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Abstract
As a result of ubiquitous impermeable surfaces, conventional water management and stormwater infrastructure,
and the resultant degradation of natural hydrologic networks, most American urban areas have suffered severely
compromised hydrological function and health, particularly related to stormwater and its storage, treatment, and flow.
Negative externalities exist at multiple scales: increased disaster vulnerability, climate change, poor water quality, habitat
loss, etc. Because upgrading conventional single-purpose infrastructure has become an increasingly cost-prohibitive
option, urban areas are finding that reincorporating natural systems can be more effective. In the last 20 years, constructed
wetlands have arisen as a promising multi-purpose solution to stormwater problems. Constructed wetlands are artificial
systems designed to mimic natural wetlands by using the same physical, biological, and chemical processes to treat
water. They are relatively large, but their size gives them high ecological potential and numerous other benefits, such as
flooding protection and recreational spaces, while having low life-cycle costs.
Since the effectiveness of constructed wetlands comes from mimicking natural wetlands, then the analogy to
nature should be extended as far as possible. In nature, wetlands are a system connected to a regional hydrologic network.
Therefore, constructed wetlands distributed systemically throughout a watershed have potential to deliver more networked
benefits than the current practice of dispersed and disconnected wetlands for individual sites. Yet little research exists
examining the implications of urban constructed wetlands in design and planning terms, at multiple scales. In fact, few
urban constructed wetland projects for stormwater exist in the first place.
This thesis proposes a framework for understanding the potential of systemic constructed wetlands as landscape
infrastructure in urban areas. Based on an understanding of science, engineering, and urbanism, this thesis identifies the
urban zones of greatest potential for stormwater constructed wetlands and suggests the benefits that could arise out of
an urban constructed wetland system, beyond simply water treatment.
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After Urbanization

Introduction
Since the sanitation movement of the nineteenth century, America’s urban areas have
been managing stormwater through the construction of underground, piped systems and centralized
water treatment plants solely dedicated to transporting water away from habited areas as quickly
as possible. Over the same period, urbanization has degraded or erased natural hydrologic networks
such as wetlands and streams, while generating even more runoff through increased impervious
surfaces. Although the objective of these actions is public health and welfare aimed at limiting the
deleterious effects of water-borne illness and disease; the negative result is engineered hydrology
and compromised natural ecology throughout urban areas. Due to ubiquitous amounts of impermeable
surfaces in urban areas, stormwater collects in unmanageable amounts and overwhelms existing
infrastructure in urban areas when significant rainfall occurs. Without natural hydrologic networks
(such as wetlands) to slow and absorb this burden, infrastructural stormwater systems are often
overloaded and water is discharged directly into exiting water bodies (such as rivers, oceans)
without treatment, becoming one of the major contributors of pollution in water bodies. Today,
thousands of water bodies throughout the United States are impaired due to stormwater.1 The
traditional solution has been to upgrade conventional single-purpose infrastructure to handle more
volume or provide more treatment, but this has become a cost-prohibitive option for most cities.
Having degraded or totally destroyed natural hydrologic networks, cities are finding that reclaiming
some natural systems for stormwater management can be a more cost effective option. In the last
twenty years, constructed wetlands have arisen as a promising multi-purpose solution to stormwater
and other urban water quality problems.
Another type of engineered wetland is called “constructed wetlands,” and are designed
to imitate natural wetlands using the same physical, biological, and chemical processes to treat
water. They are specifically designed for water treatment and are relatively large, which distinguishes
them from similar technologies such as detention ponds, bioswales, and rain gardens that simply
store and slow down stormwater. Constructed wetlands not only provide water treatment, but also
offer flooding protection, wildlife habitat, and recreational spaces while having much lower lifecycle costs than other centralized technologies.
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Increasingly stringent water quality regulations and exorbitant infrastructure costs have
driven the recent interest in constructed wetlands as an alternative to mechanically engineered
solutions alone (such as water treatment plants). At the same time, the resurgence of environmentalism
has brought to the forefront other advantages of constructed wetlands, such as climate change
mitigation, habitat creation, water conservation, and low energy requirements. Since most of these
advantages cannot be quantified with current economic models, some economists are using what
is termed “ecosystem services” to value wetland functions and show their economic advantages.2
Primarily, three disciplines have been advancing the practice of constructed wetlands,
albeit from different perspectives: engineering, ecology, and landscape architecture & planning.
In engineering, the study of the function and optimization of constructed wetlands began in the
1950s with work at the Max Planck Institute in Germany, and in the 1970s in the United States at
the University of Michigan, as a way to find lower-energy alternatives to wastewater treatment.
Meanwhile, ecologists first began studying wetlands as ecosystems at Sapelo Island in Georgia,
United States, through work pioneered by Eugene Odum in the late 1950s. This work led to an
increased understanding of the productivity of wetland ecosystems and their value. In landscape
architecture, constructed wetlands were first integrated in the mid-1800s into the practice of
Frederick Law Olmsted, who understood the water-cleaning functions of wetlands and how to
integrate them into the urban fabric. Unfortunately, constructed wetlands as a tool were largely
ignored or forgotten in landscape architecture until recent decades (see explanation in paragraphs
below).
Because the idea and practice of constructed wetlands exists as a multi-disciplinary effort
(engineers, ecologists, designers), each field has focused on a different aspect of constructed
wetlands, reinforcing the tendency to specialize as disciplines. Engineers focus on the geometry,
hydraulics, and treatment functions of constructed wetlands. Ecologists focus on understanding
ecosystem interactions between flora, fauna, and the physical environment. Landscape architects
focus on the aesthetics, bio-mimicry, and urban design benefits of wetlands. Publications on
wetlands follow these divides, and the increasing number of articles published charts the rising
popularity of constructed wetlands. Water Science and Technology and Ecological Engineering are
the top science and engineering journals for constructed wetland research. In 1990, 2000, and
2010, there were 17, 72, and 176 articles respectively on the topic of constructed wetlands in
engineering alone.3 Ecological research on wetlands is predominately published in the journal
Wetlands and Wetlands Ecology & Management, but also in Hydrobiologia, Journal of Wildlife
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Management, and Biological Conservation. In ecology, there has been a similar rapid rise from 20
articles in 1990 to 98 in 2000 and to 268 in 2010.4 In design and planning, constructed wetland
articles tend to appear in Landscape and Urban Planning and Landscape Architecture. Articles
published in landscape architecture and planning journals are harder to quantify, as these journals
are not as well indexed or well archived online as science and engineering journals. Nonetheless,
it is clear that articles on constructed wetlands in landscape architecture and planning journals
are not as numerous as in engineering or ecology. For example, in the widely-read Landscape
Architecture magazine, there are a total of 19 articles on wetlands in general published between
1995 and 2009. Landscape and Urban Planning has 31 articles mentioning constructed wetlands
between 1994 and 2012. The lack of published articles on constructed wetlands in this field is
indicative of the place of landscape architects vis-à-vis constructed wetland practice, that is,
landscape architects have been relegated to the end stages of projects, if not absent entirely. The
title of a 1997 article in Landscape Architecture is very telling: “Clean Water Acts: Designing
wetlands for wastewater treatment represents an untapped practice opportunity- if landscape
architects become proficient in wetlands technology.” In the article, J. William Thompson wrote
that the field of constructed wetlands was dominated by engineers, whose focus on hydrology
resulted in “square, boxy” wetlands short on aesthetics. If landscape architects were involved at
all, they tended to come in at the end of a project, thus only able to apply superficial touches to
the wetland. Thompson explained that instead of the paradigm of landscape architects receiving
engineers’ designs for wetlands, landscape architects can become the designers of wetlands
themselves. However, he warned that additional knowledge of environmental engineering is required.
Landscape architects have become more involved since 1997, however, much progress remains
to be made.
Part of the reason why landscape architects and planners originally were not involved in
projects is that constructed wetlands began as solutions for wastewater treatment in ex-urban
areas, treating wastewater from agriculture, industry, or municipal sewage. The application to
stormwater in urban settings is relatively new and creates another level of complexity. Inserting a
constructed wetland within a urban area means inserting a natural system within a completely
constructed one, and contending with the variability inherent in natural systems. Its design must
also perform other aesthetic and functional requirements, such as improving real estate values or
providing walking trails. Its presence requires more social and political acceptance than in ex-urban
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Growing Interest in Constructed Wetlands
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projects. For an urban project to be accepted, people must see value in the wetland for themselves
beyond only water treatment. Thus, in more heavily populated urban areas, all aspects of the
wetland must be justified.
Perhaps it is the complexity of the urban setting that has limited the number of urban
wetland projects. To date, few urban constructed wetlands exist in the United States. In contrast,
the number of agricultural, industrial, and municipal wastewater constructed wetlands is at least
in the thousands.5 Not surprisingly, the literature that explicitly discusses urban design and planning
implications of stormwater constructed wetlands is limited. Overall, there are two books on
constructed wetlands specifically aimed at landscape architects and planners, namely, Constructed
Wetlands in the Sustainable Landscape by Craig Campbell and Michael Ogden, and Wetland Design
by Robert France. These books describe the design of constructed wetlands for all purposes,
wastewater and stormwater, and tend to focus on the aesthetic and wildlife habitat functions of
wetlands. However, the primary aim of these books is to translate the technical, engineeringdominated field of constructed wetlands into a text accessible to designers and planners. As a
result, these books are useful overall descriptions of constructed wetlands, but do not analyze how
and where constructed wetlands are most useful in urban areas, nor how constructed wetlands,
as landscape infrastructure, could be deployed systemically across the city.
Besides these books, other relevant publications tend to be more specific or technical.
The Next Generation of Stormwater Wetlands by the Center for Watershed Protection recommends
future forms of stormwater wetlands, advocating for the use of forested wetlands. This publication
effectively updates Thomas R. Schueler’s Design of Stormwater Wetland Systems, written in 1992,
which still remains the only text offering engineering design guidelines specifically for stormwater
constructed wetlands. Although both these texts are implicitly aimed at suburban settings, they
focus on the technical design of wetlands without discussing the implications of wetlands in urban
Figure 1. Growing
interest in constructed
wetland research, as
marked by published
articles per year in all
three fields, and ASLA
Professional Awards
given to wetland
projects(left).

