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Each year the National Resource Defense Council addresses the quality of US beaches by

routine bacterial indicators. In the Great Lakes region the indicator used is Escherichia coli

and for 2007 more beaches were closed and impacted than ever before. In this study, water

quality was addressed at two Lake Michigan Beaches over the 2004 swimming season by

monitoring infectious enteric viruses by cell culture and integrated PCR and for a human

sewage marker based on the Enterococcal Surface Protein (esp). Our goals for this study

were to 1) examine the occurrence and variety of human enteric viruses present during

peak usage of the beaches 2) determine key variables for development of predictive models

for viruses; and 3) use quantitative risk assessment to estimate the potential health impact.

Our results demonstrate that for both beaches predictive models of virus pollution were

best described utilizing physical parameters like wind speed, wind direction and water

temperature. The esp marker was not predictive of human viruses. The daily risk of

acquiring a viral infection at either of the beaches ranged from 0.2 to 2.4/1000 swimmers

using a quantitative microbial risk assessment model, with three swims during a day at the

beach for children and over the season, the risk was 9–15/1000 swimmers using adenovirus

as the model.

Conclusions: Lake Michigan recreational beaches are being adversely impacted by human

fecal pollution. Monitoring for the traditional indicators of water quality does not address

viral risks and models can be developed and potentially used as real-time water quality

forecasting tools.
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1. Introduction

The Great Lakes are one of the world’s largest bodies of

freshwater and are home to more than 30 million people who

use the water for drinking, recreation and industry. There are

more than 1000 Great Lakes beaches along 5500 miles of

shoreline located within eight states of the USA and two

provinces of Canada (Dorfman, 2006). The most recent

summary of US national data in 2008, reported that in 2007 the

Great Lakes beaches exceeded bacterial Escherichia coli stan-

dards 15% of the time, an increase of 1% for the second

consecutive year (NRDC, 2008). There were 3043 days of beach

closures and/or advisories for the 2007 swimming season and

of the 1730 beaches monitored, 500 were listed as tier 1 bea-

ches with a high degree of associated risk of bacterial

contamination along with rain, runoff and/or storm water

(NRDC, 2008).

Previous work has shown that there is a poor correlation

between levels of viruses and the current US EPA recreational

water indicators enterococci and E. coli (Jiang et al., 2001;

Noble and Fuhrman, 2001; EPA, 1986). This is due to their

different levels of fecal excretion from humans and animals,

different rates of inactivation during conventional sewage

treatment and different survival rates upon exposure to the

environment (Tree et al., 2003; Payment et al., 2001). Exami-

nation of recreational waters for the presence of viruses is

currently not required by the ambient water quality criteria

but the Beaches Environmental Assessment and Coastal

Health (BEACH) Act has mandated that new indicators for

swimming be developed which are more protective of public

health and has also suggested that research is needed to

address risks such as enteric viruses.

Surveillance of recreational waterborne disease in the

United States from 1997 to 2004 showed that of the 94 recre-

ational outbreaks recorded for untreated ambient water,

28.7% were of an unknown etiology and were responsible for

acute gasteroenteritis (Yoder et al., 2004; Lee et al., 2002;

Dziuban et al., 2006; Barwick et al., 2000). In recreational

epidemiological studies, diarrhea and respiratory ailments are

the most common reported health outcomes (Wade et al.,

2006; Colford et al., 2007; Craun et al., 2005), and it is believed

that these may be associated with a variety of enteric viruses.

These epidemiological studies have also examined new indi-

cator systems for recreational water quality and their rela-

tionship to the health of swimmers. One of the larger studies

took place in Mission Bay, California (Colford et al., 2007).

Diarrhea and skin rash were related only to coliphage levels

and traditional bacterial indicators were not adequate to

address risk. The California study evaluated non-point source

and storm water as the source of the pollution. Studies con-

ducted in Lake Michigan and Lake Erie by Wade et al. deter-

mined that enterococci bacterial levels could be significantly

related to gastrointestinal illnesses (Wade et al., 2003, 2006). In

this case sewage was one of the likely sources. Time in the

water was also associated with increasing illness rates as well

(Wiedenmann et al., 2006). Epidemiological studies are quite

expensive and it has been suggested that the results (i.e., the

associations) from one study location can not be used gener-

ally, marine water studies can not be used for freshwaters, or
with beaches with varying sources of pollution, and finally

that wet and dry seasons will exhibit different risks for

swimmers. Thus there is much interest in regard to the use of

quantitative microbial risk assessment and pathogen moni-

toring to derive a science-risk based approach to examining

recreational safety (Haas et al., 1999).

