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On-site wastewater treatment systems (OWTS) are designed to collect, ﬁlter, and release treated wastewater
eﬄuent back into the natural environment. If these decentralized systems are not properly installed or regularly
maintained, or are spatially distributed at densities that exceed the landscape’s ability to safely treat wastewater
eﬄuent, groundwater can become contaminated. We examine in this paper the evolution of state-level policies
regulating on-site wastewater management in the State of Wisconsin (USA). We also present a spatiotemporal
analysis of on-site wastewater systems installed in a metropolitan county within southeastern Wisconsin.
Findings show: 1) advances in OWTS technologies, coupled with regulatory policy changes, have reduced the
inﬂuence of physiographic constraints on exurban housing development, 2) over 7,000 on-site wastewater
systems are unevenly distributed across the county’s landscapes, and 3) several OWTS clusters are at high enough densities to threaten groundwater quality, potentially posing public health risks from polluted private wellwater. Groundwater contamination risk was assessed, county-wide, by using GIS overlay analysis to compare
septic system density (greater than 2.0 systems per acre) with groundwater vulnerability. Our spatial analysis
identiﬁed several “hot spots” that may warrant groundwater monitoring and OWTS inspections to limit potential
health impacts. This method of analysis can help public sector planners design context-sensitive policies to
manage unsewered housing development within the rural landscape.

1. Introduction
Population growth and decentralization have transformed many
rural landscapes in the United States over the past six decades, especially in areas rich in natural amenities (Brown, Johnson,
Loveland, & Theobald, 2005; Gustafson, Hammer, Radeloﬀ, & Potts,
2005; Radeloﬀ, Hammer, & Stewart, 2005). Suburban housing development in the 1950s and 1960s was relatively compact and contiguous
to existing urban areas in the U.S., though often planned and constructed with little regard for protecting the natural environment
(Rome, 2001). In the 1970s, exurban housing development – residential
areas within 50 miles (80 km) of a Metropolitan Statistical Area (MSA)
– became popular during the “Rural Rebound” when millions migrated
to where natural amenities were abundant and residents could still
easily access urban and suburban jobs with their private vehicles
(Krannich, Luloﬀ, & Field, 2011; Osgood & Jeﬀery, 2011). Interstate
and intrastate highway networks helped to weaken the “friction of
distance” and facilitate housing development in rural areas and smaller
municipalities, often within commuting distances of major
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metropolitan areas (Frey, 2002; Johnson & Cromartie, 2006).
This trend slowed during the economic recession of the 1980s, but
exurban growth and migration to nonmetropolitan areas reemerged in
the 1990s as the economy improved (Johnson & Cromartie, 2006). Although these outward migrations slowed, again, after the Great Recession of 2007–08, housing development continues beyond the urban
fringe, driven in part by the aesthetic and recreational amenities of
rural landscapes (Frey, 2012; Gude, Hansen, Rasker, & Maxwell, 2006;
Osgood & Jeﬀery, 2011). By 2010, more than 10.8 million people lived
in exurban areas of MSAs with populations of 500,000 or more, comprising as much as 20% of the total metro population and six percent of
the U.S. population (Berube, Singer, Wilson, & Frey, 2006). In areas with
access to municipal sewerage infrastructure, residential wastewater is
piped to centralized sewage treatment facilities where impurities are
removed before the remaining water is returned to a nearby river, lake,
or in some instances, used to recharge deep aquifers. In areas without
access to municipal sewerage infrastructure, typically each household is
served by a private on-site wastewater treatment system (OWTS).
A complex array of local, state, and federal policies inﬂuence land
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components to pre-treat wastewater before it is released to the leach
ﬁeld (which, depending on native soil conditions, may be constructed
as an above-grade mound). These pre-treatment components include
aerobic treatment units (ATUs), intermittent sand ﬁlters, ultraviolet
(UV) lamps, and pumps which require regular inspection and maintenance to sustain reliable performance (USEPA, 2005). To construct
above-ground absorption ﬁelds, sand is typically transported to those
sites.
Rural residences using on-site wastewater systems can introduce
nitrates, bacteria, viruses, and other contaminants into local groundwater resources (Bradbury, Rayne, & Krause, 2015; McGinley,
Devita, & Nitka, 2015; Shaw, Arntsen, & VanRyswyk, 1993). Rigorous
testing of newer OWTS technology reveals that alternative mound
systems may not be as reliable, as previously thought, for removing
fecal contaminants and other microorganisms from wastewater
(Standridge, Olstadt, & Sonzogni, 2001). Moreover, holding tanks made
from steel or manufactured concrete can rapidly deteriorate under ﬁeld
conditions, adding yet another potential source of eﬄuent contamination. Failing on-site wastewater systems potentially contaminate surface water and municipal and private wells, threaten other environmental resources, and increase the risks of disease outbreaks (Borchardt
et al., 2011; Bradbury et al., 2013; McDowell, Brick, Cliﬀord, FrodeHutchins, Harvala K. Knudsen, 2005; Scandura & Sobsey, 1997;
Schenck et al., 2015; Wilcox, Bradbury, Thomas, & Bahr, 2005; Yates,
1985). Bacterial and chemical contamination of groundwater or surface
water can negatively aﬀect human health and environmental quality.
Elevated nitrate levels, high bacterial counts, or other water pollutants
frequently result in temporary beach closures (Schoen & Ashbolt, 2010).
There is also evidence that known groundwater and surface water
contamination impact real estate markets and can create ﬁnancial
burdens when dealing with site cleanups and property transfers
(Rabinowitz, 1995).
The federal Environmental Protection Agency (EPA), in partnership
with state agencies, has the authority to reduce pollution of the nation’s
groundwater and surface waters (Andreen, 2004; Copeland, 2014). The
EPA estimates that, in 2007, 20% (26.1 million) of total U.S. housing
units were served by septic systems (USEPA, 2008). Most of these
systems consist of a septic tank and a soil inﬁltration system or drain
ﬁeld. The EPA predicts that malfunctioning or failing systems could be
the second greatest threat to groundwater quality in the U.S. and can
cost the average home owner thousands of dollars to remedy problems
if the systems are not maintained (EPA, 2005). State and local governments can help to protect environmental quality and human health
by ensuring that OWTS are properly designed, installed, and managed
(USEPA, 2002).