settings. Wetlands and Urbanization edited by Amanda Azous and Richard Horner discusses the
impacts of urban areas on natural wetlands, using Puget Sound as the centerpiece of discussion.
A similar book specializing on stormwater is Wetland Systems to Control Urban Runoff by Miklas
Scholz, which is a technical discussion of natural and constructed wetlands for stormwater pollution
treatment. Other books on constructed wetlands may have a chapter dedicated to stormwater
treatment; however, they are engineering texts dedicated to conveying technical information. As
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a result, there is no existing literature, which comprehensively takes into account engineering,
ecology, landscape architecture & planning, while discussing the implications of constructed
wetlands in urban areas.
The few projects that exist in urban areas, for example, the South Los Angeles Wetland
Park, focus on mitigating stormwater runoff for one particular site or creating a wetland park in
small, isolated areas. So far, science and engineering have studied wetlands so they can be
understood and reproduced on smaller site-scales. In other words, science and engineering has
focused on modeling one wetland or one tightly connected set of wetlands. Yet wetlands in nature
are systems that function across scales. Wetlands are defined by the regional physical environment
that shapes their existence, namely a region’s topography and hydrology. Their capacity to treat
water is related to their ecological richness. Therefore, if the aim of constructed wetlands is to
mimic nature in order to perform essential services, then the analogy of mimicking nature should
be extended as far as possible. While using constructed wetlands as a site strategy is good, using
constructed wetlands as a larger system is better. Constructed wetlands distributed systematically
throughout a watershed have potential to deliver more networked benefits than dispersed and
disconnected wetlands for individual sites. Currently, limited research exists on the potential of
systemic constructed wetlands.
This thesis proposes a framework for understanding the potential of systemic constructed
wetlands as landscape infrastructure in urban areas. Based on an understanding of science,
engineering, and urbanism, this thesis identifies the urban zones of greatest potential for stormwater
constructed wetlands and suggests the benefits that could arise out of an urban constructed wetland
system, beyond simply water treatment. The city of Minneapolis, Minnesota is used throughout
to illustrate key points. Having lost most of its wetlands to urbanization and agriculture, the state
of Minnesota is currently investing millions of dollars in wetland restoration. Sadly, the rate of loss
still outpaces the rate of restoration.6 Nonetheless, the city of Minneapolis is well-suited as an
example of how a system of wetlands could work in urban areas. Although, the analysis undertaken
in this thesis is intended to be applicable anywhere.
Chapter 1, “Histories of Wetlands in the United States” tells the story of widespread natural
wetland loss since colonization, and how constructed wetlands have arisen in recent times. Chapter
2, “The Ecology of Wetlands” explains the many functions of wetlands on the watershed-scale.
Chapter 3, “Urbanization & Wetlands” defines the impacts of urbanization on wetlands and the
larger hydrologic network. Chapter 4, “The Engineering of Constructed Wetlands” is an overview
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of the main engineering practices used to size wetlands and model their potential pollution reduction.
Chapter 5, “Case Study: Irvine Ranch Water District” offers a case from California where systemic
wetlands have been used in an urban area to treat stormwater. Chapter 6, “Strategies by Scale”
identifies the zones where constructed wetlands could be implemented and details strategies that
could be undertaken at the regional, neighborhood, and site scale to improve the health of the
existing hydrologic network. Chapter 7, “Systemic Wetlands” discusses the potential, numerous
benefits of using constructed wetlands as a system, as opposed to isolated, site-scale projects.
Chapter 8, “The Cost & Value of Wetlands” shows the cost-effectiveness of wetlands when compared
to conventional infrastructure. Finally, Chapter 9 offers an overall summary and conclusion.

References
1 “Total Maximum Daily Loads (TMDLs) and Stormwater | Total Maximum Daily Loads (303d) |
US EPA.”
2 Woodward and Wui, “The Economic Value of Wetland Services,” 1.
3 According to Web of Science search results for topic=“constructed wetland*”, refined by
research areas=“engineering”.
4 According to Web of Science search results for topic=“constructed wetland*”, refined by
research areas=“environmental sciences ecology”.
5 There is no existing, complete database on constructed wetland projects in the United States.
However, the limited and outdated EPA Constructed Treatment Wetland Database lists 361
wetlands (there can be multiple wetlands in 1 project). The more current International BMP
Database lists 50 wetland projects. Both of these databases rely on voluntary reporting.
Speculation by wetland engineers suggests projects could easily number in the thousands.
6 “Wetlands Loss Outpacing Restoration Efforts.”
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Figure 2. The filling of
salt marshes in the
Charles River to
create a new
residential
neighborhood in the
Back Bay, Boston,
1857.
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1

Histories of Wetlands in the United States
The current upsurge of interest in constructed wetlands follows a long history of natural

wetland destruction in the United States. Wetlands have been seen as impediments to public
health, development, and modernization. As a result, wetland destruction became a widespread,
government-endorsed campaign starting with the country’s expansion in the 1800s. The need for
agricultural land was the first major force behind wetland destruction, but since the 1980s,
urbanization has now taken that role. It was not until the 1970s that wetlands were officially protected
by federal legislation in the Clean Water Act. However, the Clean Water Act has failed to ensure
that the quality of wetlands is maintained on a national scale. The widespread destruction and
degradation of wetlands has meant the loss of valuable ecosystem services that are critical to
urban areas.
The history of constructed wetlands begins with a need for low-energy and low-cost
alternatives to conventional wastewater treatment. Starting in the 1950s, constructed wetlands
were invented to treat wastewater from agriculture, industry, and municipal sewage. Researchers
first began testing the pollutant removal qualities of particular wetland plants, and later devised
more complicated, large-scale wetland systems to treat wastewater pollution.
Following the success of wastewater wetlands, wetlands were used for stormwater treatment
beginning in the 1980s. But negative perceptions of wetlands have persisted. Although effective
at removing pollutants, stormwater wetlands have been falsely perceived as breeding grounds for
mosquitos, and thus a public health risk. For this reason, their use declined starting in the 1990s.
Instead, smaller site-scale strategies, such as rain gardens and bio swales, became more popular.
Even today, few stormwater wetlands are built, although they have better water treatment performance
and ecological potential than other site-scale strategies.
This chapter charts the histories of these three wetland types: natural wetlands, constructed
wetlands, and stormwater constructed wetlands. One of the main connections between these
histories is that the widespread loss of natural wetlands has led to the need for constructed wetlands,
particularly for stormwater.
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1.1 Natural Wetlands
Due to their indeterminate form as neither
land nor water, natural wetlands have been
the subject of fascination, dread, and moral
degradation, and often otherworldliness
in many cultures. In ancient Greece, it was
believed that wetlands were inhabited by
nymphs (called limniads) who were prone
to drowning people. In ancient Ireland,
bogs were places where the malevolent
disposed of waste, such as the bodies of
murdered people. In literature, wetlands
are often sinister places, such as in the
Divine Comedy where Dante describes one circle of hell as a marsh.1 Even in popular films, wetlands
are often the places of danger, such as in Labyrinth and the Princess Bride.2 In art, the portrayal
of wetlands has mirrored society’s image of them, which has typically been negative. Aesthetically,
wetlands have been seen as unruly and unclean landscapes, devoid of beauty. Although not
beautiful, wetlands were often depicted in picturesque paintings, for example, in the work of the
English Romantic painter John Constable.3 However, Constable transformed wetlands into something
more picturesque. His paintings show artificialized wetlands from a distance, and reduce water to
a surface necessary to reflect a vibrant sky. In other words, he tames the wetland. These negative
cultural perceptions were part of the reason why wetlands were viewed as nuisances and few
people resisted their demise. While wetlands enjoy better status today, some negative perceptions
still linger.
Before European settlement, it is estimated that the conterminous United States had 221
million acres of wetlands, or about 11% of the country.4 In the early history and expansion of the
United States, wetlands were seen as an impediment to settlement because they were regarded
as inconvenient- if not maligned- landscapes that bred disease, impeded travel (see Figure 3),
and wasted valuable land. As a result, interference with wetland systems was considered a necessary
part of the development process, through integration, but especially removal.5 Early on, the
government created policies that sanctioned the filling of wetlands, primarily for the creation of
agricultural land and flood control. In 1849, the first Swamp Land Act allowed Louisiana to reclaim
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Figure 3. Engraving
of the Chickahominy
Swamp in Virginia
during the Civil War,
1862. Wetlands were
seen an impediment
to military forces,
which likely inspired
this ominous
depiction.

