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Contaminated drinking water is responsible
for a widespread disease burden in developed
countries.1 Exposure analysis and field studies
in the United States estimate gastrointestinal
illness (GI) attributable to drinking water in
the range of 2 to 19 million cases per year.2,3

Measuring this disease burden is difficult
because GI produces a broad spectrum of
symptoms, specific tests are rarely conducted
to determine etiology, and most infected peo-
ple do not seek medical treatment. Compared
with the general population, children are most
commonly infected with enteric pathogens
and may suffer more severe health conse-
quences.

In the United States, regulations and treat-
ment practices differ by drinking water source
(surface, ground) and by water system type
(public municipal, private well). The federal
Safe Drinking Water Act and Groundwater Rule
mandate municipal ground and surface water
monitoring and surface water treatment. Com-
munity municipal water systems without water
treatment tend to have higher rates of water-
borne disease.4,5 Water treatment refers to
multiple methods (coagulation, flocculation,
sedimentation, filtration, primary and second-
ary disinfection) that may be combined to
remove pathogens.6,7 Treatment sanitizes,
filters, or inactivates most pathogens. How-
ever, pathogens that survive treatment or
infiltrate finished water distribution systems
cause a sizeable GI burden.3,8,9 There are no
federal regulations for private well water
quality. Some states require water quality
testing when houses are being bought or
sold.

Roughly 104 million people in the United
States rely on groundwater.10 Groundwater
accounted for 61% of documented US drinking
water---borne disease outbreaks during 2007
and 2008.11 There is an increasing recognition
that groundwater can be contaminated by
human viruses.12 Soil layers incompletely
“filter” miniscule (25---90 nm) viruses. The

waterborne disease burden may be widespread
but is difficult to identify with existing public
health surveillance systems.3

Enhanced knowledge of processes that de-
grade drinking water quality may augment
surveillance activities. Hydrologic events may
transport pathogens to drinking water sources
or overwhelm sewage or drinking water in-
frastructure. Most documented North American
waterborne disease outbreaks are preceded by
extreme rainfall events.13,14 In fact, communities
that are primarily served by minimally treated
drinking water may record elevated GI inci-
dence during these hydrologic events.15,16

Snowmelt or extreme precipitation may cause
combined sewer overflow events, which also
increase GI rates.17 Assuming drinking water is
the primary exposure route to waterborne
pathogens, GI rates are likely insensitive to
hydrologic changes when drinking water infra-
structure and treatments function properly.
Without treatment, precipitation in the spring/
summer/fall and snowmelt in the winter/spring
may flush a larger pollutant and pathogen load

into drinking water systems and increase GI
rates.

A temporal lag between water contamina-
tion and seeking medical attention for GI is
related to environmental transport, the disease
system, and health-seeking behaviors. Envi-
ronmental transport is influenced by hydrol-
ogy, season of the year, and geographic
context (urban vs rural). Depending on the
hydrology and soil, precipitation events flush
pathogens into groundwater over the course
of a day to weeks.18 The disease system
includes variable pathogen incubation times,
and virulence may produce clinical manifes-
tations in hours to week(s) after infection.19

Finally, health-seeking behaviors influence the
lag between hydrologic events and cases. In
urban Milwaukee, Wisconsin, families typi-
cally waited 2 days after experiencing symp-
toms to visit a clinic.20 Living farther away
from a health care facility and inclement
weather may also delay seeking health
care.21,22 Most previous studies have focused
on urban environments and few studies have
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examined how these factors relate in a more
rural context.

The study investigates if the type of drinking
water source (treated municipal, untreated
municipal, and private well water) modifies the
effect of hydrology on childhood (aged < 5
years) GI health care visitations in Central and
Northern Wisconsin. This study is a novel
application of established geographic and
temporal techniques to identify drinking water
that may require better protection, treatment,
or delivery.

METHODS

The Marshfield Epidemiologic Study Area
(MESA) is a geographically defined region
encompassing 24 zip codes in Central and
Northern Wisconsin. The primary land uses
are beef, milk cattle, and agriculture production
(e.g., corn).23 MESA clinics and hospitals pro-
vide health care services to 97% of this area’s
90 000 residents including 4800 children.24

More than 90% of outpatient visits and 95% of
inpatient stays are captured by the electronic
medical record system. The system records all
patient encounters and demographic informa-
tion such as age, gender, type of health in-
surance, and household address.