Table 1
Ozaukee County OWTS Permits, by Type, as of Dec. 31, 2010.
System Type

Policy Period
MIN

PRE

PER

Totals

Conventional
Non-Pressurized
Pressurized

3182
3181
1

443
380
63

160
135
25

3785
3696
89

Alternative
At Grade
Mound
Other

97
3
87
7

1435
80
1350
5

1362
65
1296
1

2894
148
2733
13

Holding Tanks
Total

111
3390

812
2690

259
1781

1182
7861

Note: MIN = Minimum Regulations (Pre-1980); PRE = Prescriptive
(1980–2000); PER = Performance Regulations (2000–2010).

Regulations

use patterns and practices – and landscape change – beyond the urbanrural fringe. This research was motivated by our interest in the complex
linkages between state and local land use policies, on-site wastewater
system technologies, exurban housing patterns, local hydrogeologic
conditions, and environmental risks to public health. Focusing on a
metropolitan county in southeastern Wisconsin’s karst terrain, we assessed the spatial and temporal distribution of on-site wastewater
management systems over three distinct periods of state regulatory
policy signiﬁcance: 1963–1980, 1980–2000, and 2000–2010 (Table 1).
We also examined the spatial coincidence of groundwater vulnerability
and high densities of on-site wastewater systems. Three questions
guided this landscape research: How have changes in state regulatory
policy aﬀected the types of on-site wastewater systems installed over
the past six decades? How are the three major types of on-site wastewater systems spatially distributed across the county’s rural and semirural landscapes? Are there any areas where this spatial distribution
poses risks to groundwater quality and private drinking wells, potentially threatening human health?
2. Background
2.1. On-site wastewater treatment in the United States
Housing development in the U.S. is inﬂuenced by public policies at
the local, state, and national levels. Municipal urban service areas
provide access to centralized water sources and sewage treatment facilities, for example, and play an important role in growth management
at, and beyond, the urban fringe (Hanley & Hopkins, 2007). In rural
landscapes not served by these municipal services, on-site wastewater
treatment technologies and permissive land use policies can reduce the
inﬂuence of physiographic conditions on exurban housing patterns
(LaGro, 1996, 1998; Rome, 2001). Advances in on-site wastewater
treatment technologies have enabled housing construction on sites that
were once considered unsuitable for residential development. These site
constraints typically include poorly-drained soils and shallow depths to
the underlying bedrock or groundwater table (Butler & Payne, 1995).
An in-ground “conventional” system sends eﬄuent to a soil absorption ﬁeld either by gravity-ﬂow (non-pressurized) or by pumping
(pressurized). These systems work well in areas with well-drained soils
when these systems are designed to serve fewer than 20 people (USEPA,
2002). If these systems are properly sited, installed, and maintained,
they can provide trouble-free service for more than twenty years. Only
about one-third of the U.S. land area is suited for conventional systems,
however. Unsewered development on the remaining land area requires
the use of either holding tanks, where permitted, or more highly engineered “alternative” systems (USEPA, 2002). Holding tanks simply
store wastewater for pumping and transport to a municipal sewage
treatment facility, and do not disperse eﬄuent into the soil, if maintained properly. Alternative treatment systems incorporate one or more

