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There are approximately 5,000 private wells in Kewaunee County (Figure 1), and about 27% of these wells are 
contaminated with fecal material at any given time (defined by total coliform positive, E. coli positive, or nitrate 
concentration > 10 mg/L).  Furthermore, roughly 60% of contaminated wells also contain waterborne gastrointestinal 
pathogens (e.g., Cryptosporidium, Salmonella).

Kewaunee County’s contaminated groundwater can be attributed to a combination of two factors. 
• The county’s fractured dolomite aquifer. 
• And two widespread fecal sources: human septage (Figure 2) and dairy manure (Figure 3).

However, the public health impact of this contamination is unknown.  Our objective was to predict the public health 
burden of private wells contaminated with fecal pathogens in Kewaunee County.

Performed quantitative microbial risk assessment (QMRA) using measurements from a site-specific year-long pathogen exposure assessment.  QMRA 
consisted of four steps (see below).  QMRA inputs included pathogen concentrations in fecally contaminated wells, daily drinking water consumption, 
and dose-response parameters for each pathogen (Table 1).

1.  Hazard identification:
• Considered common waterborne gastrointestinal pathogens: Cryptosporidium, Giardia, Campylobacter jejuni, Enterohemorrhagic Escherichia coli 

(EHEC), Salmonella, adenovirus, and rotavirus.

2.  Exposure assessment:
• Modeled daily exposures to each pathogen.
• Average daily dose (number of pathogens) = pathogen concentration measured in water (number per liter) × daily water consumption (liters).
• Pathogen concentrations (Table 1) measured using quantitative polymerase chain reaction (qPCR) in high-volume water samples (> 100 liters) from 

private wells throughout Kewaunee County (n = 138). 
• Exposed population for each pathogen = number of private wells in county × fecal contamination rate × pathogen contamination rate (within fecally

contaminated wells) × 2.5 people/household

3.  Dose-response assessment:
• Dose-response parameters (Table 1) were extrapolated based on published dose-response data (e.g., Figure 4).

4.  Risk characterization:
• Used Monte Carlo simulations to account for natural variability in exposure conditions and uncertainty in measurements and model parameters.
• Calculations for risk estimates were stratified by depth to bedrock and fecal source, with the latter identified using microbial source tracking.

• 360 predicted annual cases (for a population of approximately 12,000 
private well users) exceeds EPA’s acceptable risk threshold of 1 case 
per 10,000 people per year (Haas 1996).

• Almost 4 times as many cases were associated with a dairy manure 
fecal source than with a human fecal source.

• More cases were predicted for wells with > 20 feet depth to bedrock 
than for those with ≤ 20 feet, which is due to the larger population 
served by the former group of wells.

• Study results can be used to evaluate relative costs and benefits of 
proposed policy and management interventions in Kewaunee County, 
particularly with respect to depth to bedrock and fecal source.

Limitations:
• QMRA results are based on predictive modeling; wide 95% 

confidence intervals are the result of uncertainty in model inputs.
• Study assumes all 12,000 private well users in Kewaunee County 

drink their water untreated.

Figure 1.  Kewaunee County, WI.

Table 2.  Predicted annual cases stratified by pathogen and depth to bedrock.  

Burch T. 2018. Validation of quantitative microbial risk assessment using epidemiological data from outbreaks of waterborne 
gastrointestinal disease. Risk Analysis, 39(3), 599–615. 

Crabtree KD, Gerba CP, Rose JB, Haas CN. 1997. Waterborne adenovirus: a risk assessment. Water Science and Technology, 
35(11-12), 1-6.

Haas C. 1996. Acceptable microbial risk. Journal-American Water Works Association, 88(12), 8.
DuPont HL, Chappell CL, Sterling CR, Okhuysen PC, Rose JB, Jakubowski W. 1995. The infectivity of Cryptosporidium parvum in 

healthy volunteers. New England Journal of Medicine, 332(13), 855-859.
McCullough NB, Eisele CW. 1951a. Experimental human salmonellosis I. Pathogenicity of strains of Salmonella meleagridis and 

Salmonella anatum obtained from spray-dried whole egg. The Journal of Infectious Diseases, 88(3), 278-289.
McCullough NB, Eisele CW. 1951b. Experimental human salmonellosis III. Pathogenicity of strains of Salmonella newport, 

Salmonella derby, and Salmonella bareilly obtained from spray-dried whole egg. The Journal of Infectious Diseases, 89(3), 
209-213.

McCullough NB, Eisele CW. 1951c. Experimental human salmonellosis IV. Pathogenicity of strains of Salmonella pullorum
obtained from spray-dried whole egg. The Journal of Infectious Diseases, 89(3), 259-265.

Medema GJ, Teunis PFM, Havelaar AH, Haas CN. 1996. Assessment of the dose-response relationship of Campylobacter jejuni. 
International Journal of Food Microbiology, 30(1-2), 101-111. 

Messner MJ, Chappell CL, Okhuysen PC. 2001. Risk assessment for Cryptosporidium: A hierarchical Bayesian analysis of human 
dose response data. Water Research, 35(16), 3934-3940.

Nash TE, Herrington DA, Losonsky GA, Levine MM. 1987. Experimental human infections with Giardia lamblia. Journal of 
Infectious Diseases, 156(6), 974-984.

Rose JB, Haas CN, Regli S. 1991. Risk assessment and control of water borne giardiasis. American Journal of Public Health, 81(6), 
709-713.

Schmidt PJ, Pintar KDM, Fazil AM, Topp E. 2013. Harnessing the theoretical foundations of the exponential and beta-Poisson 
dose-response models to quantify parameter uncertainty using Markov Chain Monte Carlo. Risk Analysis, 33(9), 1677-1693.