wetlands through the use of levees and drains. The right to drain was extended to a total of 15
states by 1850, leading to the destruction of 64.9 million acres of wetlands, affecting mainly the
southern US.6
The campaign against wetlands was an economic and public health argument. The case
of Leovy v. United States in 1900 estimated that a wetland drained for agriculture would be worth
sixty times more. Not surprisingly, the ecosystem service value of wetlands was not acknowledged,
thus the economic system at the time (as still today) did not fully value wetlands. As a result, it
was always more profitable to drain wetlands for agriculture or urbanization. The court not only
upheld the government’s right to drain wetlands, but also made it a moral obligation to do so.
Because wetlands were also associated with infestation and disease (mainly because of mosquitoes),
drainage of wetlands was seen as a beneficial public health act.
If there is any fact which may be supposed to be known by everybody, and
therefore by courts, it is that swamps and stagnant waters are the cause of malarial
and malignant fevers, and that the police power is never more legitimately
exercised than in removing such nuisances
				

Court decision of Leovy v. United States 1900

Technology served to facilitate wetland destruction. In the late 1800s, wetlands that were
previously remote and unavailable were developed by the access created through the burgeoning
railroad network. The railroad was also a major consumer of wetland forest products, which
decimated forested wetlands at vast scales. Ohio’s Black Swamp, for example, once nearly as large
as the state of Connecticut, was destroyed due to timber cutting and land clearing between 1859
and 1885.7 In particular, the use of steam power in the 1800s produced machinery that made it
easier to dig ditches and drain wetlands. Moreover, the manufacturing of drainage tiles for agriculture
also increased the rate of wetland drainage. Innovation in farming equipment- such as plows,
cultivators, reapers, seeders, threshers,- allowed farmers to cultivate previously untouchable land,
including wetlands.8
While wetland destruction was raging by the late 1880s, there was concurrently a project
to restore urban wetlands. The father of both landscape architecture and city planning, Frederick
Law Olmsted, designed the Back Bay Fens in Boston in 1887. This was the first wetlands restoration
project in the United States, although it was not known as such at the time.9 The Back Bay Fens
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Figure 4. Plan for the
Back Bay Fens in
Boston by Frederick
Law Olmsted, 1897.

was formerly a salt marsh that became highly polluted and degraded as Boston urbanized around
it, becoming an aesthetic, olfactory, and overall public health problem. Most of the salt marsh was
filled to create new development (see Figure 2). After a failed design competition for the remaining
marsh, the country’s premier landscape architect, Frederick Law Olmsted, was brought in to produce
a design. He collaborated with city sanitary engineers to design intercepting sewers and gates that
would control water flows between the Fens and the Charles River, which at the time was still a
tidal estuary. Olmsted designed a naturalized creek planted with salt-tolerant species, in other
words, a constructed wetland. While the concept of ecosystem services was not yet invented,
Olmsted understood the functions his created landscape would perform. As a result, he viewed
the Back Bay Fens as a piece of infrastructure, not a park, and it was successful as a landscape
restoration project, water infrastructure, and value-creating public amenity. Landscape architects
and city planners uphold the Back Bay Fens, among many other Olmsted projects, as a seminal
project in the history of the disciplines. It is interesting that the history of these fields begins with
projects such as these, whose concepts were later forgotten. Today, designers and planners are
rediscovering what we now call “green infrastructure”, which Olmsted proves is not a modern idea.
Unfortunately, the work of Olmsted was an exception in the history of wetlands in the
United States. In recent times, specific projects have led to the destruction of wetlands on a vast
scale. The Central Valley Project (mid-1800s to 1930s) in California led to significant alteration of
wetlands in order to create quality agricultural land. Today, only 14% of the original wetland acreage
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in the Central Valley exists. Changes to the Mississippi River to improve its navigability, including
the installation of the lock and dam system in 1924, also led to significant destruction of wetlands.
Other significant wetland drainage projects include Lake Mattamuskeet in 1914, North Carolina’s
largest natural lake drained to make farmland. Around 1917, a large area of peatlands was drained
in Red Lake, Minnesota for urban development. In Florida in 1934, the passage of the Sugar Act
of 1934 led to the drainage of large amounts of the Everglades for sugarcane production. Around
this time, more of the Everglades were altered as part of the US Army Corps of Engineers’ Central
and Southern Florida Project, which created levees, water-storage areas, channels, pumps, and
other flood-protection infrastructure.10
If not filled, natural wetlands were sometimes used to dispose of wastewater. The oldest
examples of this use in the United States are the Great Meadows wetland in Lexington, Massachusetts
starting in 1912. Similarly, the Brillion Marsh in Wisconsin received waste water starting in 1923.
In Waldo, Florida, the local cypress swamp was the site of water discharge starting in 1939.11 In
these examples, it is likely that natural wetlands were used for disposal for reasons of convenience,
rather than people’s recognition of their water treatment qualities.12
In spite of the long history of aggressive, government-endorsed wetland removal, the
first legislation that protected wetlands came in 1934 to protect the waterfowl industry with the
Migratory Bird Hunting Stamp Act in 1934. But conservation of wetlands was still not established.
The government still subsidized drainage projects through the Watershed Protection and Flood
Prevention Act of 1954, which led to drainage of wetlands adjacent to flood control projects. The
Department of Agriculture continued to encourage drainage projects for agricultural purposes,
leading to a loss of 550,000 acres of wetlands annually from the mid-1950s to mid-1970s.13 By
the mid-1980s, six states had lost more than 85% of their wetlands: California, Iowa, Missouri,
Illinois, Indiana, and Ohio.14 Another sixteen states have lost between 50 to 85% of their wetlands
during this time period. This loss has affected particular wetland types more than others depending
on the time period. For example, between mid-1950s and mid-1970s, palustrine emergent wetlands
and palustrine forested wetlands disappeared at a greater rate than other wetland types.15 The loss
of these types represents a loss of older, more complex wetlands that provide more ecosystem
services than other wetland types.
Finally, in the 1970s, a global campaign for the conservation of wetlands began to take
hold. In 1971, the Ramsar Convention on wetlands took place in Iran. The convention produced a
treaty for the protection of wetlands worldwide, raising the profile of wetland conservation. But the
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major milestone for wetlands in the
United States was the 1972 Clean
Water Act. When the development of
land containing wetlands is in question,
the Clean Water Act emphasizes
avoiding the destruction of those
wetlands or minimizing the impact of
development on them as the two
preferred strategies for dealing with wetlands and development. Mitigation is intended as a last
resort option. Nonetheless, mitigation of destructed wetlands occurred at high rates in the 1970s.
Mitigation became an easy way to achieve compromise between agencies, such as the EPA, Army
Corps of Engineers, and the Fish and Wildlife Service, where were often at odds with each other.16
Moreover, mitigation has largely yielded lower quality wetlands, resulting in a net loss of
ecosystem functionality. Mitigation, the process of developing land containing wetlands, can occur
through permittee responsible mitigation (PRM) or third-party mitigation (wetland banking and
in-lieu fees). Mitigation is supposed to occur simultaneously with the impact on existing wetlands.
Under PRM, the developer is responsible for wetland mitigation either on site or elsewhere, which
may include preservation, restoration, or creation of new or existing wetlands. Under third-party
mitigation, developers can resort to wetland mitigation banking. Wetland banking is a business
where mitigation bankers are authorized to create large areas of wetlands that are worth a certain
number of “credits”. Developers can buy credits from the wetland bank to compensate for their
development activities. Yet wetland banks often do not meet certain ecological standards, thus
developers are effectively trading in existing wetlands for more deficient ones. The last third-party
mitigation procedure is in-lieu fees, where a developer pays a sum to a public agency or non-profit
organization to fund wetland restoration. However, there is usually a time lag between wetland
destruction and mitigation actions with in-lieu fee programs. One reason is that most programs
lack an initial endowment, forcing organizations to pool their funds together, creating a delay in
compensation activities.17
Another reason why mitigation tends to produce lower quality wetlands is due to a lack
of understanding of the high complexity of wetlands. As in all natural systems, wetlands typically
require long periods of time before hydrology, soils, and vegetation can establish. Hence, offsets
in time between wetland destruction and mitigation can create net losses of ecosystem functions,
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Figure 5. Signage
promoting
conservation in
Louisiana, 1972