2.2. On-site wastewater treatment policy in the State of Wisconsin
The State of Wisconsin, in the Upper Midwest region of the United
States, has a humid temperate climate, relatively subtle topographic
relief, and soils of glacial origin covering all but the southwestern
portion of the state. Bordered by two of the nation’s Great Lakes,
Wisconsin’s glaciated region is geologically young, with moderately
dissected landscapes and poor surface drainage; consequently, many
marshes and small lakes are scattered throughout the state (USDA,
1970). About 200,000 OWTS, mostly conventional systems, were installed in Wisconsin prior to 1969 when the state placed few restrictions
on on-site wastewater systems (WDOC, 1999). As these systems began
to fail and contaminate local water resources, newly implemented
statewide restrictions required at least three feet of in situ soil (above
the bedrock and water table) for new on-site wastewater treatment
systems (Jaskula & Hohn, 2002). Thus, in Wisconsin, as in many other
states, local environmental conditions became important factors in
siting rural housing development (Macrellis & Douglas, 2009). High
water tables and wetlands are common constraints in the state’s central
and northeastern regions; shallow bedrock is a common constraint in
61
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Fig. 1. Spatial distribution of all on-site wastewater systems in Ozaukee County, Wisconsin.

eﬀectively overcome local physiographic constraints for on-site wastewater treatment (Converse & Tyler, 1987; Hanson, Jacobs, Ham,
Leonard, & Simmons, 1989). Public debates over the proposed

the state’s southwestern, north-central, and northeastern regions.
Throughout the 1980s, aggressive eﬀorts in Wisconsin sought to
develop, test, and monitor alternative septic system designs that could
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Fig. 2. On-site wastewater system permitting, by type and statewide policy period (1971–2010), in Ozaukee County.

alternative OWTS – with advanced pretreatment technologies (ATU,
UV, sand ﬁlter) – on sites with as little as 6 inches (15.24 cm) of native,
or in situ, soil (Knetzger & Sullivan, 2005). The revised performance
standards explicitly permitted environmental engineering (e.g., building
above-grade mounds of sand and soil) to overcome on-site physiographic constraints (Jaskula & Hohn, 2002). Thus, state-level policy
changes were a disruptive force, substantially increasing the ability of
home builders to construct houses on previously undevelopable land.
On-site wastewater management continues to be a contentious and
politically partisan policy issue in Wisconsin. Each county is responsible
for collecting and maintaining OWTS permit records, yet there has been
resistance to statewide monitoring of these permitted systems. State
code revisions in 2008 mandated: 1) the inventory of all on-site systems
in the state within the next three years, and 2) the implementation of
maintenance reporting programs at the county level within ﬁve years
(Macrellis & Douglas, 2009). The WDSPS Safety and Buildings Division
had been developing a statewide inventory utilizing county-level
permit records, but this monitoring initiative was delayed by the newlyelected governor and state legislature (WSL, 2008; R. Kaminski, personal communication, March 9, 2012). The monitoring program was
eventually continued, but funding was reduced for a voucher program
that helps low-income households replace failing on-site septic systems
(WJCOF, 2015).