Conventional cell culture-based methods are available for

virus detection in water and have been used since the 1950s

but do not provide the identity of the virus. This has been

partly solved by the development of numerous PCR primers to

allow the identification of the infectious viruses present in

a sample using cell-culture-PCR methods (Chapron et al.,

2000). We have previously analyzed two Great Lakes beaches

(Silver Beach and Washington Park) using real-time PCR for

the presence of adenoviruses (40 and 41) directly from the

sample concentrates. Xagoraraki et al. (2007) compared

quantitative polymerase chain reaction (qPCR) to cell culture

analysis and while both found that Silver Beach was more

contaminated, only 60% (35 samples) of the adenovirus culti-

vation-PCR analyses were in agreement with the real-time

adenovirus PCR results. A greater impact was found by

measuring infectious viruses by cell culture. In this present

study, water quality and health risks were addressed at these

two Lake Michigan Beaches, with a focus on the viable enteric

viruses through cell culture and integrated cell culture poly-

merase chain reaction (ICC-PCR) and the application of the esp

sewage-associated enterococci bacterial marker (Scott et al.,

2005). Our goals for this study were to 1) examine the occur-

rence and variety of human enteric viruses present during

peak usage of the beaches; 2) determine key physical-envi-

ronmental variables for development of predictive models for

viruses; and 3) use quantitative risk assessment to estimate

the potential health impact. This study was undertaken

during the same time period that the epidemiological inves-

tigations were being implemented at Lake Michigan by the

EPA for the National Epidemiological and Environmental

Assessment of Recreational Water Study (NEEAR) (http://

www.epa.gov/NEEAR/), thus the results of this work will

assist in meeting the goals of the Beaches Environmental

Assessment and Coastal Health (BEACH) Act by providing new

assessment of pathogens, source tracking markers and risk

assessment approaches for comparison to the traditional

epidemiological investigations.
2. Materials and methods

2.1. Area of study

Samples were collected from two public beaches located on

Lake Michigan. Washington Park Beach is located at 115

Lakeshore Drive, Michigan City, Indiana. The public beach

measures approximately 3500 ft. Sampling was carried out at

a stretch of approximately 1200 ft which experienced the most

foot traffic (Fig. 1). Three sampling points were chosen,

approximately 400 ft apart. Silver Beach is located at St.

Joseph, Michigan. The public beach measures approximately

2000 ft. Sampling was carried out at a stretch of approximately

900 ft which had the most foot traffic (Fig. 2). Physical data for

http://www.epa.gov/NEEAR/
http://www.epa.gov/NEEAR/


Fig. 1 – Map drawing of the Washington Park sampling location. Stars indicate the sampling points.
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wind speed, wind direction from the Station MCYI3 buoy

located at Michigan City, Indiana (41�4304500 N 86�5504100 W)

were downloaded from ‘‘Michigan City Meteorological Data’’

located at http://www.glerl.noaa.gov/metdata/mcy/archive/

mcy2004.07t.txt.gz (accessed on April 10, 2007) which is

owned and maintained by the Great Lakes Environmental

Research Laboratory. These data were used for both Wash-

ington Park and Silver Beach Park as it was the closest buoy.

Temperature and pH were recorded at the time of sample

collection using a digital thermometer and pH meter. The

number of people using the beach was counted manually and
Fig. 2 – Map drawing of the Silver Beach sampling
recorded. Turbidity data was recorded upon return to the

laboratory by analyzing an aliquot of the sample on an Orion

AQ4500 Portable Turbidity meter (Thermo Scientific Inc.).

Models for both beaches used solar insolation measured near

Trail Creek, IN (Liu et al., 2006; Nevers and Whitman, 2005).

Precipitation data was obtained from the National Climatic

Data Center (NCDC, http://www.ncdc.noaa.gov/oa/climate/

climatedata.html#daily). Hourly precipitation for La Porte, IN

was used for Washington Park. For Silver Beach, daily

precipitation values for Benton Harbor, MI were used in the

analysis.
location. Stars indicate the sampling points.

http://www.glerl.noaa.gov/metdata/mcy/archive/mcy2004.07t.txt.gz
http://www.glerl.noaa.gov/metdata/mcy/archive/mcy2004.07t.txt.gz
http://www.ncdc.noaa.gov/oa/climate/climatedata.html%23daily
http://www.ncdc.noaa.gov/oa/climate/climatedata.html%23daily
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2.2. Sample collection and processing

Samples were collected from two public beaches along the

shores of Lake Michigan. The sampling was performed in

parallel with the EPA’s National Epidemiological and Envi-

ronmental Assessment of Recreational Water Study (NEEAR).

In this study, samples for viruses and enterococci were

collected on the following dates: July 3, July 4, July 5, July 17,

July 18, July 31, August 1, August 14, August 15, August 21,

August 22, September 3, September 4, September 5 and

September 6. For virus analysis, each beach was sampled

twice a day for a total of 58 samples. Each sample represented

a composite of the 3 chosen spatial locations along the beach.

At each sampling location, between 80 and 120 L of lake water

was first pumped into a sterile 20 gallon container, the sam-

ple’s pH was lowered using 5 N hydrochloric acid to produce

an approximately neutral pH of between 7.0 and 7.5, the

sample was then filtered through a 1MDS filer (Cuno, Inc.) and

the process repeated at all three locations to give a sample

volume total of between 250 and 350 L. All viral samples were

held on ice, transported to the Water Quality and Health

Laboratories at Michigan State University, and eluted within

72 h. A total of 524 samples were analyzed for enterococci. All

of the enterococci samples were collected by EPA contractors,

stored in coolers and processed by EPA for analysis. The plates

with membrane filters and colonies were then shipped to MSU

and kept at 4 �C until processed.

Virus elution and concentration were carried out by the

organic flocculation method as described by the US EPA

‘‘Information Collection Rule’’ (EPA, 1995). Viruses were des-

orbed from the filters by two rounds of reverse passage of 1 L

of 1.5% beef extract solution (1.5% w/v Beef Extract, 0.05 M

glycine, pH 9.0–9.5). Viruses were flocculated by addition of

ferric (III) chloride to a final concentration of 2.5 mM and by

lowering the pH of the solution to 3.5 (Payment et al., 1984).

Viruses were pelleted by centrifugation at 2500�g for 15 min

and dissolved in 30 ml of 0.15 M sodium phosphate (final pH

9.0). Viruses were purified by centrifugation at 10,000�g for

10 min, brought to a neutral pH, supplemented with 100 units

of Penicillin, 100 mg of Streptomycin and 0.25 mg of Fungizone

and stored in aliquots at �80 �C until analysis.
2.3. Cell culture

Viruses were cultured on the BGM animal cell line using the

total culturable virus assay method described in the ‘‘Infor-

mation Collection Rule’’ (EPA, 1995) with minor modifications.