even if the eventual mitigated wetland is of equal quality. Although in reality, mitigated wetlands
are typically of inferior quality and functioning to the eradicated wetlands. Therefore, a succession
of wetland impacts in one regional landscape can be even more damaging than single losses.18
In fact, a study of 621 wetlands mainly in the US shows that even decades after restoration, wetlands
do not recover their original levels of ecosystem functioning.19 This study suggests that due to the
limits of restoration, restoration should not be used as a justification of wetland eradication.
In 1987, The EPA convened the National Wetlands Policy Forum, bringing together
developers, farmers, environmental groups, and wetland scientists. The Forum produced a report
titled “No Net Loss of Wetlands” which provided a set of recommendations for wetlands. George
Bush’s presidential campaign eagerly espoused the “no net loss” phrase as a way to promote the
campaign’s environmentalism. During Bush’s presidency, much discussion on wetlands took place,
including several proposed bills and hearings. However, all of this amounted only one paragraph
in the 1990 Water Resources Development Act, stating that COE’s mission should be “no net
loss”.20
However, the “no net loss” legislation led to improved uniformity of the definition of
wetlands across agencies. Although, actually defining what a wetland is remains a difficult task.
It is difficult to draw boundaries around an inherently dynamic system that is neither completely
terrestrial nor completely aquatic, and whose processes are highly dependent on the specific place
the wetland occupies. In fact, wetland policy has created a new profession, wetland delineation,
which specializes in defining wetlands. Taxonomic classification systems have since been invented,
which tend to reduce each wetland to a set of functions, aiding in their commodification. Furthermore,
the classification of wetlands and identification of their functions led to certain functions being
marginalized. Those functions with values that could be calculated, such as water management,
were deemed the “proper functionality” of wetlands. Meanwhile, functions such as biodiversity
and aesthetics were ignored.21
In the scientific literature, wetlands are identified as performing 25 functions overall,
including functions such as pollutant removal and flood attenuation.22 Although not all wetlands
perform all functions, as performance is related to the age, size, and complexity of the wetland
system.23 As wetland functions came to be identified and classified, it was claimed that assigning
values to functions was necessary for the success of wetland policies. The first valuation of wetland
functions was formulated in the National Wetlands Policy Forum’s report, using standard methods
from environmental economics. Through classification and valuation, wetlands have been rendered
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tradable, replaceable, and moveable commodities in a newly created market.24 Before, wetland
loss was exacerbated by the lack of understanding of wetland functions and therefore, lack of
perceived value of wetlands. As a result, the products and services humans use from wetlands
(such as food, water, and other resources) have been considered “free” for much of history.
Previously, there had been no understanding of the costs of replacing wetlands, nor of the benefits
they provide. As a result of their destruction, the ecosystem services that wetlands once provided
are gone and negative externalities have been created as a result. Externalities mean that the costs
and benefits of wetlands are not necessarily borne by the appropriate party. Developers tend to
benefit from wetland loss by the profits from development; however, it is the wider community
that bears the cost of the reduction of water quality, wildlife habitat, meeting environmental
regulations, etc. In other words, wetland loss is a negative externality. On the other hand, farmers
who conserve their wetlands would not receive any form of payment from those who would reap
the benefits downstream. This represents a positive externality the farmer is not compensated for.
Thus, there is little incentive for farmers to conserve wetlands.
Yet wetlands are one of the most valuable ecosystems in the world, according to a study
by one the leading ecological economists, Robert Costanza (see Table 1). In his study, Costanza
calculates the economic value of 17 ecosystem services (such as climate regulation, water supply,
and food production) for 16 biomes worldwide. He concludes that all 16 biomes are collectively
worth an average of $33 trillion per year (in 1994 dollars). The most valuable biome is the coastal
biome (including estuaries, seagrass/ algae beds, coral reefs, and the continental shelf) at an
average worth of $12.568 trillion per year. The second most valuable biome is wetlands (including
all marshes, mangroves, swamps, and floodplains) totaling $4.879 trillion per year. Global forests
follow closely at $4.706 trillion per year. While the total worth of wetlands and forests rival each
other, wetlands are far more productive by land area. The average productivity of a wetland is
$14,785 per hectare per year, while the average productivity of a forest is an average $969 per
hectare per year. Only estuaries and seagrass/ algae beds are the two biomes that surpass wetlands
in productivity, at $22,832 and $19,004 per hectare per year respectively.
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Table 1. Top Three Most Valuable Global Biomes25
Biome

Total Annual
Productivity
(trillion $/year)

Annual Productivity
per Hectare
(trillion $ /year)

Global Area
(million ha)

Coastal

$12.568

$4.052

3,102

Estuaries

$4.110

$22.832

180

Seagrass/ Algae Beds

$3.801

$19.004

200

Coral Reefs

$375 million $/year

$6.075

62

Shelf

$4.283

$1.610

2,660

Wetlands

$4.879

$14.785

330

Tidal marsh/ Mangroves

$1.648

$9.990

165

Swamps/ Floodplains

$3.231

$19.580

165

Forests

$4.706

$969 million $/year

4,855

Tropical

$3.813

$2.007

1,900

Temperate/ Boreal

$894 million $/year

$302 million $/year

2,955

The result of the many campaigns against wetlands in the United States is that approximately
half of the wetlands that existed prior to colonization have been destroyed (see Figure 6).26
Unfortunately, this destruction means that many essential functions that wetlands provide have
been lost, including their water treatment benefits, trapping of sediments, providing habitat to
many species, slow water flows, storing water during peak flows, etc. Because wetlands are a
system that works across scales, losing wetlands has produced scalar externalities working between
the regional and site scales (see Figure 7). At the regional scale, regions have suffered disaster
vulnerability, loss of biodiversity and habitat, impacts to water-based industries, and water scarcity.
At the city scale, poor water quality, flooding, and micro-climactic changes may be felt. On the
site scale, there may be poor drainage, inadequate soils for building, and also flooding and microFigure 6. Wetland loss
in the United States
(overleaf left).

climactic changes.
Although half of the nation’s original wetlands have been lost, the rates of wetland loss
have slowed dramatically (see Table 2). The rates of wetland loss have been decreasing overtime

Figure 7. Scalar from a net rate of 458,000 acres annually in the 1950s to 1970s, to 58,500 acres annually between
externalities of 1986 and 1997 to a net gain of 32,000 acres between 1998 and 2004. Net gains are typically
wetland loss
(overleaf right). achieved in “other lands”, such as conservation easements, marginal lands, and wildlife management
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Scalar
Externalities of
Wetland Loss

areas where wetlands have been established either naturally or through conservation programs.
However, net gains should not be automatically welcomed, as wetlands are not necessarily
interchangeable. Wetland function is related to its age, size, vegetation patterns, biodiversity,
hydrology, etc. Thus, new wetlands or wetlands of different types do not necessarily perform the
same functions as the eradicated wetland. Moreover, recent gains have also resulted from the
inclusion of freshwater ponds into the Environmental Protection Agency’s wetland inventory.
Freshwater ponds are the most common type of wetland in urban areas. Yet most wetland scientists
agree that freshwater ponds do not function the same ecologically as wetlands. Therefore, replacing
established wetlands with freshwater ponds constitutes a loss of ecosystem services.27
Table 2. Wetland Losses from 1950s to 200928
Time Period

