hourly mean specific conduc-
tance, 10-day radar rainfall, maximum 12-hr turbidity, visibil-
ity in Sturgeon Bay, Wis., and specific conductance and wave
height measured at the time of sample collection. Competitor
and surrogate variables included the 96-hr median of 5-minute
maximum solar radiation values, mean 6-hr wave height, max-
imum 12-hr wave height, and mean 6-hr current parallel to the
beach. Results of the all-subsets regression (level 3 analysis)
indicated that four influential variables in explaining E. coli
concentration were hourly mean specific conductance, turbid-
ity measured at the time of sample collection, the most recent
wind speed value from the Great Lakes Forecasting System,
and wind speed at Sturgeon Bay. By use of results from levels
2 and 3, stepwise regression (level 4 analysis) indicated that
the most influential variables were hourly mean specific
conductance, maximum 12-hr turbidity, the most recent wind
speed value from the Great Lakes Forecasting System, and
visibility at Sturgeon Bay, Wis.

On the basis of this multivariate analysis, variables
that appeared influential or related to E. coli concentration
included variables indicative of storm activity (turbidity, wave
height, wind speed, rainfall), exposure to sunlight (solar radia-
tion and visibility), and specific conductance. Although all of
these variables could conceivably influence E. coli in a setting
such as Murphy Beach Park, the number of observations is not
sufficient to find strong statistical relations with any individual
variables except specific conductance. Specific conductance
is the first split variable in both recursive partitioning analy-
ses and the most significant variable in the stepwise regres-
sion. Specifically, the recursive partitioning routines (level 2
analyses) indicate that higher E. coli concentrations are cor-
related with specific conductance concentrations higher than
287.6 microsiemens per centimeter (uS/cm).

Variation in specific conductance can indicate influences
from different water sources. Rain water, overland flow, and
groundwater are expected to have different specific conduc-
tance values than waters of Green Bay and Murphy Park
Beach. Rainfall would have lower specific conductance than
lake water. Overland flow could have a large range in specific
conductance depending upon the residence time and source,
because quick, overland flow would have low values and
large rivers or piped storm outflows could have high values.
Groundwater would have substantially higher specific con-
ductance than lake water; the average specific conductance of
all groundwater samples during the study period was 700 uS/
cm. Specific conductance in lake water was measured by the
continuous sensor at Murphy Park Beach in 2009 and ranged
over a very small interval of 283-292 uS/cm. This small range

in values indicates that large surface-water discharges in the
Murphy Park Beach area likely were not an influence, in con-
trast to very high specific conductance values that have been
observed at other Great Lakes beaches near large river or pipe
outfalls (Francy and others, 2005). If rainfall influenced spe-
cific conductance, it would have had a diluting effect and been
nearly immediate during and after the rainfall period, and this
effect was not observed. If groundwater influenced specific
conductance, there could conceivably be a substantial lag time
from rainfall periods to increased groundwater discharge to
the beach area due to the aquifer diffusivity, which is the ratio
of transmissivity to storativity (Bredehoeft, 2011). To explore
this possibility, a series of different rainfall summations from
0.5 to 40 days were used to predict daily average specific con-
ductance as measured by the continuous sensor for the period
of study in 2009; an autoregressive integrated moving aver-
age (ARIMA) time-series modeling approach was used for
this analysis. Autoregressive integrated moving averaging is a
class of stochastic models that is commonly applied to time-
series data to account for autocorrelation and temporal trends
(nonstationarity) of the time series. The optimal relation, as
measured by maximum log-likelihood, was found using a
20-day summation of rainfall, with local maxima of the log-
likelihood values at 8- and 12-day rainfall summations. In all
three of these cases, an autoregressive term of one, a differenc-
ing term of one (the “integration” term), and a moving average
term of zero (no moving average) were optimal. The resulting
model for 20-day rainfall had an R? of 0.92.

An 8-, 12-, or 20-day time lag for the relation of rain-
fall to specific conductance suggests a possible influence of
groundwater discharge during this study. The time lag is due to
the aquifer diffusivity, which dampens and delays the propa-
gation of a change in hydraulic gradient (due to recharge)
through the aquifer (Bredehoeft, 2011). Propagation of a
relatively distinct recharge event, albeit lagged by 8-20 days,
through fracture conduits in the carbonate aquifers of Door
County is reasonable given the high bulk transmissivity of the
aquifer and the low storage properties of conduit flow in Door
County (K.R. Bradbury, Wisconsin Geological and Natural
History Survey, oral commun.).