legalization of these alternative systems (which often included constructed leach ﬁelds in above-grade mounds) led the Wisconsin State
Legislature to create an emergency rule, eﬀective June 1980, regulating
the design, installation, and inspection of alternative OWTS in the state
(WDOC, 1999). Over 580,000 housing units in Wisconsin (or 28.3%)
were served by private on-site wastewater systems in 1990 (US Census
Bureau, 1993), and this total increased to over 780,000 systems by
2009, with annual installations of about 13,000 new systems and 9000
replacement systems (Macrellis & Douglas, 2009).
The Wisconsin Department of Safety and Professional Services
(WDSPS) is currently responsible for regulating the design and installation of OWTS in the state. Guided by the federal Clean Water Act,
Chapter 83: Private Onsite Wastewater Treatment Systems of the Wisconsin
Administrative Regulations establishes uniform standards for the design,
installation, inspection and management of private onsite wastewater
treatment systems (Bradley, Daigger, Rubin, & Tchobanoglous, 2002).
The main purpose of the regulations is to “protect public health and the
waters of the state.” OWTS were originally administered by the Wisconsin Department of Commerce; hence, Chapter 83 became known as
“COMM 83.” During the 1990s, as COMM 83 was being revised, concerns were raised that under the new regulations extensive rural areas
would be “opened-up” to development, thus exacerbating “urban
sprawl” (Jaskula & Hohn, 2002). Proponents of the policy changes argued that COMM 83 was a plumbing code, not a land use policy, and
that local governments could limit exurban housing development
through planning and land use controls.
On July 1, 2000, the state legislature adopted the new plumbing
regulations, replacing the prescriptive-based measures with a performance-based code (Macrellis & Douglas, 2009). COMM 83 established
performance-based, site-speciﬁc criteria for the design, installation, and
maintenance of systems. The regulations also gave individual municipalities the authority to prohibit or limit the use of holding tanks,
mounded systems, and other alternative systems, such as constructed
wetlands and evapotranspiration beds. In addition, individual municipalities can enact ordinances that are more restrictive than the applicable state minimum OWTS standards existing prior to December 1,
1972 (WDSPS, 2000). For example, when improperly maintained
holding tanks in central Wisconsin were discovered in the late 1990s,
changes were made to the county ordinance to improve compliance and
mitigate the public health impacts from contaminated drinking water
(Macrellis & Douglas, 2009).
In early 2000, Wisconsin’s plumbing code still required 36 in.
(0.914 meters) of soil between the inﬁltrative surface of an OWTS and
high ground water or bedrock (WDSPS, 2000). However, based on the
performance record of alternative systems installed in the 1980s and
1990s, code revisions in late 2000 allowed the installation of

2.3. Implications for public health and the waters of the state
Advances in on-site wastewater management technologies reduce
the inﬂuence of physiographic constraints on exurban housing development, contributing to both forest fragmentation and the degradation
of aquatic ecosystems in the Upper Midwest (Gonzalez-Abraham et al.,
2007). About nine million acres, or about 26% of Wisconsin’s total land
area, are unsuitable for conventional on-site wastewater treatment because of natural, physiographic constraints (WDOC, 1999). These locations are considered under the code “largely unsuitable” for conventional on-site treatment systems (Macrellis & Douglas, 2009).
Consequently, about one-quarter of all on-site wastewater systems in
Wisconsin are alternative systems. In Wisconsin, exurban housing is
often located adjacent to lakes, rivers, and other water bodies, which
increases the potential risks associated with managing the biological
and chemical contaminants in wastewater eﬄuent. Particularly in
urban fringe subdivisions where public waterlines have been installed,
clustered unsewered development may exceed the soil's ability to accommodate increased wastewater ﬂows (USEPA, 2005).
Higher density housing development – reliant upon both on-site
wastewater systems and private domestic wells – increases the probability that wastewater eﬄuent will inﬁltrate household water supplies,
63
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Fig. 3. Density-contour surface of on-site wastewater systems, computed with a one square-mile “neighborhood” area and superimposed on the Ozaukee County groundwater vulnerability layer. Contour intervals represent diﬀerences of 50 OWTS per square mile (19.3 OWTS per square kilometer). An isolated contour represents a peak density of more than 50 OWTS
per square mile. Clusters with peak densities have been noted.
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Fig. 4. A) On-site wastewater systems, by type; B) Groundwater contamination vulnerability, with NP (non-permitted) wastewater systems superimposed; C) On-site wastewater system
density per acre. D) Location of high-density cluster in unincorporated Waubeka within the Town of Fredonia, Ozaukee County; not to scale.

adjacent drinking water supply wells (Bremer & Harter, 2012). Potential health eﬀects from ingesting nitrates, bacteria, viruses, and other
contaminants include blue baby syndrome, birth defects, cancer, and
gastroenteritis (Borchardt, Chyou, Devries, & Belongia, 2003; Ward,
2009). In urbanizing landscapes with agricultural operations, these
groundwater contaminants also can be traced to fertilization practices
that distribute manure and/or synthetic nutrients on soil surfaces
(Masarik, Norman, & Brye, 2014; McGinley et al., 2015).
Land use patterns in Wisconsin’s exurban landscapes are shaped, in
part, by property subdivision ordinances. These land development
regulations require minimum lot sizes for new housing construction,
and establish minimum setback distances (from the property boundaries) for the siting of buildings, private wells, and on-site wastewater
systems. Hydrogeology – such as the direction of groundwater ﬂow –
and proximity to oﬀ-site wastewater systems and water wells are not
typically considered in siting new on-site wastewater systems.
Moreover, a substantial portion of Wisconsin is karst terrain with soils