Net Loss

Rate of Loss

Causes of Loss

1950s to 1970s

9.1 million acres

458,000 acres per year

Agriculture: 87%
Urbanization: 8%
Other: 5%

mid 1970s- mid 1980s

2.6 million acres

290,000 acres per year

Agriculture: 54%
Urbanization: 5%
Other: 41%

1986 to 1997

58,500 acres

58,500 acres per year

Agriculture: 26%
Urbanization: 51%
Other: 23%

1998 to 2004

+191,000 acres

+32,000 acres per
year

Agriculture: +17%
Urbanization: 61%
Other: 8%

2004-2009

13,800

2,760 acres per year

Agriculture: 13%
Urbanization: 45%
Forestry: 38%

The causes of wetland loss have been primarily conversion to agriculture and urbanization
(see Table 2). Over time, the loss due to agriculture has diminished, while urbanization has become
an increasing threat to wetlands. In the 1950s to 1970s, agriculture accounted for 87% of the
wetland losses during this time and urbanization 8%. By the time period 1998 to 2004, agriculture
accounts for 17% increase in wetlands, while urbanization is responsible for 61% of the losses in
this time period. Agriculture created a net gain in wetlands of 100,020 acres total, due to the
creation of freshwater ponds.29 Urbanization accounts for a loss of 128,570 acres of wetlands
between 2004 and 2009. Between 2004 and 2009, there was again loss of 13,800 acres per year.
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Figure 8. 1896
Geological Survey
Map of Hackensack
Meadows.

Urbanization impacts different types of wetlands at different rates. For example, urbanization
was responsible for the loss of 83% of estuarine shrub wetlands lost between 2004 and 2009
(1,370 acres) in the United States. Estuarine shrub wetlands occur in brackish or saline tidal waters
and have halophytic trees, such as mangroves. They provide essential coastal protection services
against erosion and climate change. Losing these services will increase the disaster vulnerability
of coastal urban areas. In the same time period, urban development caused 26% of the losses of
freshwater forested wetlands (102,400 acres). Freshwater forested wetlands are the most diverse,
complex, and productive freshwater wetland type in the United States. Once urbanization has taken
hold, it is highly unlikely that these wetlands can be restored.
An example of an wetland reduced and impacted by urbanization is the Hackensack
Meadowlands in New Jersey, close to New York City. In the late 19th century, the Meadowlands
were freshwater forested wetlands supporting a rich diversity of species, including Atlantic white
cedar. Today, they are a 7,000 ha brackish and saline marsh. Starting in the late 19th century, the
Meadowlands were drained and diked for industrial purposes. An 1868 article in Scientific American
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Figure 9. The
Hackensack
Meadows in 1974,
showing industry
encroaching the
wetlands.

reporting the draining efforts in the Meadowlands summarizes the views of wetlands of the day,
“The draining of swamp lands is not a new idea. Such lands are not only unproductive of anything
which can subserve any important purpose, but they are productive of numerous evils.”30
Industrialization brought about highways and railroads crossing the wetland, ditching and diking,
many closed and active landfills, industrial sites, housing development, and mega-stores. Over
time, these changes caused the freshwater wetlands to become brackish and taken over by
Phragmites australis by 1919, which still covers the area today.31 In spite of their degradation, the
Meadowlands still manage to attract migrating and breeding avian species, and are moderately
diverse in fish and other animals. They are also home to a few rare plants.32
Given this history of loss of half the nation’s wetlands, focus should be on preserving,
rather than mitigating, existing wetlands. However, preservation of existing wetlands does not bring
back the lost ecosystem functionality of the wetlands destroyed. As urbanization has become the
biggest threat to existing wetlands, the way to bring back lost ecosystem functionality is to add
constructed wetlands to the existing hydrologic network, moderating the damaging effect of
urbanization on the existing hydrologic network (including existing wetlands) in the process.
However, constructed wetlands were not initially invented with such an objective in mind. In fact,
they were initially conceived to treat wastewater from agriculture, industry, and sewage, and were
located in ex-urban areas.
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1.2 Constructed Wetlands
Arguably, the first design for a constructed wetland system for urban areas was a patent in 1901
by a hydraulic engineer, Cleophas Monjeau of Middletown, Ohio, a member of the American Water
Works Association. Although not much is known about Monjeau, it is highly likely that his career
was connected to the urban sanitation reform movement in the United States, which began in the
late 19th century. His design for treating wastewater was a simplified vertical-flow system, a tank
with soil and vegetation above and consecutive layers of sand, gravel, and charcoal underneath.
Water was applied from above and allowed to percolate through the tank. Monjeau does not specify
any aquatic species, nor does he outline the exact processes by which water is being cleaned.
Nonetheless, he had an intuitive understanding that vegetation, percolation, and aeration have
water-cleansing effects. Moreover, the intention of his design was explicitly intended to alleviate
urban water problems, “My invention seeks to artificially reproduce nature’s conditions as far as
practicable in the purification of water, particularly in connection with the water-supply of cities
and villages.”33 Unfortunately, it is not known if Monjeau’s constructed wetland design was actually
employed anywhere. It was likely ignored and forgotten, especially as centralized sewer systems
became the favored technology in urban areas.34
It was not until 50 years later that formal research into the water cleansing properties of
wetlands began, which led to the constructed wetland designs of today. In 1952, research by Dr.
Kathe Seidel at the Max Planck Institute in Germany found that the species Schoenoplectus
lacustris- a water perennial plant- is able to remove organic and inorganic substances from polluted
water. Seidel continued research into the 1960s, developing the “Krefeld System”, a series of
basins planted with emergent aquatic plants to which water was applied in the subsurface. Although
Seidel’s process was a breakthrough, this model experienced some clogging and ponding.35 The
first constructed wetland installed based on this model was in the Netherlands to treat wastewater
from a camping site with up to 6,000 visitors daily in 1967. This first wetland was a star-shaped
design, which presented maintenance difficulties because it could not be mechanically maintained.36
While the idea of constructed wetlands emerged in Europe, research on constructed
wetland design begun in the US in the late 1960s. Initially, research focused on engineering natural
wetlands for water treatment. The prominent ecologist, Howard Odum, investigated the use of
coastal lagoons in North Carolina and cypress wetlands in Florida to treat wastewater in the late

1| Histories of Wetlands in the United States

31

1960s and early 1970s.37 Constructed wetland research began later in the 1970s, as Robert Kadlec
and others investigated wastewater treatment in cold climates at Houghton Lake in Michigan.38
The first American constructed wetland was built in 1973 near Brookhaven, New York.39 The second
was built in 1975 to treat industrial wastewater at an oil refinery in North Dakota.40
Constructed wetlands were formally introduced to the scientific community at large in
the United States during the 1976 international conference “Biological Control of Water Pollution”
in Philadelphia. This conference was organized in part by Edward Furia, an attorney and city planner,
who had previously consulted Dr. Kathe Seidel on constructed wetlands.41 In the conference
introduction, Furia expressed some of the early concerns in the research of constructed wetlands,
namely situations where vegetation is killed off by high toxicity of the water being treated,
compromised performance in cold climates, and the unsuitability of these systems in urban areas
were land is limited.42 Fortunately, in the following 30 years of research into constructed wetlands,
most of these early concerns have been greatly advanced, if not eliminated.43 Although, the question
of finding space in urban areas is still a matter of concern.
After the Philadelphia conference, further domestic and international conferences in the
1970s and 1980s helped to spread knowledge and awareness of constructed wetlands. The first
constructed wetland design manual in the US was published by the Environmental Protection
Agency in 1988, later updated in 2000.44 Also in 2000, the International Water Association published
its own guidelines on constructed wetlands, which helped to cement acceptance of constructed
wetlands as a technology worldwide.45
Today, engineering research in constructed wetland focuses on five points: achieving
better treatment through hybrid systems, treating specific pollutants, identifying the bacteria
involved in treatment processes, and modeling constructed wetland hydraulics and pollutant
removal.46 Following the success of wastewater treatment wetlands, constructed wetlands began
to be used for stormwater.