The recursive partitioning split (level 2 analysis) of
samples with specific conductance greater than 287.6 pS/
cm was examined further using the remaining explanatory
variables that were identified during the multivariate analysis,
which were variables used in levels 3 and 4. A threshold of 1 ft
for 12-hr maximum wave height was identified as a second-
ary partitioning split for the subset of FIB samples that also
had specific conductance values greater than 287.6 pS/cm.
Indeed, all five E. coli samples with concentrations greater
than 100 MPN/100mL are in the category with relatively high
specific conductance and high wave height (fig. 9). Although
this type of “decision tree” is not necessarily predictive of
future conditions, it serves to provide valuable information
about the mechanisms that influence water quality at Murphy
Beach Park.
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Potential Transport Mechanisms for
FIB

Transport of FIB through Long-Shore Currents

Because FIB concentrations were typically higher at the
beach site than at the pier and boat launch sites, which border
the beach to the northwest and south, external loading of FIB
to the beach via lake water currents does not appear likely.
Similarly, Kleinheinz, McDermott, Leewis, and Englebert
(2006) found little indication of FIB conveyance along the
periphery of beaches. Nonetheless, although FIB loading from
lake water beyond the immediate swimming area is likely
small, such FIB transport cannot be categorically ruled out.
An evaluation of water current direction on days with high
FIB concentrations outside of the beach in 2009 was used to
further evaluate external loading of FIB to the beach; current
direction data were not collected in 2008.

Water current direction information collected at the time
of water-sample collection at all three lake water sampling
sites indicates that on the day in 2009 with the highest FIB
concentration outside of the beach—when the E. coli concen-
tration was 548 MPN/100mL at the boat launch on July 23,
2009—the current direction at the boat launch and pier was
toward the south (190 degrees from north) and, thus, was flow-
ing away from the recreational beach area. On all other days
in 2009 when FIB concentrations at the pier or boat launch
exceeded those at the beach (as noted in “FIB in Lake Water”
above and table 5), current direction at the boat launch was
easterly (90 degrees from north and toward shore) and north-
casterly at the pier (45 degrees from north). Current direction
at the beach was easterly (toward shore) on July 23, 2009,
and either easterly or northeasterly on the other dates when
external FIB concentrations exceeded FIB concentrations in
beach water. The portion of the shoreline where Cladophora
samples were collected (fig. 2) is angled at about 16 degrees
east of north. These current direction data imply that some
water can circulate within the beach area, as must be the case
when current direction at the beach is directed toward the
beach, and that some lake water transport to the beach area is
possible—though there is little evidence to suggest that lake
water transport is a primary source of FIB to the beach. At
the beach, the highest FIB concentrations were evident when
the current was directed generally northeasterly or easterly
(fig. 104). These patterns could imply importation of FIB
from Green Bay waters, or, more likely, increased erosion
of beach sand due solely to waves, or to the accumulation of
Cladophora mats along the beach shoreline where they can be
trapped by the pier, or to a combination of beach sand erosion
and Cladophora mats.

Wind directions from the nearest model grid point, pro-
vided by the National Oceanic and Atmospheric Administra-
tion Great Lakes Forecasting System (Schwab and Bedford,
1999), show that FIB concentrations were highest when wind
was coming from the south to southwest (fig. 10B). This rela-
tion, though not statistically significant, may be associated
with possible north-to-northeasterly oriented wave motion or
from trapping of Cladophora mats along the beach and pier.

Transport of FIB from Swash-Zone Groundwater

Groundwater discharge is another possible mechanism
for transporting FIB from swash-zone and upshore sand to
beach water (figs. 5 and 11). Indeed, one of the strongest cor-
relations with FIB concentrations in lake water at the beach
site is the specific conductance of the lake water, which is
expected to be influenced by groundwater discharge (see
“Multivariate Analysis”’). Moreover, the specific conductance
in lake water measured in 2009 is highly correlated with
weekly to multiweek precipitation levels (rho >0.8 between
specific conductance and 12-day total rainfall), which may be
an indicator of groundwater recharge and subsequent ground-
water discharge. The influence of enhanced groundwater
discharge on specific conductance can be extended to FIB
transport as well. FIB contamination at the beach does not
appear to come from the regional groundwater due to the lack
of FIB in piezometers far from the beach, as described above
in “Fecal Indicator Bacteria in groundwater.” Instead, the
relatively higher FIB concentrations in swash-zone groundwa-
ter suggest that increases in the groundwater gradient directed
toward the lake (Sherrill, 1978) would induce transport of
FIB in swash-zone groundwater into the beach water column.
That is, FIB loading into swash-zone groundwater is likely
from waves or precipitation washing FIB through the beach
sand into the swash-zone groundwater reservoir. Following a
regional groundwater recharge event, the hydraulic gradient at
the shoreline rises, increasing the rate of swash-zone ground-
water discharge, and FIB and ions associated with specific
conductance, into the beach water. This idea is shown concep-
tually in figure 11.