The present study analyzed health care
visitations (clinic, emergency department, and
hospitalization) from December 1, 1991,
through December 31, 2010. The MESA
population-based cohort monitors the popula-
tion at risk by continuously tracking migration,
births, and deaths. Figure 1 maps the zip
codes that delineate MESA, drinking water
source of cities and villages, and locations of
weather and hydrology stations. The US
Census (2000) estimated the proportion of
children living in the MESA served by mu-
nicipal treated water (39%), private well
water (54%), and untreated municipal water
(6%).25 In the study area, chlorine is the only
form of municipal treatment except for the
City of Marshfield, which has a more com-
prehensive treatment plant. The untreated
municipalities do not use chlorination or
other forms of treatment.

The International Classification of Diseases,
Ninth Revision (ICD-9) categorized MESA
health care visits into billing codes.26 Water-
borne diseases can be attributed to a specific

disease-causing agent or classified according to
common symptoms. We considered a rela-
tively broad definition because GI is often
not ascribed to a specific pathogen: specified
gastrointestinal infections (ICD-9 codes 001---
009.9; excluding 003.2, 005.0---005.3), un-
specified gastroenteritis (558.9), and diarrhea
(787.91).27,28 For comparability with previous
studies, we included vibrio cases (005.4,
005.81) and nonspecific food poisoning, which
may plausibly be waterborne. We excluded
other symptoms involving the digestive system

and dehydration to increase the specificity of
the case definition. The inclusion of certain
waterborne helminthes may be justified. How-
ever, helminthes constituted a small percentage
of the total cases (0.5%), and their inclusion
was unlikely to change the study results. Cases
were identified from the GI billing code in
the first-second position for outpatient visits
and hospital discharge diagnosis. The study is
restricted to children (aged < 5 years) and
descriptive statistics summarize GI by age
categories.

Note. The study area services households accessing municipal treated, municipal untreated, and private well water. The map

identifies the locations of hydrology and weather stations used in the analysis.

FIGURE 1—The Marshfield Epidemiologic Study Area in Central and Northern Wisconsin:

1991–2010.
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If a patient had more than 1 GI visitation in
a 30-day period, we conservatively counted
only the first encounter, similar to an earlier
MESA study relating GI to suspected environ-
mental sources.29 Patients who filled or were
prescribed an antibiotic prescription in the 7
days preceding health care visits were ex-
cluded. The case definition did not exclude
patients with chronic gastrointestinal condi-
tions (e.g., irritable bowel syndrome or inflam-
matory bowel disease). Quality assurance
validated the sample cases and the coding
accuracy was 95%. GI data were aggregated
at the level of week and reported as weekly
cumulative incidence. Funding limitations
prevented us from extracting all cases in
MESA. We randomly extracted 50% of the
first visits for childhood GI stratified by year,
which was representative of the GI disease
burden over time. This translated into a total
of 4951 cases. Therefore sampled GI inci-
dence rates reported here are underesti-
mated, at least, by a factor of 2. The study
results and discussion will distinguish be-
tween the sampled or population estimated GI
counts.

Drinking Water Source, Hydrology, and

Weather Information

The most likely household drinking water
source (treated municipal, untreated municipal,
or private well) was inferred from geographic
relationships. Household addresses were
assigned latitudes and longitudes (geocoded)
using ArcGIS versions 10.0 and 9.3 (ESRI,
Redlands, CA), 2010 TIGER US Census data,
and county government street data. The ad-
dress matching accuracy was 95.7% (85%
sensitivity or higher). A municipality’s drinking
water source was assigned to households lo-
cated within its boundaries.30 The Wisconsin
Department of Natural Resources and water
managers provided information on municipal
water treatment practices.31 Households situ-
ated in unincorporated areas or townships
(political subdivision) were presumed to access
private well water.

Table 1 outlines the sources of hydrology
and weather information and how daily
information was aggregated to weekly
periods.32,33 We generated representative en-
vironmental conditions for the regions served
by each drinking water source. Municipal

treated and private well conditions were
recorded by monitoring stations located
within 25 kilometers of the study area. The
locations of municipalities accessing un-
treated water are clustered in the north-
western portion of the MESA. One weather
station and 2 stream gauges provided hy-
drology and weather conditions for this
water source.