Cells were grown in flasks until at least 70%–90% confluence

was obtained. Virus concentrates were added to the flasks and

allowed 2 h contact with the cells with occasional rocking to

ensure complete contact with the cells and to avoid drying of

the cells. Concentrates were decanted and discarded and the

cells were washed with Dulbecco’s Phosphate Buffered Saline.

Cells were maintained with Minimum Essential Media sup-

plemented with L-glutamine, Earle’s Salts and 2% Fetal Bovine

Serum. Flasks were monitored for up to 14 days for develop-

ment of Cytopathic Effects (CPE) indicative of a viral infection.

Presence or absence of CPE was confirmed by performing

a secondary passage for each flask.
2.4. PCR and RT PCR for viruses

Viral nucleic acid was extracted supernatant from the cells

after secondary passage and freeze–thaw of the monolayer

using the QIAgen viral mRNA mini kit (Qiagen; Valencia, CA)

following the manufacturer’s instructions. Primers developed

to screen for adenoviruses, enteroviruses, and rotaviruses

were used to perform PCR and RT PCR on the cell culture

supernatant. The list of primers is given in Table 1. For PCRs,

thermocycler settings were as follows: 95 �C, 15 min initial

denaturation to activate the Hotstart Taq polymerase (Qiagen;

Valencia, CA), 95 �C, 0.5 min denaturation, 57 �C, 0.5 min

annealing and 72 �C, 0.5 min elongation for 35 cycles followed

by a final elongation step of 72 �C for 5 min. The PCR mix

consisted of 1 unit of Hotstart Taq polymerase, 1.5 mM MgCl2,

1� PCR buffer, 1�Q solution, 0.5 mM of each primer, 0.5 mM of

each dNTP. For the RT–PCRs, thermocycler settings were as

follows: 50 �C, 30 min first strand synthesis, 95 �C, 15 min

initial denaturation to activate the Hotstart Taq polymerase

(Qiagen; Valencia, CA), 95 �C, 0.5 min denaturation, 57 �C,

0.5 min annealing and 72 �C, 0.5 min elongation for 35 cycles

followed by a final elongation step of 72 �C for 5 min. The RT

PCR mixture consisted of 2 ml of OneStep RT–PCR enzyme mix,

1.5 mM MgCl2, 1� PCR buffer, 1�Q solution, 0.5 mM of each

primer, 0.5 mM of each dNTP. PCR products were separated on

a 1.5% agarose gel stained with GelStar nucleic acid stain

(BioWhittaker) and viewed under ultraviolet light.

2.5. Enterococci processing

The membrane filters and plates (mEI agar) that were used

in determining the levels of enterococci during the EPA’s

National Epidemiological and Environmental Assessment of

Recreational Water Study on Lake Michigan were shipped

to Michigan State University. The filters were initially

extracted off the cellulose filter by lifting the membrane,

suspending the membrane in tryptic soy broth (Difco),

vortexing vigorously, and incubating the suspension for 2 h

at 41 �C to wash the bacteria from the filters and partially

enrich the culture. Following the incubation, the suspension

was used as the environmental sample from which total

DNA was extracted using a QIAamp DNA extraction kit

according to manufacturer’s instructions (Qiagen; Valencia,

CA).

2.6. PCR conditions for esp marker

Primers specific for the esp gene in Enterococcus faecium have

been previously developed and examined for specificity to

human fecal pollution (Scott et al., 2005). The forward primer,

which is specific for the E. faecium esp gene is: (50-TAT GAA

AGC AAC AGC ACA AGT T-30). A conserved reverse primer

(50-ACG TCG AAA GTT CGA TTT CC-30) was used for all reactions.

PCRs were performed in a 50 mL reaction mixture contain-

ing 1X PCR buffer, 1.5 mM MgCl2, 200 mM of each of the four

deoxyribonucleotides, 0.3 mM of each primer, 2.5 U of Hot-

StarTaq DNA polymerase (Qiagen; Valencia, CA), and 5 ml of

template DNA. Amplification was performed with an initial

step at 95 �C for 15 min (to activate Taq polymerase), followed

by 35 cycles of 94 �C for 1 min, 58 �C for 1 min, and 72 �C for
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1 min. PCR products were separated on a 1.5% agarose gel

stained with GelStar nucleic acid stain (BioWhittaker) and

viewed under ultraviolet light. The PCR product is 680 base

pairs in length.
2.7. Statistical analysis

Multivariate analysis was performed to explore the relation

between the observed data and the predictors of precipitation,

wind speed, wind direction, solar insolation, water tempera-

ture, number of swimmers and turbidity recorded. These were

chosen because earlier studies demonstrated the importance

of these variables in beach bacteria modeling (Olyphant and

Whitman, 2004). The multiple regression model used had the

following form:

y ¼ b0 þ b1x1 þ b2x2 þ b3x1x2 þ/þ bnxn þ 3 (1)

where the response y (MPN/100L) is represented as a combi-

nation of a constant, linear and interactive terms of the

predictors x1, x2, . xn and an error term.

Several approaches are currently available to handle non-

detected viral MPN data. These low level concentrations, often

reported as ‘‘less-than’’ values, are either deleted in the

analysis or replaced with an appropriate value (e.g., the lab-

oratory’s reporting level/detection limit or one-half of the

reporting level). However, these approaches have been criti-

cized in the past as they have the potential to introduce an

artificial signal. Current imputation methods (which fill in

values for non-detects without assigning them all the same

value) are generally believed to provide superior description of

the data. These methods include approaches such as

Maximum Likelihood Estimation (MLE, Press et al., 2007) and

the Kaplan–Meier method. An imputation method used by

EPA in their environmental guidance documents (called

Regression on Order Statistics, ROS) fills in non-detect data

based on a probability plot of detected values. For data sets

with less than 50 detected values, ROS methods are known to

provide better results compared to MLE (Helsel, 2005a);

therefore, we used ROS imputation for non-detect viral data in

the present work. The algorithm used in this work is part of

the R statistical package (http://www.r-project.org/) and is

included in the NADA (Non-Detects and Data Analysis) library

(Helsel, 2005b).