The significance of FIB loading to beach water from
swash-zone groundwater is difficult to evaluate and may not
be fully characterized by comparing daily FIB concentrations
in lake water and groundwater (fig. 5C and D). Nonethe-
less, future studies may benefit from a dense well network
and monitoring protocols to evaluate transient gradients and
flow paths toward or away from the shoreline and the use of
seepage meters that allow for direct sampling of discharging
swash-zone groundwater.









Likewise, FIB concentrations associated with
Cladophora mats at Murphy Park Beach are correlated with
FIB concentrations in beach water (rho = 0.8 for E. coli
and enterococci), but lack statistical significance due to the
small sample set. This relation is evident in time series plots
(fig. 12), in which FIB concentrations in beach water appear
to generally follow the pattern of FIB concentrations asso-
ciated with Cladophora. This pattern is not as obvious for
the last day that Cladophora-associated water was sampled,
Aug. 20, 2009. The moderate beach water FIB concentrations
of 199 MPN/100mL E. coli and 133 MPN/100mL enterococci
on this day, compared with large concentrations on Aug. 18,
2009, of 1203 and 2420 MPN/100mL, may indicate that active
dispersion and transport of FIB associated with Cladophora
into the water column is required to produce correspond-
ingly high FIB concentrations in beach water. Ancillary data
on Aug. 18, 2009, indicate more turbulent conditions at the
beach than on Aug. 20, 2009. For example, storm indicators,
such as wave height, turbidity, current speed, wind speed,
and suspended particulate concentrations were all substan-
tially higher on Aug. 18, 2009, than on Aug. 20, 2009. That
is, Aug. 18, 2009, had large storms, high FIB concentrations
in Cladophora mats, and a high FIB concentration at the
beach water sampling site. Two days later, on Aug. 20, 2009,
Cladophora-associated water still had high FIB concentra-
tions, but there was little storm activity and the beach water
sample had a substantially reduced FIB concentration.
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Visual evaluations of the relative amount of Cladophora
present at the beach at the time of beach water sample col-
lection illustrate that higher amounts of Cladophora appear
generally associated with higher FIB concentrations in beach
water (fig. 134). The pattern does not appear to hold, however,
for samples taken during periods with the greatest amount of
visible Cladophora. Although this exception may appear to
contradict a relation of Cladophora to higher concentrations
of FIB in beach water, it may instead indicate a lack of storm
activity during periods with high Cladophora abundance as
estimated visually. That is, it seems reasonable to infer that a
visual evaluation of the amount of Cladophora at a beach is
likely to be biased by the number of large mats, which “catch”
a person’s eye, as opposed to the number of small and dis-
persed mats, even if the total Cladophora biomass were the
same. Large mats of Cladophora are likely to be dispersed
during periods of storm activity when wave and wind energy
can also transport FIB into the larger beach water area. Indeed,
evaluating FIB concentrations in the context of storm indexes
suggests that . coli concentrations are generally higher when
Cladophora occurrence is moderate and storm indices (wave
height, turbidity, current speed, wind speed) are relatively
high, compared with other periods (fig. 13B—E). These rela-
tions suggest that Cladophora may be an internal source
of FIB to Murphy Park Beach water during times of storm
activity, although perturbation of the mats by bathers could
disperse FIB to the water column immediately adjacent to the
Cladophora mats.
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Summary

Several potential sources of fecal indicator bacteria (FIB)
to beach water at Murphy Park Beach in Door County, Wis.,
were evaluated by the U.S. Geological Survey, in collabo-
ration with the Door County Soil and Water Conservation
Department and the University of Wisconsin—Oshkosh. Pri-
mary sources of FIB appear to be internal to the beach rather
than external FIB sources such as rivers, sewer outfalls, and
industrial discharges, which are common FIB sources at other
Great Lakes beaches. Three likely sources of FIB to the water
column are FIB associated with sand, swash-zone groundwa-
ter, and Cladophora mats. The modest correlations between
FIB concentrations in these potential source reservoirs and
FIB concentrations at the beach water sampling site illustrate
the importance of evaluating transport mechanisms between
the sources and the water column. Likely mechanisms for
transport and dispersion appear to include (1) increased dis-
charge of swash-zone groundwater due to regional groundwa-
ter recharge and increased hydraulic gradients, and (2) erosion
of sand or agitation of Cladophora mats, or both, due to storm
activity, as interpreted from storm indicators such as turbidity,
wave height, current speed, wind speed, sky visibility, 24-hour
precipitation, and suspended particulate concentration. FIB
concentrations in beach water had a statistically significant
relation with these storm indicators. Because there is relatively
little apparent external loading of FIB to this beach, under-
standing the dynamic interactions between sources of FIB
from sand, swash-zone groundwater, and Cladophora with
groundwater and storm transport mechanisms is important for
improved predictions of beach closure due to FIB in beach
water.
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