especially where the development is underlain by fractured bedrock
(Bremer & Harter, 2012). Up to 47% of privately owned water wells in
Wisconsin are estimated to exceed one or more water quality standards,
with nearly 20% exceeding safe limits of coliform bacteria and 10%
exceeding
recommended
nitrate
concentrations
(Knobeloch,
Christenson, & Anderson, 2013). In locations where OWTS density exceeds the soil’s ability to eﬀectively ﬁlter eﬄuent, private wells may
become contaminated without the knowledge of the homeowners
(USGS, 2017). Exceeding the soil’s capacity to eﬀectively ﬁlter eﬄuent
increases the likelihood that bacteria and chemicals will enter shallow,
unconﬁned aquifers and contaminate public or private domestic water
supplies (Bremer & Harter, 2012; Jaskula & Hohn, 2002).
In landscapes where municipal water and sewer service are unavailable, nearly 800,000 private water wells serve the needs of
Wisconsin’s rural and semi-rural households. If on-site wastewater
systems are not installed properly or are poorly maintained – or are
installed near other systems – eﬄuent plumes can be drawn into
65
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Fig. 4. (continued)

villages, six towns, and three cities. Between 1960 and 2010, both the
population and number of households in the county more than doubled
(SEWRPC, 2004). The county had 86,395 residents and 36,267 housing
units in 2010, for an average household size of 2.47 persons (US Census
Bureau, 2013). About 22% of the county’s housing units relied upon
private on-site wastewater systems, in contrast with 11% of all households in the 7-county SEWRPC region (M. Hahn, personal communication, August 11, 2016).
Ozaukee County’s landscape consists of nearly level to rolling
farmland with the largest wooded areas located mostly on steeper topography bordering Lake Michigan and along major drainage corridors.
The parent material for most soils in the county was deposited as glacial
till during the most recent glaciation (10,000 BP). Incomplete drainage
of this poorly dissected landscape has led to the formation of many
small scattered marshes and lakes (USDA, 1970). The Milwaukee River
ﬂows north to south in the county, dividing the better-drained loamy
soils west of the river from the more poorly-drained silt clay loam soils

underlain by dolomite or a sandstone-dolomite-shale combination, thus
creating aquifers with interconnected cracks and pores (WIGNHS,
2013). Groundwater can move quickly through cracks that extend from
the surface to nearby wells and cause contamination of water supplies if
OWTS eﬄuent is not properly treated (Borchardt et al., 2011;
Rayne & Bradbury, 2011; Wilcox, Gotkowitz, Bradbury, & Bahr, 2010).
3. Methods
3.1. Landscape setting
Ozaukee County is located just north of the City of Milwaukee along
the western shores of Lake Michigan. The county is part of the
Milwaukee-Waukesha-West Allis metropolitan area and the sevencounty jurisdiction of the Southeastern Wisconsin Regional Planning
Commission (SEWRPC). Its total land area is 223 square miles
(578 km2), with sixteen municipal civil divisions comprising seven
66
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Fig. 5. Bar graphs of on-site wastewater system installation types, by groundwater vulnerability and regulatory policy period.

meter pixels). Due to the size of the sample (N = 7861), determining
parcel centroids was the most eﬃcient method for assigning locations
to the OWTS (Fig. 1). This introduces locational errors that are relatively minor, in this study, because most housing parcels are relatively
small in area. Using points instead of the tax parcel polygons allows for
the application of a broader range of spatial analysis tools (Mitchell,
2005).

Table 2
Number of developed land parcels using OWTS, by parcel size and policy period.
Parcel Size
(Acres)

Minimum
Regulation
(Pre-1980)

Prescriptive
Regulation
(1980–2000)

Performance
Regulation
(2000–2010)

Total

% of
Parcels

Less than
0.33
0.33–0.50
0.50–1.00
1.00–5.00
5.00 and
up

68

32

20

120

1.5

97
787
1596
794

42
385
1509
771

31
291
950
489

170
1463
4055
2054

2.2
18.6
51.6
26.1

3342

2739

1781

7862

100.0

3.2.2. OWTS Cluster Analysis
When geographical phenomena are point data, varying the size of
the spatial unit of analysis can be an eﬀective strategy in detecting
spatial clustering. ESRI ArcMap’s Point Density function calculates the
magnitude per unit area of features that fall within a “neighborhood”
whose size, or area, can be speciﬁed by the analyst. In this study, pointdensity surfaces were computed at the county-scale using one squaremile (2.59 km2) and one-acre (0.405 hectare) units of analysis. This
allowed us to identify clusters of on-site wastewater systems and to
examine the spatial relationships between on-site wastewater system
density and groundwater vulnerability. The density surfaces were
generated and tabulated by policy period for the years 1971 through
2010. Non-Permitted (NP) systems, installed before 1971, were included in the Minimum Regulation baseline data layer. Each pointdensity surface was converted into a raster layer with one-acre
(0.405 ha) pixels. At two septic systems per acre, or one-half acre per
parcel (or lot), the estimated nitrate loading is equivalent to the nitrate
leached from a typical Midwest corn ﬁeld fertilized at a rate of 150
pounds of nitrogen (as NH4NO3) per acre (Masarik et al., 2014). Additionally, rural zoning codes in southeastern Wisconsin typically require minimum lot sizes of at least 0.5-acre for new homes served by
septic systems. For these reasons, we chose two classiﬁcation ranges: 1)
0.0–2.0 systems per acre and 2) more than 2.0 systems per acre.