One of the objectives of our analysis was to identify models

with the least number of parameters (b’s) and the maximum

explanatory power. We evaluated a large number of models

and to aid model selection based on the principle of parsi-

mony, we used the Akaike Information Criterion (AIC) defined

as (Akaike, 1974):

AIC ¼ �2 lnðLÞ þ 2k (2)

where L denotes the maximum likelihood estimation and k is

the number of parameters. Since the AIC penalizes likelihood

with respect to the number of parameters, the idea of model

selection is to select the model with the lowest AIC value.

A non-linear iterative fitting procedure based on the Gauss–

Newton scheme (Press et al., 2007) was used to converge to the

best fit b parameters in equation (1). All computations were

http://www.r-project.org/


Table 2 – Viral water quality at Lake Michigan Beaches.

Washington
Park

Silver
Beach

Number of samples 28 30

Cell culture

Number of positives for any

virus by cell culture

9 (32%) 17 (58%)

Geometric meana MPN/100L 0.85 1.0

Min–max MPN/100L <0.5–5.7 <0.6–4.33

Number of positive AM samples 5 (36%) 9 (60%)

Number of positive PM samples 4 (29%) 7 (47%)

PCR

Number of positive PCR for virus 12 (43%) 18 (60%)

Number of adenovirus positive 11 (39%) 15 (49%)

Number of enterovirus positive 2 (7%) 1 (3%)

Number of rotavirus positive 0 (0%) 3 (9%)

ESP % positive 5.5% 2.7%

a Non-detects used at limit of detection for mean.
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performed using MATLAB (Mathworks Inc., Natick, MA) and

SYSTAT (Systat Software Inc., San Jose, CA).

2.8. Risk methods

A microbial risk assessment framework adapted from the

National Academy of Sciences and used for drinking water,

food and more recently biosolids was used for assessing the

risk associated with swimming (Haas et al., 1999; Regli et al.,

1991; Eisenberg et al., 2008). An exponential probability of

infection model for adenoviruses [Pi¼ 1� e�rN] with a r value

of 0.4172 (Crabtree et al., 1997) was used with N describing the

virus exposure based on the MPN data generated during this

study. The daily probability of infection assumed a dose of

100 ml. A previous study by Dufour et al. (2006) in swimming

pools has demonstrated an average ingested dose of between

16 ml and 37 ml for adults and non-adults respectively within

a 45 min swimming period. At a freshwater beach it is not

clear whether more ingestion would occur without a chlorine

residual, however our assumed dose of 100 ml represented

a 2 h time frame in the water over a day spent at the beach for

non-adults based on our observations during the summer that

families stayed at the beach for the day and the children

played in the water on average about three times (w3� 37 ml).

A seasonal risk was examined considering all days (weekends)

that were positive during the study. Samples with non-

detectable viruses were not used in the risk estimate.
3. Results

3.1. Viral results

A total of 30 and 28 virus samples were collected from Silver

Beach and Washington Park respectively over the course of

the swim season. Culturable viruses were detected by cell

culture in 16 of the 30 (53%) water samples collected from

Silver Beach in St. Joseph, Michigan and 9 of the 28 (32%) water

samples collected from Washington Park Beach, Michigan

City, Indiana. Data for percentage positive, geometric mean,

minimum–maximum MPN/100L, percentage positive morning

and percentage positive afternoon data are summarized in

Table 2.

Most probable number estimation of viruses ranged from

<0.6 MPN/100L to 4.33 MPN/100L at Silver Beach with an

average of 0.85 MPN/100L. The range was between <0.5 MPN/

100L and 5.70 MPN/100L at Washington Park Beach with an

average of 1.0 MPN/100L. Cell-culture-PCR or RT–PCR showed

the presence of adenoviruses (53.3%), enteroviruses (3.3%) and

rotaviruses (10%) at Silver Beach. For Washington Park Beach,

39.3% and 7.1% of the samples were adenoviruses and

enteroviruses positive through RT–PCR analysis of the cell

culture supernatant.

3.2. Sequencing confirmation

The presence of adenoviruses in the sample was confirmed

through nucleotide sequencing. Five samples (3 Washington

Park samples and 2 Silver Beach samples) positive for

adenovirus were selected at random and sequenced using the
primers hexAA1893 and hexAA1905 (Table 1). Sequencing was

carried out at the Michigan State University Research Tech-

nology Support Facility. Two different sequences were

obtained from the 5 samples with a single nucleotide

mismatch between them and showing approximately 99%

sequence homology with Adenovirus type 40 viruses.
3.3. Enterococcus esp gene PCR results