Stream discharge reflects water from natural
precipitation and anthropogenic sources like
irrigation. We briefly describe how the stream
discharge change metric was created. First, we
converted each station’s weekly stream dis-
charge into percentiles, which we calculated
over the entire study period. Second, we
averaged stream discharge percentiles for each
drinking water source. Discharge seasonally
increases in the spring and decreases through-
out the fall. Finally, we calculated stream
discharge change by subtracting the current
from the previous week’s average percentiles,
which removed seasonality.

In the winter/spring, hydrologic conditions
were represented by precipitation during non-
freezing periods. Snowfall is unlikely to lead
to groundwater contamination if the ground is
frozen. Nonfreezing temperatures were desig-
nated by an indicator variable of average
weekly temperature above freezing (0°C). The
interaction between precipitation and the
nonfreezing-indicator variable captured pre-
cipitation that was more likely to percolate into
groundwater.

Statistical Analysis

We used generalized additive models
(GAMs) to evaluate the association between

hydrologic conditions and weather to child-
hood GI incidence, taking care to control for
repeated measurements over time.34 Child-
hood GI incidence was estimated from the
subset of health care records. GAMs expand
upon linear regression models by considering
nonlinear environment and GI relationships.
A linear relationship is characterized by a
proportional risk factor and GI association
such as a doubling of precipitation correlated
with a 75% GI increase. In a nonlinear re-
lationship, the risk factor and GI-association
changes based on the level of the risk factor.
The relationship is graphically summarized by
a smooth relative-risk function of the number
of fitted cases at different levels of the in-
dependent variable.

In treated municipal or private well-water
areas, GAMs (Poisson family) associate
weather and hydrology against weekly GI
counts. The smaller number of untreated
municipal water cases required a more flexi-
ble quasipoisson GAM to account for over-
dispersion. We used a variable screening
procedure to identify the best-fitting hydro-
logic/temperature metric and temporal lag
using Akaike Information Criterion or the
Un-Biased Risk Estimator. Each metric was
regressed against GI cases as we controlled
for seasonality and secular trends. Temporal
lags of 0 to 3 weeks for hydrologic conditions
and 0 to 1 week for temperature were
considered. Next, we compared 3 time series
models: (1) the best fitting hydrologic model,
(2) temperature model, and 3) the combination
of hydrology and temperature (Equation 1).
Weather patterns jointly influence temperature
and hydrology. Including temperature in the

TABLE 1—Environmental Independent Variables That May Influence the Timing and

Magnitude of Childhood Gastrointestinal Illness Incidence: Marshfield Epidemiologic

Study Area, Central and Northern Wisconsin, 1991–2010

Independent Variable Aggregation Period (Weekly) Source No. Stations

Precipitation, cm Sum GHCN, USGS 15

Stream discharge change, % Change (week0 – week-1)
a USGS 3

Average temperature, ˚C Average GHCN 8

Precipitation (cm) · average temperature (˚C) Not applicable GHCN 8

Note. GHCN = Global Historical Climatology Network (US National Climatic Data Center); USGS = US Geologic Survey.
aWeek0 refers to the current week and week-1 to the previous week.
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analysis may control for potential seasonal
confounding.35

ð1Þ

log lð Þ ¼ �0 þ lyear þ lmonth
þ �1Temperature þ sðHydrologyÞ
þ sðweekÞ

In Equation 1, l is the expectation of weekly
childhood GI counts. The terms lyear, lmonth

are factors that adjust for secular trends and
monthly variability. The screening process de-
termines the best fitting temperature and hy-
drology metric and lag. The notation s(x) is the
nonlinear smoothing terms for hydrologic
conditions and time (study week) using penal-
ized cubic regression splines.36 GAM results
are generally robust to the choice of smoothing
spline.37 The spline degrees of freedom were
determined by knowledge of the processes and
range of conditions: precipitation (1 df; 2.54 cm),
stream discharge percentiles (1df; 10%),
and sampling week (3 df; 6 months). The
degrees of freedom balanced controlling auto-
correlation versus overfitting.