1.3 Stormwater Constructed Wetlands
Stormwater is a major problem affecting the health of water bodies all over the country today, and
also poses risks to urban areas, particularly flooding. As the functions of natural wetlands have
been diminished by large-scale wetland loss, constructed wetlands for stormwater have the capacity
to remediate many problems. After the success of wastewater treatment wetlands, a few demonstration
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wetlands for stormwater were built in the mid-1980s. Their design was based on wastewater
wetlands, as no agreed-upon design guidelines had yet been established for stormwater wetlands.
As a result, stormwater wetlands in the 1980s and 90s resembled freshwater emergent wetlands,
uniform shallow ponds with vegetation. Their uniformity led them to be vegetated by one or two
species, diminishing their potential as rich habitat. Stormwater wetland guidelines were not published
until 1992 with Tom Schueler’s Design of Stormwater Wetland Systems, which remains the only
text dedicated to offering approachable technical guidance specifically for constructed stormwater
wetlands. Schueler offers four models of stormwater wetlands: shallow marsh, extended detention,
pond/wetland system, and the pocket wetland. These models were reviewed and updated in 2008
by the Center for Watershed Protection in The Next Generation of Stormwater Wetlands, with
Schueler as one of the authors. This publication makes several important conclusions about each
model. The shallow marsh model requires large amounts of space and a sizeable contributing
watershed (typically larger than 25 acres) in order to keep a shallow permanent pool. The space
requirements for this model make it unsuitable for urban areas where space is a major constraint.
Securing a water source may also be a problem in particular climates. The extended detention
wetland model is composed of a shallow marsh and deep zones. It takes up less space than the
shallow marsh model because it stores extra water volume by flooding the shallow marsh area
temporarily. However, these water level fluctuations are of a range that is difficult for plants to
tolerate. As a result, the habitat quality of this model tends to be low. The pond/wetland system
utilizes a pond and a shallow marsh as two separate cells for treatment, taking up less space than
the shallow marsh. Finally, pocket wetlands are those with contributing watersheds of one to ten
acres, which typically means they have highly variable water flows. This variability erodes their
capacity to provide quality habitat and biodiversity. In The Next Generation of Stormwater Wetlands,
extended detention and pocket wetlands are discouraged due to their inability to provide quality
habitat, biodiversity, and aesthetics.47 These functions represent the biggest advantage of constructed
wetlands vis-à-vis conventional water infrastructure, namely, their ability to be multi-purpose rather
than single-purpose infrastructure.
After the 1992 guidelines were published, stormwater wetland construction increased in
the 1990s. However, their use waned by 2002 due to concerns with mosquitoes and West Nile
virus. Research has shown that well-designed wetlands do not breed mosquitoes, but the perception
of wetlands as disease breeding grounds remains. As a result, the use of small-scale distributed
strategies, such as filter strips and rain gardens, were encouraged for low-impact developments.
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In 2004, scientists begin exploring the use of trees in stormwater wetland designs to enhance
treatment performance. As a result of their success, The Next Generation of Stormwater Wetlands
recommends modifying the pond/wetland model to accommodate trees by creating peninsulas
perpendicular to the wetland. Some dry ponds constructed for stormwater detention unintentionally
became wetlands over time due to hydrologic changes and lack of maintenance. Because wetlands
have better treatment performance than dry ponds, this change is beneficial and now constitutes
an accepted retrofitting practice. Today, few stormwater constructed wetlands are built for new
development, and the freshwater emergent wetland remains the typical model for those that are
built.48 Yet constructed wetlands can offer high pollution reduction performance, along with many
other benefits.
Given that half of the nation’s wetlands have been lost, all of the functions those wetlands
provided at multiple scales have also been lost. In urban areas, these lost functions mainly have
to do with water quality, flood protection, and disaster vulnerability. Because they mimic natural
wetlands, constructed wetlands for stormwater have the potential to reintroduce these lost functions,
as well as provide increased biodiversity and habitat.
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Figure 10. A
natural, freshwater
emergent wetland
in a rural area.
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2

The Ecology of Wetlands

Constructed wetlands are designed to mimic natural wetlands and their physical, biological,
and chemical processes. In nature, wetlands perform many functions in the landscape, functions
that constructed wetlands can also perform.

2.1 Natural Wetland Ecology & Functions
As a transitional landscape between land and water, the most important defining factor of a wetland
is its hydrology. Hydrology creates the conditions for all other wetland systems (see Figure 11).
Hydrology begins with climate and geomorphology, which dictate where wetlands occur and their
water depth, flow patterns, duration and frequency of flooding. The major flows of water into a
wetland are precipitation, surface inflows and outflows, groundwater, evapotranspiration, and tides.
These water flows bring energy, sediments, nutrients, and organic material to the wetland. As a
result, these flows shape the physiochemical conditions of the wetland, namely oxygen availability,
nutrient availability, and pH. In turn, physiochemical conditions directly impact the biota in the
wetland, affecting species mix and ecosystem productivity.1 Wetland biota is, to a certain degree,
adapted to the inherently dynamic environment of a wetland. However, the conditions of hydrologic
flow, whether flowing or stagnant, can accelerate or slow the productivity of the wetland.
In the landscape, wetlands perform a variety of functions, related to the type of wetland.
Wetlands offer flood protection by storing and slowly releasing flood waters. The flood retention
capacity of a wetland depends on its size, shape, location, depth to the water table, soil permeability,
and slope. The ability to retain floodwaters not only helps downstream areas from flooding, it also
helps those areas avoid erosion and delay peak discharges. Wetland flood storage is most valuable
in urban watersheds, where development has produced high runoff rates. However, wetland flood
storage capacity is also the most compromised in urban areas. As a result, expensive engineered
infrastructure, such as dams, channels, and levees are typically constructed to deal with flooding.
In the 1980s, it was estimated that $30 million dollars would be necessary to build an engineered
flood control structure to prevent flooding in the Charles River basin in Massachusetts. Instead,
8,500 acres of headwater wetlands were purchases as a more cost-effective, alternative flood
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Figure 11. Hydrology
as the basis for other
wetland systems,
adapted from Mitsch
& Gosselink,
Wetlands, pg.109.

Direct Effect
Biota Feedback

38

Strategies for Systemic Urban Constructed Wetlands

control strategy.3 In Minnesota, it was estimated that replacing the flood control function of 5,000
acres of drained wetlands would cost $1.5 million annually, or $300/acre foot of flood water storage.4
The functions and cost-effectiveness of wetlands are underscored by these examples.
Table 3. Watershed Functions of Wetlands2
Wetland Type

Description

Functions & Values

Depressional

Topographic depression with closed
contours, may or may not have inlets or
outlets

• Flood Storage
• Habitat
• Pollution treatment
• Erosion control

Slope

Surface discharge of groundwater on sloping
land that does not accumulate

• Habitat
• Pollution prevention
• Erosion control

Flat

Low topographic gradients with moderate to
abundant rainfall

• Habitat
• Pollution prevention
• Flood storage
• Limited recreation

Riverine

Occur in floodplain and riparian corridor of
larger streams and rivers

• Flood conveyance and storage
• Shoreline protection
• Erosion control
• Pollution treatment
• Fish and waterfowl habitat
• Recreation

Fringe

Adjacent to lakes or estuaries

• Habitat
• Pollution treatment
• Water supply protection
• Shoreline protection
• Erosion control
• Recreation

Depending on the type of wetland, some wetlands recharge groundwater levels, while
others are discharge points for groundwater, providing water for nearby wetlands and streams. In
urban areas that rely on groundwater as a drinking supply, these functions of wetlands are useful.
However, the relationship between a wetland and groundwater is complex and depends on the
physical factors such as the soil permeability, vegetation density, and groundwater levels. Wetlands
are connected to and help maintain the health of the larger hydrologic network, by reducing erosion,
allocating water, stabilizing and dispersing species communities, etc. See Chapter 7, “Systemic
Wetlands” for more information on wetland networks.
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Fringe wetlands, or wetlands adjacent to lakes or estuaries, are able to provide shoreline
erosion control. The vegetation and roots of fringe wetlands retain soil, absorb wave energy, and
dissipate surface flows. Because wetlands retain soil, they can nourish stream banks and shorelines
over time. The loss of wetlands can expose an area to unprecedented erosion, which can threaten
shoreline properties and infrastructure. For these reasons, states like Florida and Louisiana are
making efforts to restore coastal wetlands. Yet the cost to stabilize shorelines once original wetlands
are lost is very high. Engineered approaches, such as revetments and bulkheads, are extremely
expensive and difficult to maintain. But soft approaches, such as beach nourishment and wetland
restoration projects, are not inexpensive either, also requiring long-term maintenance and various
state and federal permits. Therefore, it is best to protect existing wetlands as much as possible.
Wetlands are well-known for their capacity to provide habitat for a diverse number of
aquatic, terrestrial, and avian species. As noted earlier, wetlands are one of the most ecologically
productive ecosystems in the world per unit area. In the United States, wetlands are home to 35,000
rare plants and animals. Of the federally endangered and threatened species, almost half rely on
wetlands at some point in their life cycle. Wetlands are able to support high biodiversity because
they produce high amounts of biomass and they are composed of a patchwork of micro-habitats.
Many bird species depend on wetlands for feeding, breeding, and nesting, especially migrating
species. Coastal wetlands are often nursery grounds for recreationally and commercially important
fish and shellfish. In fact, 75% of commercially harvested fish and shellfish and up to 90% of
recreational fish rely on wetlands at some point in their life cycle in the United States.