Membrane filters were sent from the EPA contractors and

shipped to Michigan State University. A total of 414

membranes were received from each beach. Membrane filters

(294 from Silver Beach and 235 from Washington Park) con-

taining at least 100 colony forming units, representing the

limits of the detection method, were analyzed for the pres-

ence of the esp gene sequence (Kumar, personal communi-

cation). While virus samples were collected twice a day at

three near-shore sampling points, Enterococcus samples were

collected thrice a day at six sampling points, three corre-

sponding to the virus sampling points and three further out

from shore. Eight Silver Beach (32%) and 13 Washington Park

samples tested positive for the esp gene in at least two repli-

cate PCRs. Analysis of the frequency of detection of the esp

gene was not found to correlate significantly with the pres-

ence of either PCR-detectable or culturable viruses. A Chi-

square comparison of esp PCR results and viral PCR results

generated a Chi value of 1.89 with 1 degree of freedom

resulting in a failure to reject the null hypothesis that the esp

and viral PCR results are independent at the 95% confidence

level.
3.4. Correlation of virus PCR and cell culture results

Cell culture results were compared with virus PCR results to

determine if a positive cell culture result was statistically

more likely to give rise to a positive virus PCR result. A Fisher’s

Exact test was carried out on the combined virus data for both

beaches and generated a one-tailed p-value of 2.86� 10�2,

leading us to a rejection at the 95% confidence level of the null

hypothesis which holds that the virus PCR and cell culture



Table 3 – Average pH, water temperature, wind speed, wind direction, turbidity and number of swimmers recorded for
Washington Park and Silver Beach samples. Range is given below in parentheses.

Sample Location Average pH Average
turbidity (NTU)

Water
temp/�C

Wind speed
(m/s)

Wind direction Number of
swimmers

Washington Park 8.4 (8.20, 8.72) 2.71 (0.5, 13.9) 22.1 (20, 25) 2.40 (0.88, 3.82) Predominantly northerly 17.75 (0, 75)

Silver Beach 8.46 (8.27, 8.67) 3.45 (0.3, 16) 21.6 (18.1, 24.5) 2.37 (0.60, 4.78) Generally alongshore 39.8 (0, 180)
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results were independent. A similar analysis of Silver Beach

samples yielded a one-tailed p-value of 1.44� 10�2 allowing us

to similarly reject the null hypothesis at the 95% confidence

level that the results from virus PCR for Silver Beach were

independent of the cell culture results. For Washington Park,

the one-tailed p-value was found to be 6.21� 10�2, which

meant that we failed to reject the null hypothesis at the 95%

confidence level that the two results for Washington Park

were independent.

This indicates that for those cell lines that exhibited CPE

we were able to identify a virus in the culture via ICC-PCR

using a wide array of primers.
3.5. Physical indicators

There was little difference in pH and water temperature at the

two beaches, averaging 8.4 and 8.5 pH; 22.1 and 21.6 �C at

Washington and Silver Beach, respectively. Silver Beach, is

located approximately 40 miles northwest of Washington

Park Beach, and the average turbidity was higher (3.45 versus

2.71 NTU) and Silver Beach had twice as many swimmers (40

on average versus 18) compared to Washington Park Beach.

The wind speed was similar, however the prevailing wind

direction for Washington Park Beach was found to be mostly

directly towards the shore while the prevailing winds for

Silver Beach were generally directed along the shoreline from

the south toward the north. The number of precipitation

events that occurred within a 24 h period prior to sampling

was higher for Washington Park (14) compared to Silver Beach

(5). Washington Park Beach is primarily impacted by discharge

from Trail Creek at Michigan City Harbor, Indiana (USGS

04095380) while Silver Beach is impacted by discharge from

the St. Joseph River, Michigan. During the study period, Trail
Table 4 – Variables used for developing predictive models for t

Parameter Symbol Unit Sele

Precipitation; 24 h total P24 mm Y

Precipitation; 48 h total P48 mm N

Solar insolation; 4 h average I W/m2 Y

Water temperature T �C Y

Turbidity s NTU Y

Wind speed W m/s Y

Wind direction fw degrees N

Wind direction relative to the

orientation of the beach

f0w degrees N

Wind direction code k – Y

Number of swimmers N – Y
Creek discharge was significantly smaller (in the range 1–4 m3/

s) compared to discharge from the St. Joseph River (60–190 m3/

s; USGS gage 04101500 at Niles, Michigan). Average pH, water

temperature, precipitation, solar insolation, wind speed, wind

direction, turbidity and number of swimmers recorded for

both beaches are provided in Table 3.
3.6. Modeling virus contamination at the beaches

All parameters used in the models are shown in Table 4. The

development of statistical models proceeded by starting with

a list of variables known to be important in beach bacteria

modeling (e.g., Olyphant and Whitman, 2004). Results of

multiple regression analysis for the viral data indicated that

models without any interaction terms between the predictors

failed to describe a majority of the peaks for both beaches.

Although earlier efforts to describe observed levels of bacteria

near beaches used a large number of predictors from, over-

parameterizing the problem could result in estimating coef-

ficients with little confidence. Correlation analysis showed

that there are significant relations between the predictors

themselves. Therefore, instead of attempting to bring addi-

tional predictors into our analysis, we explored interactions

between the different predictors.

Wind direction was found to be an important variable for

beaches situated near river outfalls or storm drains (Liu et al.,

2006; Nevers and Whitman, 2005, 2008). However, the influ-

ence of wind on beach water quality can be complex and can

vary depending on the angle of orientation of the beach, rep-

resented by qBeach, relative to the geographical north and the

prevailing wind vector. For example, if the wind direction is

from the north to the south (onshore) and is perpendicular to

the orientation of the beach (East to West), then a river plume
he two beaches.

cted Remarks

es Source: NCDC/NOAA

o Source: NCDC/NOAA

es Measured; Liu et al. (2006)

es Measured (present work); also Liu et al. (2006)

es Measured (present work)

es NOAA/GLERL

o NOAA/GLERL; Measured from North, Positive clockwise

o f0w ¼ 90� � qBeach þ fw; 0� � qBeach � 180�

es

k ¼ kðf0wÞ

k ¼
(1 if 315� � f0w � 45� ðonshoreÞ

0 if 135� � f0w � 225� ðoffshoreÞ
0:5 for other values of f0w ðalongshoreÞ

es
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can be forced onshore and travel to the nearby beaches along

the shoreline. The opposite is true for southern winds which

may push the river plume out into the lake causing dilution.