near Lake Michigan. In places, the county’s soils are relatively shallow
(generally less than 36 in., or 0.914 meters) and are primarily underlain
by a fractured dolomite bedrock with cracks and large pores that enable
rapid groundwater movement within this karst terrain (WGNHS, 2013).
3.2. Geographic data and spatial analysis
3.2.1. OWTS Mapping
Mapping and spatial analysis were conducted with ESRI ArcGIS 10.
OWTS permit data were obtained from the Ozaukee County Department
of Land and Water Management (DWLM) in March 2011. Attributes
included system type, ﬁnal inspection date, permit number, and tax
parcel number. OWTS records were classiﬁed into three groups: conventional, alternative, and holding tanks. The tax parcel attribute was
used to join the permit data to the tax parcel GIS shapeﬁle layer
(polygon features), also provided by the DWLM. Conducting site visits
to determine the precise placement of all systems in the county was not
a realistic option. Using aerial ortho-photographs for this task was also
not feasible, even with images at high resolutions (i.e. 1-foot/0.305-

Fig. 6. Conceptual model of eﬄuent plume movement with heightened “down-gradient” risks of private water well contamination. Drawing not to scale.
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County to the City of Milwaukee. Policy changes – from a prescriptive
code to a more performance based standard – allowed the installation of
alternative OWTS in areas that were previously considered unsuitable
for development. Sharp increases in the number of alternative OWTS
installed in the 1990s and early 2000s reﬂect these changes in public
policy. Conversely, economic recessions in the 1980s and late 2000s
correspond with slower periods of exurban development. A slight increase (34%–38%) between the Prescriptive Regulation and Performance Regulation periods occurred in on-site systems installed within
previously developed subdivisions. But we are unable to diﬀerentiate
between systems serving new houses and systems that simply replaced
older, failed systems. Nevertheless, it is unlikely that the Performance
Regulations signiﬁcantly reduced sprawl by enabling housing construction on “diﬃcult” vacant lots in already developed subdivisions.

3.2.3. Groundwater Vulnerability Analysis
Groundwater vulnerability in southeastern Wisconsin was assessed
earlier by the Wisconsin Geologic and Natural History Survey (WGNHS)
through an overlay analysis (adapted from Aller, Lehr, Petty, & Bennett,
1987) of ﬁve physical parameters: soil characteristics; unsaturated zone
thickness; permeability of vertical sequences in the unsaturated zone;
recharge to groundwater, represented by soil percolation; and aquifer
characteristics (WGNHS, 2002). A numerical rating was assigned to
each of the selected parameters, and the vulnerability score for each
hydrogeologic setting was calculated by summing (with equal
weighting) the numerical scores of the individual parameters. This assessment mapped the region’s landscape into three distinct classes of
groundwater vulnerability – low, moderate, and high – to facilitate
groundwater quality protection in areas with the greatest need. We
converted that vulnerability layer to a raster image, also with pixel sizes
of one acre (0.405 ha), to align with the point density-surface layers. A
subsequent overlay analysis identiﬁed the intersection, or spatial coincidence, of high OWTS densities (greater than 2.0 systems per acre)
and high groundwater vulnerability.