2.2 Constructed Wetland Ecology
Like natural wetlands, the ecology of constructed wetlands begins with hydrology. Although,
hydrology in constructed wetlands is largely artificial. Engineers design wetlands with particular
water flow rates in mind, and water flows are typically controlled by outlet and inlet structures.
Nonetheless, the ecology of constructed wetlands has been found to closely resemble that of
natural wetlands. For example, constructed wetlands are capable of having as high or higher
population sizes and biodiversity as natural wetlands.5 A study of a very limited number of surface
flow constructed treatment wetlands (for various water treatment purposes) found a total of 361
bird species, 342 aquatic invertebrate species, 78 fish species (only 1 species, mosquito fish,
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being deliberately stocked), 22 mammal species, 10 amphibian species, and 7 reptile species
where present throughout the wetlands studied. This study concludes that treatment wetlands can
reproduce all major animal groups and trophic levels that exist in natural wetlands.
The ecology of natural wetlands, along with streams and rivers, has been severely
compromised by urbanization. The following section describes the reasons and extent of the
impacts urbanization has on hydrologic networks.
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Impervious Cover in Minneapolis
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3

Urbanization & Wetlands

In the twentieth century, urbanization grew at unprecedented rates. In the conterminous United
States, the amount of developed land increased more than four times, from 18.6 million acres in
1954 to 111 million acres in 2007.1 In this time period, urbanization has been marked by
suburbanization, as the rate of urbanization outpaced population growth. Between 1982 and 1997,
the amount of urban land increased by 34%, or 25 million acres, although population only grew
by 15%.2 This growth was largely accommodated on the fringes of cities as greenfield development.
A study of 22 metropolitan areas found that between 1989 and 1998, 95% of building permits
were on greenfield sites.3 Therefore, it is likely the suburbanization specifically has been to blame
for wetland destruction via urbanization. Suburbanization is driven by the need for housing, thus,
targeting residential neighborhoods for wetland projects would be getting at the heart of what is
causing wetland loss today.
Urbanization has surpassed agriculture as the main threat to wetlands. Before the 1980s,
urbanization accounted for less than 10% of wetland loss. Yet by 1986, urbanization accounted for
51% of wetlands lost, compared to 26% by agriculture. By 2004, urbanization accounted for 61%
of wetlands lost, while agriculture added 17% of new wetlands. (In 2004, there was a net gain of
191,000 acres. Yet, as discussed earlier, net gains in wetlands do not necessarily equate to gains
in ecosystem services, as most mitigation wetland have less functionality than the wetlands they
replaced.)
Urbanization not only affects wetlands directly by filling or draining them, it also instigates
a series of changes that affect the entire hydrologic network. These changes result from the
increasing impervious cover created by urbanization. Therefore, imperviousness is a good predictor
of the impact on the hydrologic network by urbanization.4

3.1 Imperviousness & the Degradation of Natural Hydrologic Networks
In the process of urbanization, the goal is typically to maximize developable area and convey water

Figure 12. Impervious
cover in the city of away as quickly as possible. To achieve this goal, wetlands are filled, streams are straightened,
Minneapolis (left).

channelized or buried, and drainage infrastructure is installed underground. Above ground, concrete
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and asphalt are poured in abundance to create buildings, roadways, and parking lots, removing
native vegetation in the process. The result is high amounts of impervious cover and soil compaction
that greatly reduce, if not eliminate, infiltration of rainfall into the soil (see Figure 12). For example,
commercial areas are 83% impervious on average, causing an estimated 80% of rainfall to become
stormwater runoff. Imperviousness is a major factor in the impairment of a region’s hydrology and
the degradation of water bodies and water quality. Fortunately, imperviousness is also a factor than
can be quantitatively measured using GIS or aerial surveys and has the potential to be controlled
by planning policy.
Perhaps surprisingly, most imperviousness is created by road and not roof areas. This is
particularly true in suburbs, which are highly automobile-dependent, resulting in large amounts
of road space per house.5 Apart from generating large amounts of runoff, roads have also been
found to have strong negative effects on aquatic animal species. In fact, road density has been
found to be the major factor of urbanization that impacts vertebrate and invertebrate wetland species
richness, according to one study of wetlands in Colorado.6 These findings are consistent with other
studies on aquatic species and urbanization.7 Roads fragment wetlands and isolate animal
communities, impeding migration that could bolster population numbers. Roads could also
introduce other disruptions such as noise, light, and pollution that can degrade wetland habitats.8
Yet more research is needed to determine the aspects of roads, on the local and regional scale,
that diminish habitat and biodiversity.9 As a major contributor of impervious cover, road areas have
not been addressed by planning tools, such as zoning. Since zoning regulations often dictate
densities but not road area, locations with the same density can have drastically different amounts
of impervious area depending on street and parking layouts.10 Thus, planning policy that targets
the transportation network has the potential to greatly impact impervious cover and improve the
health of water bodies.
The health of water bodies, including wetlands, is impaired by impervious cover for many
reasons. As a watershed urbanizes, streams and wetlands experience increasing peak flows and
water velocities. Peak flows increase because impervious cover produces more runoff. Water
velocities increase because pavement and pipes convey water very quickly. These hydrologic
changes force an enlargement of the stream channel by down-cutting the stream bed or widening Figure 13. The effects
of urbanization on the
hydrologic system
11
created by pool and riffle sequences, overhead cover, and riparian zones. In time, streams become (right).

the banks through erosion. The stream channel becomes unstable, leading to loss of micro-habitats
homogeneous in form, straighter in length, and more extreme in the water volume they carry,
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After Urbanization