Wind directions (fw) are generally reported relative to the

north (e.g., 0� ¼wind coming from the north, 90� ¼wind

coming from the east etc.). An accurate assessment of the

influence of wind direction for different beaches requires that

the effect of the wind direction be evaluated relative to the

orientation of the beach (Nevers and Whitman, 2005, 2008).

Such an approach may allow us to apply models developed for

one beach to other beaches with minimal changes. Therefore,

instead of using the wind direction (fw) as an independent

variable in our models, we used a new variable wind direction

code, k¼ k(f0w), where f0w is the wind direction relative to the

orientation of the beach. The new variable took one of three

possible values depending on the action of the wind in the

near-shore region (Nevers and Whitman, 2008) as shown in

Fig. 3 (i.e., onshore winds, offshore winds, and alongshore

winds aiding or opposing the prevailing long-shore current

component). Multiple regression results (R2 and AIC values)

indicated that the new variable significantly improved the

ability of the model to explain the observations at the two

beaches. qBeach values for Silver Beach and Washington Park

are 25� and 72� respectively (measured from the geographical

north, positive clockwise 0� qBeach� 180�). For Washington

Park, wind vectors (fw) between 333� and 63� correspond to

onshore winds, offshore winds occur between 153� and 243�

and alongshore winds for the other directions. Values of the

wind direction code variable used in multiple regressions

were 1.0 for onshore winds, 0.0 for offshore winds and 0.5 for

alongshore winds.

Correlation analysis (Pearson correlations) showed that for

Washington Park, precipitation, turbidity and wind speed

were positively correlated to the log (MPN) data while water
Fig. 3 – The effect of wind direction in the near-shore

region changes depending on the orientation of the beach.

Here the beach is oriented in the East–West direction

(qBeach [ 908). If the beach angle qBeach changes, then the

angles corresponding to the onshore, offshore and

alongshore winds will also change. For Silver Beach and

Washington Park, q [ 258 and 728 respectively.
temperature and solar insolation were negatively correlated

to the viral counts. Similar correlations were found for Silver

Beach. In addition to the correlations between the predictors

and viral counts, several predictors were found to be corre-

lated among themselves (Pearson correlations< 0.6). For

example, for Washington Park solar insolation and water

temperature were related (Pearson: 0.56) as were turbidity and

wind direction relative to the beach (Pearson:�0.32). For Silver

Beach the number of swimmers (which was relatively high

compared to Washington Park) and turbidity were correlated.

To model interactions between the predictors, we systemati-

cally evaluated models in which different interaction terms

were included for the predictors. The model that was finally

selected had the lowest AIC value. To improve the correlation

structure and the overall performance of the models, some

variables were transformed. Precipitation and solar insolation

data were transformed using the square-root and log10 func-

tions respectively. The best-fit models for Washington Park

and Silver Beach have the same functional form and are

summarized in Table 5.

Examination of the t-statistic for all coefficients showed

that model parameters were estimated with confidence. The

last three terms for model 1 in Table 5 contain the wind

direction code k. Therefore these terms represent the influ-

ence of wind on other predictors such as temperature and

turbidity. An interaction term similar to the last term

(between turbidity, precipitation and wind vector) was found

to be important in modeling E. coli earlier (Olyphant and

Whitman, 2004).

Models that best described the observed variability at the

two beaches contained interaction terms (e.g., between

turbidity and wind direction). Turbidity in the near-shore

region is often an indicator of high suspended solids which

may transport (depending on the wind direction) a variety of

biological agents including viruses and bacteria. Similarly,

precipitation and turbidity are often correlated. In the absence

of precipitation events, strong winds can stir up bottom

sediments and increase turbidity in the water column;

therefore, an interaction term between wind speed and

turbidity (or precipitation) can be expected. A comparison of

the observed data and the model predictions (Figs. 4 and 5)

shows that a good agreement was obtained for both beaches.

Performance of two models are shown in Fig. 4 for both bea-

ches. Model 1 performed best by describing all the major peaks

and had the highest R2 values but had a relatively large

number of parameters (10). Performance of model 2 was

comparable and the model had only 8 parameters. Model 1 for

Washington Park captured all the observed peaks and a prob-

ability plot showed that the model performed well over the

entire range of observations (Fig. 5). Similar results were

obtained for Silver Beach (Fig. 4b), however, the model per-

formed better for Washington Park (R2¼ 0.93, AIC¼�19.9)

compared to R2¼ 0.72 and AIC¼�3.5 for Silver Beach). This

difference in model performance is attributed to a combina-

tion of model inputs and a potential change in the relative

importance of dominant processes for the two beaches. For

example, solar insolation data were measured at Trail Creek,

IN, a site closer to Washington Park compared to Silver Beach.

Hourly precipitation data were available (and used) for

Washington Park while daily data were used for Silver Beach.
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Table 5 – Best-fit equations and coefficients for Washington Park and Silver Beach.