Teunis PFM, Kasuga F, Fazil A, Ogden ID, Rotariu O, Strachan NJC. 2010. Dose-response modeling of Salmonella using outbreak 
data. International Journal of Food Microbiology, 144(2), 243-249.

Teunis PFM, Ogden ID, Strachan NJC. 2008. Hierarchical dose response of E. coli O157:H7 from human outbreaks incorporating 
heterogeneity in exposure. Epidemiology and Infection, 136(6), 761-770. 

USEPA. 2011. Exposure factors handbook: 2011 edition. Washington, DC: United States Environmental Protection Agency, Office 
of Research and Development. 600/R-090/052F.18

Pathogen
≤ 20 feet

Cases
> 20 feet

Cases
TotalCases

Cryptosporidium parvum 8 170 180
Cryptosporidium (ungenotyped) 0 80 80

Salmonella 50 7 60
Enterohemorrhagic E. coli 10 8 20

Giardia 2 6 8
Rotavirus C 6 0 6

Cryptosporidium hominis 0 2 2
Adenovirus A 0 2 2

Campylobacter jejuni 0.5 0 0.5
Total Annual Cases [95% CI] 80 [20, 500] 280 [40, 1970] 360 [110, 2110]

Results Narrative:
• Contaminated private wells in Kewaunee County could be 

responsible for as many as 360 cases of gastrointestinal illness per 
year via drinking water (Tables 2 and 3).

• Approximately 75% of total predicted cases were associated with 
contamination of wells having > 20 feet depth to bedrock (Table 2).

• Approximately half of total predicted cases were associated with a 
dairy manure fecal source, while just 14% were associated with a 
human fecal source (Table 3).

• One-third of total predicted cases could not be associated with 
either fecal source (Table 3).

• Nearly half of total predicted cases were associated with 
Cryptosporidium parvum in wells with > 20 feet depth to bedrock 
(Table 2). 

• Large proportion of C. parvum cases is attributable to combination 
of high concentrations and large exposed populations (Table 4).

Figure 2.  Private septic systems in 
Kewaunee County (approximately 
5,000 total).  In general, each septic 
system is paired with a private well.

Green circles: septic systems

Figure 3.  Dairy manure sources in 
Kewaunee County.

Green squares: manure storage
Pink shading: fields with nutrient 
management plans

Table 3.  Predicted annual cases stratified by pathogen and fecal source (fecal source identified by 
microbial source tracking).  

Pathogen
Human Septage

Cases
DairyManure

Cases
Unknown

Cases
TotalCases

Cryptosporidium parvum 0.6 80 100 180
Cryptosporidium (ungenotyped) 0 80 0 80

Salmonella 40 10 7 60
Enterohemorrhagic E. coli 0 10 8 20

Giardia 0 0 8 8
Rotavirus C 0.7 5 0 6

Cryptosporidium hominis 2 0 0 2
Adenovirus A 2 0 0 2

Campylobacter jejuni 0 0 0.5 0.5
Total Annual Cases [95% CI] 50 [6, 210] 190 [20, 1160] 120 [8, 1430] 360 [110, 2110]

Figure 4.Example dose-response model: the 
Salmonella model developed as part of the current 
study.  The model synthesizes available 
experimental (McCullough and Eisele 1951a, 
1951b, 1951c) and outbreak (Teunis et al. 2010) 
data using a two-level, random-effects hierarchical 
structure. Fitted model parameters, which were 
estimated using Markov chain Monte Carlo 
simulation, include 46 Level 1 parameters (1 for 
each outbreak and experimental study) and two 
Level 2 parameters (which produce the “Mean 
Prediction” trend shown at right).

Pathogen
Mean Concentration
(genomiccopies/L)

Single-hit Probability
(per infectious unit)

Infectious Unit Reference forSingle-hit Probability

Cryptosporidium parvum 2.0×10-1 1.1×10-2 oocyst DuPont et al. 1995, Messner et al. 2001
Cryptosporidium (ungenotyped) 1.2×10-2 7.6×10-2 oocyst DuPont et al. 1995, Messner et al. 2001, Burch 2018

Salmonella 4.8×10-1 1.8×10-3 CFU Current study
Enterohemorrhagic E. coli 5.4×10-2 6.0×10-3 CFU Teunis et al. 2008

Giardia 5.4×10-3 9.1×10-3 cyst Nash et al. 1987, Rose et al. 1991
Rotavirus C 1.0×101 7.8×10-6 virion Current study

Cryptosporidium hominis 1.4×10-4 1.4×10-1 oocyst Burch 2018
Campylobacter jejuni 5.6×10-3 2.7×10-3 CFU Medema et al. 1996, Schmidt et al. 2013

Adenovirus A 7.2×10-3 2.1×10-1 TCID50 Crabtree et al. 1997

Table 1.  Summary of QMRA inputs: mean pathogen concentrations in fecally contaminated wells and dose-response parameters.*  The latter is 
summarized as each pathogen’s characteristic “single-hit” probability of illness (per infectious unit of pathogen). 

Depth to
Bedrock

Fecal
Source

C. Parvum
(genomic copies/L)

Exposed
Population

≤ 20 feet
Human 9.5×10-2 20
Bovine 1.3×100 30

Unknown 2.0×10-2 30

> 20 feet
Human NA* 0
Bovine 3.2×100 116

Unknown 7.1×100 78

Table 4.  Mean C. parvum concentrations in 
contaminated wells and daily exposed population, 
each stratified by fecal source and depth to bedrock.  

*Not applicable: C. parvum was never detected with 
human microbial source tracking markers in wells with 
> 20 feet depth to bedrock.
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*To aid visual clarity, Level 1 predictions for outbreak data are not shown.

*Daily drinking water consumption (mean = 0.87 L/day) was estimated based on published EPA data (USEPA 2011).