4.2. Groundwater vulnerability
Shallow aquifers are the source of almost all private domestic water
supplies in southeastern Wisconsin (WGNHS, 2013). The potential
movement of chemical and biological contaminants to shallow aquifers
presents a challenge for the protection of the environment and public
health. A total of 624 acres of residential development in 2010 were at
densities exceeding 2.0 on-site systems per acre. About 263 acres
(42.1%) from this total were sites with high groundwater vulnerability.
In 1980, in contrast, there were 126 acres (60.0% of a total of 210
developed acres) with high groundwater vulnerability. This residential
development met two elevated risk conditions: 1) densities of more
than 2.0 OWTS per acre, and 2) locations with high groundwater vulnerability. This density threshold is relatively high from an environmental protection and public health perspective. Several studies have
demonstrated linkages between gastrointestinal infections and considerably lower septic system densities (Borchardt et al., 2003;
Bremer & Harter, 2012; Morissey et al., 2015; Yates, 1985).
Housing densities that result in septic system densities exceeding 2
systems per acre are not uncommon, however. Recent research in the
Puget Sound Region of the Paciﬁc Northwest identiﬁed some neighborhoods with septic system densities of between 6 and 8 systems per
acre (Spirandelli, 2015). Our cluster analysis identiﬁed four high-density clusters that warrant further investigation – including groundwater
monitoring − and, potentially, targeted actions to ensure that failed onsite systems are replaced (Fig. 3). Many older, legacy septic systems are
located within these four clusters, which include areas with high
groundwater vulnerability. One of these clusters, Waubeka – an unincorporated census-designated-place in the Town of Fredonia – is shown
in more detail (Fig. 4A–D).
In areas with high groundwater vulnerability (Fig. 5), development
served by OWTS has converted 225 acres (11.3 acres, or 4.6 ha, per
year) during the Prescriptive Regulation period and 189 acres (18.9
acres, or 7.6 ha, per year) during the Performance Regulation period.
Even though Ozaukee County now requires a 0.33-acre (0.13 ha)
minimum lot size for a residence served by an on-site septic system and
a private well, we identiﬁed 120 parcels with OWTS that were smaller
than this minimum (Table 2). A total of 290 parcels (3.7%) were
smaller than one-half acre and 1753 parcels (22.3%) were one acre or
smaller in area.

3.3. Land Use Change Analysis
Finally, we examined the use of alternative on-site wastewater
systems to serve inﬁll housing development on vacant, yet “diﬃcult,”
single-family lots within existing subdivisions. Minimizing “lot wastage” in existing subdivisions was an argument made in the policy
debates of the 1990s by proponents of alternative on-site wastewater
systems (WDOC, 1999). However, the validity of this claim has not been
tested. We paired the wastewater system permit data with the land use
data (provided by the Southeastern Wisconsin Regional Planning
Commission) to determine the decade that residential development
took place for the area immediately surrounding all permitted systems.
Our objective was to determine the number and location of vacant
parcels, within previously developed subdivisions, that were subsequently developed with alternative wastewater systems. Unfortunately,
when on-site systems are replaced in Ozaukee County (and in other
Wisconsin counties) the old permit data are deleted from the county
database. Consequently, on land that was previously classiﬁed as residential development, newly-installed wastewater systems could be
either “in-ﬁll” development or simply the replacement of older, failed
on-site systems.
4. Results
4.1. On-site wastewater system distribution
OWTS regulation in Wisconsin falls into three distinct periods that
we term Minimum Regulation (pre-1980), Prescriptive Regulation
(1980–2000), and Performance Regulation (2000–present). Ozaukee
County had 7895 active on-site wastewater system permits as of
December 31, 2010, although tax parcel information for 34 systems did
not match the county’s tax parcel GIS shapeﬁle (Table 1). This could be
attributable to errors in the OWTS database or the GIS tax parcel layer;
our spatial analysis excluded these 34 systems. Of the 7861 OWTS in
this study, 3012 systems (38.2%) were designated with the “NP” preﬁx
– systems installed prior to 1971, the year of the initial county-wide
inventory of on-site wastewater systems. Neither the county nor the
state had information regarding the NP systems’ type or functional
status, or installation dates. Because these systems were installed prior
to the uniform state-wide code’s adoption, these systems were given a
non-pressurized in-ground or pressurized in-ground type (conventional)
designation.
The permitting and installation of on-site wastewater systems has
varied considerably over the past sixty years in Ozaukee County
(Fig. 2). Exurban development has been facilitated by the completion,
in 1964, of U.S. 43 – a divided, four-lane highway linking Ozaukee

5. Discussion
5.1. Policy inﬂuences on wastewater system installation
This research demonstrates that state-level on-site wastewater
treatment system regulations inﬂuence land use patterns and practices
at the local level. Statewide performance standards – enabling the installation of alternative septic systems on sites formerly considered too
diﬃcult upon which to build – have facilitated the spatial diﬀusion of
unsewered housing development across the county’s suburban and rural
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contaminants to their agricultural and/or residential sources (Borchardt
et al., 2011; Bradbury et al., 2013; McGinley et al., 2015; Schenck et al.,
2015). Groundwater monitoring is warranted – especially in and near
locations with high septic system densities – to better understand the
health risks to residents whose drinking water is drawn from private
wells.

landscapes. Revisions to Wisconsin’s on-site wastewater management
code have enabled the dispersion of exurban housing development and,
in places, relatively high-density clusters of houses, private wells, and
on-site wastewater systems. In Ozaukee County, at least, Wisconsin’s
Comprehensive Planning Law appears to have had a negligible eﬀect in
limiting sprawl from unsewered housing development. Our research
underscores the importance of assessing land use suitability before
approving housing development projects within the rural landscape.
Designing with nature (McHarg, 1969) – a land planning best practice
for the past half-century – remains a sound land planning strategy
(Marsh, 2010; Steiner, 2008).