Model Equation/coefficients

Washington Park,

model 1

log10ðyÞ ¼ b1 þ b2

ffiffiffiffiffiffiffi
P24
p

þ b3W þ b4sþ b5Nþ b6W
ffiffiffiffiffiffiffi
P24
p

þ b7kTþ b8klog10ðIÞ þ b9Tlog10ðIÞ þ b10ks
ffiffiffiffiffiffiffi
P24
p

R2¼ 0.93, AIC¼�19.9

b1 ¼ �144:670; b2 ¼ 79:242; b3 ¼ 19:900; b4 ¼ 4:352; b5 ¼ �0:626; b6 ¼ �13:241; b7 ¼ �28:475; b8 ¼ 247:418; b9 ¼ 0:340; b10 ¼ �51:513

Washington Park,

model 2

log10ðyÞ ¼ b1 þ b2

ffiffiffiffiffiffiffi
P24
p

þ b3W þ b4Nþ b5W
ffiffiffiffiffiffiffi
P24
p

þ b6kTþ b7klog10ðIÞ þ b8ks
ffiffiffiffiffiffiffi
P24
p

R2¼ 0.70, AIC¼ 14.3

b1 ¼ �1:427; b2 ¼ 7:716; b3 ¼ 1:969; b4 ¼ �0:047; b5 ¼ �1:348; b6 ¼ �3:102; b7 ¼ 26:795; b8¼ � 5:104

Silver Beach,

model 1

log10ðyÞ ¼ b1 þ b2

ffiffiffiffiffiffiffi
P24
p

þ b3W þ b4sþ b5Nþ b6W
ffiffiffiffiffiffiffi
P24
p

þ b7kTþ b8klog10ðIÞ þ b9Tlog10ðIÞ þ b10ks
ffiffiffiffiffiffiffi
P24
p

R2¼ 0.72, AIC¼�3.5

b1 ¼ �2:97; b2 ¼ �2:003; b3 ¼ �0:494; b4 ¼ �0:147; b5 ¼ �0:028; b6 ¼ 0:319; b7 ¼ �1:235; b8 ¼ 10:143; b9 ¼ 0:099; b10 ¼ 0:148

Silver Beach,

model 2

log10ðyÞ ¼ b1 þ b2

ffiffiffiffiffiffiffi
P24
p

þ b3W þ b4Nþ b5W
ffiffiffiffiffiffiffi
P24
p

þ b6kTþ b7klog10ðIÞ þ b8ks
ffiffiffiffiffiffiffi
P24
p

R2¼ 0.55, AIC¼�4.5

b1 ¼ 0:753; b2¼ � 0:755; b3 ¼ �0:144; b4 ¼ �0:005; b5 ¼ 0:093; b6 ¼ �0:435; b7 ¼ 3:494; b8 ¼ 0:041
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Silver Beach was influenced by fewer precipitation events and

had significantly higher number of swimmers. In addition,

prevailing winds were predominantly northerly winds for

Washington Park while winds at Silver Beach were in the

alongshore direction. In spite of these differences, the same

functional form of the equation was found to describe

a majority of the peaks for Silver Beach. For Washington Park,

a best-fit model that did not have any interaction terms but

included all the seven predictors listed in Table 4 was found to

miss all the major peaks in the viral data (AIC¼ 24.57) except

the last one. A similar conclusion was reached for Silver

Beach. We therefore conclude that to accurately describe

water quality at beaches impacted by river plume dynamics, it

is important to describe the interactions between the wind

vector and other variables. For the two beaches studied here,

we were able to identify the important predictors and obtain

a relation between key physical variables. The models were

able to explain a majority of the observed variability at the two

beaches.

For Silver Beach, the AIC value was lower for model 2

compared to model 1, although the R2 value was higher for

model 1. Closer examination of the comparison between the

two models (Fig. 4) showed that model 2 performed well but

the R2 was biased by two peaks. The Akaike Information

Criterion indicated that the overall gain in predictive ability

was not worth adding two additional parameters.

By systematically examining the role of different interac-

tion terms and a model selection criterion based on AIC, we

showed us that the performance of predictive models for

pathogens can be significantly improved.

3.7. Risk estimation

The daily risk of infection for children using the beach for the

day was estimated using an adenovirus model and the virus

data observed in this study for all positive samples. For

Washington Park the daily risk was calculated to range from

0.24 per 1000 swimmers to 2.4 per 1000 swimmers. Similarly

for Silver Beach, the probability of infection was determined to
Fig. 6 – Daily probability of infection for children at Washington

adenovirus model and all cell culture-positive samples.
range from 0.26 per 1000 swimmers and 1.8 per 1000 swim-

mers when culturable viruses were detected (Fig. 6). There

were a total of 15 days monitored at each beach, including

weekends and three-day weekend holidays (4th of July and

Labor Day weekend). Thirteen of the 15 days had positive

viruses for Washington Park and 14 days were positive at

Silver Beach. Thus viruses were detected most of the time. The

numbers of positives were not different between the morning

(with no people in the water) and afternoons with many

people in the water.

Risks for 3 days at the beach, 5 days at the beach and for the

season (all 13 or 14 days) were calculated using the average

virus concentrations (estimated from all positives). These

were 3.6, 6.0 and 16 per 1000 swimmers at Washington Park,

respectively and 2.0, 3.4 and 9.4 per 1000 swimmers at Silver

Beach, respectively.
4. Discussion

Two beaches on Lake Michigan were assessed over a summer

season for human fecal pollution and potential public health

risks using two cultivation methods, one for viruses and one

for a genetic marker (esp) detected within culturable entero-

cocci which indicates human sewage. The detection of culti-

vatable viruses and the detection of the esp gene marker

indicated that both of these beaches have been impacted by

human fecal pollution.

The esp gene in E. faecium has now been used by numerous

investigators to address human sewage inputs world-wide

and has performed well including in blind studies (Ahmed

et al., 2007, 2008; Brownell et al., 2007; Masago et al., submitted

for publication). Only one study has detected the marker in

dog feces (21%) and lake gull feces (6%) but not in other birds

and not in any other animal feces (Whitman et al., 2007),

however they were able to demonstrate a large statistical

distinction between the prevalence in humans sewage and

dogs and gulls.
Park and Silver Beach on Lake Michigan using an
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The lack of association between the esp gene marker and

virus PCR results highlights the continued problems of using

indicator systems to address pathogens. However, while esp

and the virus data seem to give contradictory indications as to

which beach was most heavily impacted by human fecal

pollution, it is interesting to note that probability of infection

estimates based on the virus MPN values do seem to agree

with the esp gene data in indicating that Washington Park

poses a slightly higher risk for swimming.