Regression assumptions of independent
and identically distributed residuals and homo-
scedasticity were verified by autocorrelation and
partial autocorrelation functions and a McLeod-Li
test of the residuals.38 The analysis was con-
ducted in R (version 2.15.1) using the MGCV
package.34 We report the best-fitting model
stratified by season and drinking water source.

RESULTS

Most cases were identified during clinic and
outpatient visits (78%). Seven percent of the
cases were admitted to the hospital directly or
through the emergency department. For these
cases, the median hospitalization was 2 days
(SD = 10 days) with a range of 0 to 69 days. A
sizeable number of patients only received care
from the emergency department (14%).
Younger children had higher rates of GI, with
infants (< 1 year old) representing one third
of the cases (34%) and patients aged 1 to
younger than 2 years accounting for another
third (31%). The remaining cases occurred in
children aged 2 to younger than 3 years (17%),
3 to younger than 4 years (10%), and 4 to
younger than 5 years (8%). There were slightly
more cases among boys (55%) than among
girls. The proportion of cases accessing treated

water (48%; 2240 children) was elevated, but
not significantly, over the proportion of the
population living in these areas (39%). Corre-
spondingly, children assigned to private wells
constitute 54% of the population and 46% of
the cases (2422 children). The proportion of
cases from untreated municipal areas (6%, 289
cases) was equivalent to the proportion of the
study population living in these areas

The GI disease burden fell disproportion-
ately on lower socioeconomic status (SES)
households. About 7% of MESA residents
access Medicaid, but these households
accounted for half of the cases. This suggests
that lower SES households have an elevated
GI disease burden but the small sample size
limits formal testing. The nontreated municipal
water households had an even higher propor-
tion of cases using Medicaid (58%). After the
initial visit, many cases (;24%) returned to the
clinic for a GI-related visit within a month.

The population annual GI incidence, esti-
mated from the study sample, was 1076 per
10000 children (SD of mean annual incidence=
110 per 10 000 children) from 1992 to
2006. Although not directly comparable, a na-
tional private insurance GI rate was 1561 per
10 000 children.39 MESA GI rates significantly
(P= .02) decreased from 1992 to 2006 at
a rate of 15.3 per year. The decline was further
hastened to 865 per 10 000 children (SD of
mean annual incidence = 131 per 10 000
children) per year from 2007 to 2010, which is
the period when the second-generation rotavi-
rus vaccines were introduced. This translates
into a 20% decrease in childhood GI rates in
2007 to 2010 compared with 1992 to 2006.

The plot of the number of GI cases (50%
sample) per month over the entire study period
exhibited clear seasonal patterns for private
well and untreatedmunicipal systems (Figure 2).
Winter/spring GI cases peaked in April across
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FIGURE 2—Total number of childhood gastrointestinal illness (GI) cases (50% sample) for

each drinking water source by month: Marshfield Epidemiologic Study Area, Central and

Northern Wisconsin, 1991–2010.
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all drinking water systems. The private well
and the untreated municipal areas exhibited
a smaller December peak in cases. In the same
areas, GI cases reached a nadir during the summer
and gradually increase throughout the fall.

During the summer/fall, more precipitation
and higher temperatures were associated
with increased GI incidence in untreated mu-
nicipal drinking water communities (adjusted
R2 = 20%). We first discuss the relationship
between precipitation (concurrent week) and
fitted weekly cumulative GI incidence (P= .003;
Figure 3). The solid curve (3.5 df) illustrates

the GI relative risk for the range of observed
precipitation conditions. The relative risk was
adjusted for temperature, secular trends, sea-
sonality, and temporal autocorrelation. The
dashed lines are the 95% relative risk confi-
dence intervals. The density of hash marks
along the x-axis indicates the frequency of weeks
with each precipitation amount. On average,
the relative risk of contracting GI increased from
1 to 1.4 in weeks with 3.3 centimeters of
precipitation compared with weeks without
precipitation. Risk remained elevated with sim-
ilarly high levels during moderate to wet weeks

(3.4---9 cm). There were 14 very wet weeks with
more than 9 centimeters of precipitation during
the 19-year analysis period. During these pe-
riods, children were at least 2.4 times as likely to
contract GI compared with weeks with no pre-
cipitation. In untreated municipal water com-
munities, weekly temperatures (concurrent
week) were also positively associated (B = 0.07;
95% CI = 0.02, 0.12) with GI cases. GI was not
systematically related to hydrology or weather
conditions in treated municipal or private well
communities (data available as a supplement to
the online version of this article at http://www.
ajph.org).