5.3. Increasing capacity to manage environmental and health risks
Groundwater models, including groundwater recharge and vulnerability assessments, have been completed for portions of Wisconsin
(WGNHS, 2002). But the state lacks a comprehensive, geocoded inventory of onsite wastewater systems and private domestic wells. These
data could help urban and regional planners, public health oﬃcials, and
local and state elected leaders better understand the potential health
risks associated with unsewered housing development. Global Positioning System (GPS) technology could be used to precisely identify the
locations of both on-site wastewater systems and private wells, during
the normal permitting and inspection processes. A statewide database
of septic systems, private wells, and existing water quality data from
well-sampling programs could enable comprehensive assessments of
groundwater contamination and associated public health risks. Spatially-explicit risk assessments could lead to better land use policy and
planning, and could also help local oﬃcials identify locations that
warrant monitoring and potential mitigation (e.g., mandatory system
replacement).

5.2. Policy implications of unsewered housing development
Context-sensitive policy and planning can reduce the health, ﬁscal,
and environmental risks from on-site wastewater systems (Daigger,
2007). Zoning codes, subdivision regulations, and other land use policies are tools that local governments can use to manage growth and
mitigate negative land development impacts (Juergensmeyer & Roberts,
2013). But local decision-makers, especially in smaller municipalities,
frequently make land use policy and planning decisions with incomplete knowledge about those potential impacts (Gӧҫmen & LaGro,
2015). Both the monetary and non-monetary costs of unsewered
housing development may be underestimated. At the household level,
these costs include expenditures for septic system maintenance and
eventual system replacement. At the community level, degraded
groundwater resources can lead to demands for expensive water and
sewer infrastructure to serve relatively small, yet dispersed, populations.
Guiding suburban housing development to urban service areas is
one way to protect public health and to conserve both natural and ﬁscal
resources. Where municipal water and sewer services can be delivered
cost-eﬀectively, higher-density housing development is the norm. In
landscapes without these municipal services, relatively dense housing
development can pose risks to public health and safety. Once shallow
aquifers are contaminated, individual private wells may need to be
abandoned and replaced with one or more deeper community wells
(Wilcox et al., 2010). Fiscal constraints typically preclude costly extensions of potable water and sanitary sewer services to these outlying
subdivisions. When this municipal infrastructure is extended into areas
with relatively low-density housing, the costs per household can be well
over $20,000 (Force, 2012; Wilson, 2009).
Our research identiﬁed dense clusters of septic systems that increase
the potential for groundwater contamination. Where the clusters coincide with high groundwater vulnerability, these households may be
exposed to signiﬁcant health risks. Even relatively low densities of
unsewered rural residential development can contaminate groundwater
and exceed regulatory thresholds (Borchardt et al., 2011;
Rayne & Bradbury, 2011; Schenck et al., 2015). Pollution is most likely
to occur if systems were not installed correctly, are near the end of their
expected life spans, are not properly maintained, or were installed
when plumbing codes and environmental protection regulations were
weak. Contamination risks may also increase when “down-gradient”
private wells take in groundwater ﬂowing under “up-gradient” properties with one or more failing on-site systems (Fig. 6). If groundwater
pumping exceeds the natural recharge rates, thus lowering the water
table, private wells are more likely to draw in septic eﬄuent
(Bremer & Harter, 2012).
In exurban landscapes with agricultural and residential uses – which
is common in many counties in the Upper Midwest – groundwater
modeling can identify areas that are potentially vulnerable to groundwater contamination (Baloch & Sahar, 2014; Wilcox et al., 2010). Very
little is currently known about OWTS density thresholds and the resulting eﬀects on groundwater contamination under diﬀerent geophysical conditions (Morrissey, Johnston, & Gill, 2015). Recent advances in
groundwater monitoring techniques can enable the tracking of

6. Conclusions
When disruptive policy changes occur at the state level, as they did
in Wisconsin, research is needed to evaluate the social and environmental impacts. Our research suggests that state-level policies have had
profound eﬀects on exurban landscapes in Wisconsin. Within metropolitan counties, especially, local land use decision-makers face
complex policy choices – each with a diﬀerent combination of health,
ﬁscal, ecological, and political implications. As the science of coupled
human-landscape systems advances, mounting evidence of unintended
policy impacts could strengthen arguments for regional sustainability
plans and policies.
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