The increased presence of the esp at Washington park (32%

positive) was also reflected by the presence of enteroviruses

(7% positive), compared to 15% and 3% positive, respectively at

Silver Beach. However, adenoviruses were much more prev-

alent and showed an opposite trend. Previous research has

reported an inactivation rate constant, k, for enterococci in

Lake Michigan waters of approximately 1.5 per day for

concentrations of less than 50 CFU/100 ml while an inactiva-

tion rate constant, k, of less than 0.5 per day was observed for

concentrations above 50 CFU/100 ml, we believe due to

protection associated with higher concentrations (Liu et al.,

2006). No comparative data on sunlight inactivation for

adenoviruses in water are available. However, in UV-inacti-

vation laboratory studies, adenoviruses were demonstrated to

be more resistant compared to coliphages, feline caliciviruses

and enteroviruses (Thurston-Enriquez et al., 2003). Inactiva-

tion rate constants for adenovirus were reported to range

between 0.018 and 0.040, feline and bovine caliciviruses were

reported to range between 0.106 and 0.293, enteroviruses

were reported to range between 0.119 and 0.181, coliphages

were reported to range between 0.055 and 0.396 and entero-

cocci were reported to have an inactivation rate of 0.312

(Hijnen et al., 2006). Thus a valid hypothesis is that the

enterococci and enteroviruses are dying off much more

quickly than the adenoviruses.

Previous attempts to model Lake Michigan Beaches to

relate fecal indicator levels with physical parameters have all

enjoyed a measure of success. Nevers and Whitman (2005)

showed that their regression model, utilizing parameters like

wind direction, wave height, turbidity, lake chlorophyll, was

able to predict E. coli levels and forecast closures more accu-

rately than the current monitoring scheme. Olyphant and

Whitman (2004) evaluated a number of different physical

parameters and finally determined that wind direction, wind

speed, rainfall, insolation, lake stage, water temperature and

turbidity were able to accurately predict the geometric mean E.

coli concentration in the swimming zone of a Lake Michigan

Beach. Their model accounted for 71% of the observed vari-

ability in the log E. coli concentration. More importantly, their

model was able to accurately predict openings versus closings

88% of the time. In our study, we showed that predictive

modeling could be used to estimate the levels of actual viral

pathogens. We have demonstrated that models can be

simplified due to associations among variables including solar

insolation and water temperature, turbidity, precipitation,

wind speed, wind direction. Sunlight may be less important for

adenoviruses given their resistance. In addition, these beaches

were chosen for the epidemiological studies because of known

point sewage pollution, and this perhaps is a more consistent

source of viruses in the discharges to the watershed and

explains the lack of influence of precipitation on the models.
4.1. Adenovirus presence

The detection of adenovirus gene sequences in this study

indicates that there exists a risk of adenovirus infection while

swimming and wading. Waterborne outbreaks caused by or

associated with human adenoviruses have been documented,

but mostly in recreational swimming pools (van Heerden

et al., 2005; Turner et al., 1987; Papapetropoulou and Vantar-

akis, 1998). Even though adenoviruses are included in the US

EPA’s candidate contaminant list, few studies have looked

into the occurrence of human adenovirus in freshwater

recreational beaches. This study indicates that adenoviruses

were the most frequently detected enteric viruses among the

different virus types screened and that adenoviruses might

make a good indicator of viral fecal pollution. A more

comprehensive survey of multiple freshwater locations needs

to be carried out to determine if adenoviruses are similarly

prevalent at other recreational locations.

Low level exposure to pathogens at recreational beaches

can not be measured via ‘‘outbreaks’’, thus epidemiological

studies or quantitative microbial risk assessment are appro-

priate approaches. The risk assessment approach dictates

that we measure the pathogens of concern and estimate the

concentrations and exposures in time and space. This is often

difficult. The epidemiological studies have found risks asso-

ciated with swimming in Great Lakes beaches ranging from

<1% to 5% over the swimming seasons (Wade et al., 2003).

Wade et al. (2008) have also just completed epidemiological

investigations at these Great Lake beaches and found that the

GI illness was 9.0% in children under five years of age. Rash

and ear aches were also found. An overall increase of 2.3% was

found for gastroenteritis compared to non-swimmers for all

ages. It may be that adenovirus monitoring and risk assess-

ment can be used to address health impacts at a beach overall

as the estimates of risk for the swimming season found by our

analysis was 0.9–1.6%. There might also be other suitable viral

indicators of human fecal pollution that await discovery.

Unfortunately we currently lack adequate tools to perform

high throughput screening of environmental samples in order

to characterize the virus signatures that might be present. To

date, several sets of primers have been published for the

detection of human enteric viruses however multiple path-

ogen detection of viruses remains an elusive goal. Current

research focusing on developing multiple pathogen screening

tools like microarray technology might be able to eventually

allow environmental samples to be screen for many multiple

viruses in a cost effective and rapid manner and along with

risk assessment could be used to assess the safety of beaches

more readily in the future.
5. Conclusion

� Lake Michigan recreational beaches are being adversely

impacted by human fecal pollution and the levels of path-

ogens detected in this study indicate that they might pose

a risk to swimmers.

� Monitoring and modeling for the traditional indicators of

water quality do not generally address viral risks.
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� Models developed using explanatory variables (such as wind

speed, direction, turbidity and insolation) and their inter-

actions can provide estimates of viral water quality in real-

time. A combination of pathogen monitoring and modeling

will further the protection of public health.
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