In the winter/spring, hydrology was unre-
lated to GI across all communities. Warmer
winter temperatures (previous week) increased
GI rates in treated water municipalities (B =
0.02; 95% CI = 0.01, 0.04) and private well
areas (B = 0.01; 95% CI = 0.00, 0.03; supple-
mental data). Cold temperatures and snow- or
ice-covered roads may decrease access to
health care.22 Winter temperatures were not
associated with GI relative risk in untreated
municipalities (supplemental data).

DISCUSSION

In our study region, the link between hy-
drologic events and childhood GI was absent in
those municipalities with treated drinking wa-
ter. By contrast, GI in municipalities without
drinking water treatment increased in weeks
with more precipitation compared with dry
weeks in the summer/fall. The relationship
between hydrologic events and GI is likely to
be place-specific. The study methodology can
help identify other areas where water treat-
ment or improving water delivery infrastruc-
ture may decrease waterborne disease.

Analogous studies provide evidence of en-
demic waterborne disease in developed na-
tions. On average, rainy days recorded 11%
more emergency department GI visits than
nonrainy days in Milwaukee.15 Very high
(> 90th percentile) water volumes (combined
effect of snowmelt and rainfall) increased
weekly GI clinic visits 30% compared with
moderate or dry weeks in an Inuit commu-
nity.40 In Northwestern England, wet condi-
tions in the previous week (75th percentile)
increased weekly cryptosporidiosis rates
27%.41 Similarly, the proportion of UK private

Note. Precipitation is positively and nonlinearly associated with gastrointestinal illness. The solid line represents the estimate

spline curve, and the dashed lines represent the 95% confidence intervals. The density of hash marks along the x-axis

indicates the frequency of weeks with each precipitation observation.

FIGURE 3—Association between childhood gastrointestinal illness and weekly summer/fall

hydrologic conditions adjusted for seasonality and secular trends in untreated municipal

areas: Marshfield Epidemiologic Study Area, Central and Northern Wisconsin, 1991–2010.
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wells above an Escherichia coli standard in-
creased with the amount of precipitation.16

Hydrologic events likely transport pathogens
into groundwater or the drinking water distri-
bution system.42,43 Contaminated water is
subsequently transported to households and
ingested by children. This mechanism suggests
that the entire population and not just children
may contract disease from their drinking water.
There are multiple potential health benefits of
reducing drinking waterborne GI. Previous
gastrointestinal infections may lead to long-
term negative health consequences (e.g., irrita-
ble bowel syndrome, reactive arthritis) that
accrue significant public health costs.44

Public water systems accessing groundwater
face challenges across the United States.
Small municipal groundwater systems deliver
nondisinfected water to 20 million people.6

Improved drinking water monitoring and cor-
rective actions in these communities would
prevent about 32 000 GI cases per year.10

Most untreated systems serve small popula-
tions who may be reluctant to pay for water
treatment and underestimate the risks of
contaminated water.45 Water treatment is as-
sociated with a reduction in GI outbreaks,
physician visits, self-reported illness, and water
quality indicators.46---52 A study of severe wa-
terborne disease suggests that Melbourne,
Australia, may be an exception where treat-
ment did not reduce GI cases.53

US public water systems that primarily ac-
cess groundwater must conduct sanitary sur-
veys and monitor source water.6 Monitoring is
required for systems that do not adequately
filter or inactivate viruses. Water quality sam-
pling is more frequent in systems that serve
larger numbers of people and rely on surface
water.54 For example, small municipal
groundwater systems (< 1000 people) may
monitor as infrequently as 1 sample per 3
months. Each state designates corrective ac-
tions (e.g., eliminate contamination, treatment)
when a sample fails a microbial test, and the
range of actions available to state regulators
can vary considerably. In Wisconsin, the state
where we conducted our study, the legislature
recently passed Wisconsin Act 19 (2011)
explicitly preventing state-level regulations
requiring municipal disinfection.55 The law
perpetuates a 2-tiered municipal drinking
water system where municipalities without

treatment may continue to contract GI from
drinking water.

Two short-term strategies for untreated
municipal water systems may immediately
improve public health during wet weeks. First,
routine microbial groundwater surveillance
should be targeted to these periods with the
greatest enteric waterborne disease risk. Sec-
ond, government agencies may consider issu-
ing boiling water advisories as these would be
particularly beneficial to vulnerable popula-
tions such as the immunocompromised, the
elderly, pregnant mothers, and children. Long-
term strategies include eliminating contamination
sources or installing municipal or point-of-use
water treatment.

In our study, hydrologic events did not
directly increase GI in localities served by
private wells. Private wells are often assumed
more susceptible to waterborne pathogen
contamination than municipal wells, but this is
not necessarily true. Twenty-seven percent of
public water supply wells in the United States
are expected to be contaminated with human
enteric viruses.56 In a recent study of 6 deep
municipal wells supplying drinking water for
Madison, Wisconsin, 100% were all virus
positive.57 By contrast, Borchardt et al. per-
formed quarterly testing of 50 private wells in
Wisconsin and found only 8% were virus
positive.58 The difference in contamination
rates is believed to be related to the size of
potential fecal-contamination sources. The
zone of contribution for private well water
is usually small, encompassing only several
septic systems serving a handful of people.
High-capacity municipal wells, on the other
hand, have a very large zone of contribution
that can include areas beneath a city’s sanitary
sewer system, which leak to the subsurface and
can contain fecal wastes from thousands of
people.59

Importantly, the study design cannot infer
waterborne disease caused by constant or
nonhydrologic contamination sources. For ex-
ample, a continuous leaking sanitary sewer or
septic system may still cause GI in private well
or treated municipal communities. The study
suggests where improvements are helpful but
does not provide enough evidence to prove
that a drinking water system is properly func-
tioning. It is unclear why hydrology was not
associated with GI in untreated drinking water

municipalities in the winter/spring. In previous
studies, winter/spring GI is dominated by
rotavirus, which may be more likely to be
spread via direct transmission or fomites.

The population-based time series approach
limits the strength of the study results. Potential
waterborne cases were inferred from the
proportion of GI that systematically coincided
with hydrologic events.46 Time series analysis
compares a population against itself and im-
plicitly controls for individual-level con-
founders that change relatively slowly over
time. The primary limitation is that statistics
cannot distinguish between competing hydro-
logic pathways that may cause GI. For example,
the risk of contracting GI from swimming in
surface water may also increase during rainy
weeks.60 The study results are also limited by
the sample size of the untreated municipal
cases. A small amount of drinking water source
misclassification was created by not accounting
for towns that are served by neighboring
municipal-water systems.

Separate time series models were created for
the 3 drinking water sources and half-yearly
periods of winter/spring (December-May) and
summer/fall (June-November). Stratifying by
half-yearly periods accounted for potentially
different mechanisms and temporal lags be-
tween hydrology and diagnosis of human cases.
The most important GI pathogens, hydrologic
processes, and human behaviors change over
the course of the year. For example, childhood
winter/spring GI cases are thought to be
primarily caused by rotavirus and norovi-
rus.61,62 Summer and fall GI cases are related to
a broader suite of enteric pathogens such as
enterovirus, cryptosporidium, and giardia.63---65

In the summer/fall, children may swim more
frequently and potentially increase exposure to
recreational waterborne pathogens. Families
may also alter cooking behaviors (e.g., grilling
outdoors) that promote foodborne infections
like Salmonella.36 Freezing temperatures may
limit bacteria survival or regrowth, although
warmer-than-average temperatures increase
reproduction rates.

This study provides further insights on how
climate change interacts with existing societal
vulnerabilities to exacerbate public health prob-
lems. From 1895 to 2006, Wisconsin mean
annual precipitation increased by 5.58 centi-
meters (2.2 in).66 Plausible future precipitation
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changes are highly uncertain. Region-specific
climate projections suggest that mean annual
precipitation will modestly increase by less
than 10% by 2041 to 2070.67 Precipitation
may increase in the winter, spring, and fall
but stay constant during the summer. Winter
temperatures are also projected to increase.
For untreated municipalities in the study
region, climate change may increase precip-
itation and waterborne disease risk, particu-
larly in the fall season. j
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