resulting in less biodiversity. Also, impervious surfaces absorb more heat than natural cover,
producing runoff with warmer water temperatures that can disturb the ecological balance by
encouraging the growth of harmful bacteria.
In wetlands specifically, the increase of water volumes creates ponding. Ponding occurs
when wetlands become deeper, losing qualities that foster their rich biodiversity. An increase in
the water depth encourages the growth of invasive species and shifts the profile of the vegetative
community. Invasive species thrive in urban wetlands because they are adapted to disturbed soils
and high nutrient levels. Evidence of these effects has been found in wetlands around the country.
For example, studies in Puget Sound found that plant diversity diminished when water ponding
depth exceeded two feet.12 Ponding also affects the profile of animal species. Non-native and
predatory fish tend to find deeper waters more suitable habitat. Their presence in an urban wetland
can diminish native amphibian species diversity, until one species remains, if any (typically
bullfrogs).13 Urban wetlands also tend to be isolated, impeding the dispersal of plant and animal
species that could enhance diversity. Moreover, human presence tends to disrupt normal animal
behaviors.
Imperviousness impacts water bodies in another way, through diminishing groundwater.
Groundwater provides base flows for many wetlands and streams. If groundwater is too low, then
those wetlands and streams will run dry in the low rainfall season, further exacerbating their
variability in water levels. Because imperviousness impedes infiltration, groundwater is not able
to recharge with rainfall. The result is that during storm events, urbanization overloads natural
water bodies with water, but during the dry season, it deprives them of water. Urban drainage
infrastructure is able to convey all if not most of the dry weather flows, so little, if any, water reaches
natural water bodies through runoff. These extremes of high water volumes in the wet season and
little water in the dry season degrade the ecology of natural water bodies. They are less able to
sustain plant and animal life. Moreover, the water bodies that suffer the most from urbanization
are small streams, as they suffer the most variability in water flow compared to higher-order streams
or rivers.
Imperviousness is the best predictor of water level fluctuation in wetlands.14 In wetlands,
water level fluctuation (WLF) is the difference between minimum and maximum water levels for
a given time period. Wetlands naturally experience a limited range of WLF, and wetland species
are accustomed to this. However, urbanization’s hydrologic effects can radically alter the WLF to
levels beyond those wetland species can tolerate. The first studies to make the link between
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imperviousness and impacts to wetlands were performed in Puget Sound in the late 1990s, finding
a detectable increase in both average and maximum WLF when impervious cover exceeded about
4%. By 20% impervious cover, the hydroperiod of wetlands was found to be dominated by stormwater
runoff, leading to extreme WLF and severe impacts to wetland biota. It was found that 78% of
watersheds with impervious cover above 21% had WLF in wetlands greater than 33.4 inches. Over
time, the increase in WLF led to emergent meadows becoming overrun by cattail and reed canary
grass, as well as other decreases in plant and animal species richness.15
Another impact of urbanization is flow constriction due to roads, bridges, and other
structures crossing either the wetland itself or upstream tributaries. Even the common culvert
under a road can be a problem. Although culverts are normally constructed under roads and bridges
to allow flow, sedimentation quickly tends to diminish their conveyance capacity, impacting both
upstream and downstream wetlands. The impacts can be even more pronounced for tidal wetlands,
which depend on periodic influxes of water from storms and tides. Studies have shown that in
urban settings, road crossings can be as frequent as 2 to 10 per stream mile. The high occurrence
of road crossings means that urban wetlands are very likely to have some degree of flow constriction.16
Flow constriction constitutes another change to a wetland’s hydrology. Since a wetland’s hydrology
is the main factor that influences its ecological structure, flow constriction can cause a decrease
in ecosystem functionality. A study comparing upstream and downstream wetlands found a 68%
decrease in ecosystem functionality in wetlands upstream from highway crossings.17
The impacts to wetland ecology by urbanization are not simply a loss of biodiversity and
wildlife habitat. These losses indicate an overall loss of ecosystem functionality, which impacts
urban areas as well. The loss of ecosystem functionality in wetlands means that those wetlands
are less able to accommodate flooding, treat water pollution, and provide recreational space, three
important functions for urban areas. Because wetlands provide flooding protection, their loss will
increase flood frequency and peak discharges, which can result in property damage, higher flood
insurance premiums, and public safety concerns. Because wetlands provide pollution treatment,
their loss will incur increased costs in the construction of infrastructure to treat water to drinking
quality standards, and infrastructure to manage stormwater and prevent floods. Biodiversity and
wildlife habitat will also be greatly diminished by the loss of wetlands, as well as recreational,
aesthetic, and educational benefits.18 Identifying the thresholds where ecosystem functionality of
wetlands is compromised will shed light on where constructed wetlands would be the most suitable
intervention.
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Thresholds
Researchers have found the thresholds where streams and wetlands are compromised based on
the amount of impervious cover in an urban area, using the watershed as the planning unit. As
demonstrated above, impervious cover is a major factor in the impairment of hydrologic networks.
Based on the threshold amount of impervious cover, watersheds can be divided into three
management categories: sensitive, impacted, and non-supporting. These categories were outlined
by Tom Schueler in “The Importance of Imperviousness” as management categories for streams
based on the levels of impervious cover in their watershed.
Since constructed wetlands will have the most benefit when connected to the watershed’s
existing hydrologic network, these thresholds for streams are useful in determining where constructed
wetlands would be the most effective. In nature, wetlands are a part of the hydrologic network,
which includes streams, rivers, and groundwater. Constructed wetlands can help maintain the
ecological balance of existing streams and wetlands by providing the hydrologic network with
cleaner water in moderated amounts throughout the year. Constructed wetlands near streams and
rivers can enlarge those existing riparian patches, creating higher quality habitat and corridors for
wildlife. In urban areas, riparian wetlands connected to streams, rivers, and lakes have been almost
completely eradicated. Therefore, constructed wetlands connected to these systems offer the
potential to purify water and protect these systems from upland regions.19 See Chapter 7, “Networking
Wetlands” for a more in-depth discussion of the benefits of networked wetlands.
The first management category is sensitive watersheds, those with 0 to 10% impervious Figure 14. How

increasing impervious

cover. As discussed earlier, water level fluctuations in wetlands begin at 4% impervious cover. For cover (with

corresponding

streams, the threshold where a stream is impacted is slightly higher at 10% impervious cover. In densities) gradually
sensitive watersheds, stream and wetland buffers and other stormwater management practices degrades stream
channels and

have the potential to maintain the original, pre-development quality of those hydrologic features. wetlands (right).
Next, impacted watersheds are those with 11 to 25% impervious cover and will experience
degradation, particularly instability of the stream channel and loss of some biodiversity. However, Figure 15. Thresholds
the degradation can be limited by effective stormwater management practices. Stream protection of impervious cover
should focus on maintaining certain critical aspects of stream quality and managing pollutant
loads. Finally, non-supporting streams are those in watersheds with 25 to 100% impervious cover.

(overleaf left).

Figure 16. Thresholds

Even with effective stormwater management practices, streams in these areas will never regain mapped in

their full, pre-development quality. The protection or restoration of biodiversity and habitat is Minneapolis

watersheds (overleaf

extremely difficult and necessitates intensive restoration techniques in priority areas. Yet rarely right).
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Percentage
Impervious
Cover

Thresholds

Thresholds in Minneapolis

14 miles

WATERSHED CATEGORY
Sensitive
Impacted
Non-Supporting

Imperviousness
1-4%
5-10%
11-25%
25+%

have wetlands been reestablished in highly developed areas. Reestablishment is also less common
in tidal wetlands or in areas where land values or engineering constraints have made these projects
more costly. Some existing degraded wetlands may not be restorable because of landscape-level
changes to hydrology are further complicated by climate change.20 Instead, the management
objective of these streams should be to minimize downstream damage by removing urban pollutants
from water.21 In these dense areas, pocket wetlands are often built. While these may serve to retain
some stormwater on the site-scale, pocket wetlands are not ecological substitutes for wetlands,
nor do they have the capacity to treat water as well as constructed wetlands. In fact, pocket wetlands
are increasingly discouraged as stormwater practices for these reasons.22
Therefore, the areas where constructed wetlands can have the most impact are in sensitive
and impacted watersheds. In other words, constructed wetlands are ideal for watersheds under
25% impervious cover. Because development is low-density in sensitive and impacted watersheds,
more space is available for wetlands large enough to be effective (see Chapter 4, “The Engineering
of Constructed Wetlands” for more on wetland sizing), and the hydrologic network is not entirely
degraded. Specifically, suburban residential neighborhoods should be targeted for constructed
wetlands. First, these areas are the leading cause of wetland loss and take up significant portions
of cities. Secondly, constructed wetlands would be a valuable amenity that could increase real
estate values (see section 8.2) and provide recreational space (see section 7.4).
Furthermore, constructed wetlands in these areas will bolster and add to hydrologic
network of streams and rivers that needs help but still maintains many of its functions. If built in
isolation, the benefits of constructed wetlands lose the opportunity to be multiplied. Constructed
wetlands can bring networked benefits to the entire hydrologic network, including the portion in
non-supporting watersheds. For a more detailed discussion on the networked benefits, see Chapter
7, “Systemic Wetlands”.
So far, the discussion has centered on hydrologic changes caused by urbanization, and
the resulting degradation of natural systems. Urbanization also creates another major change in
the hydrologic network: high levels of pollutants carried by stormwater. These pollutants directly
impact the health of the wildlife in natural bodies by depriving organisms of oxygen and interfering
with biological processes in plants and animals. Stormwater is a major threat to the health of water
bodies, as thousands of water bodies are currently compromised due to stormwater throughout
the United States.23
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3.2 Stormwater Pollution
High levels of pollutants in stormwater are the direct or indirect result of human activities. These
pollutants come from the sediments eroded from building sites and streams, chemicals from spills,
oil, grease, corrosion, and exhaust from cars, fecal matter from pets, pesticides and fertilizers
from lawns, trash and debris, etc. Because the human activities that take place in an area are in
part defined by land use, land use is a major factor that determines the profile and amount of
pollutants in a particular area. The following section discusses the major types of stormwater
pollutants and their sources.
Nitrogen
At elevated levels, nitrogen is a nutrient that can cause severe ecological damage in water bodies.
Understanding the nitrogen cycle is critical to understanding the effect nitrogen has on ecosystems
and a wetland’s ability to reduce nitrogen levels in water. Nitrogen cycles through nature in different
molecular forms between the atmosphere and the earth. In the atmosphere, nitrogen is present as
a gas (N2). Certain bacteria have the ability to capture nitrogen gas in the atmosphere and fix it to
hydrogen molecules in order to convert nitrogen gas into other useful molecules. These bacteria
are called nitrogen-fixing and produce ammonia (NH3) or ammonium (NH4+). Nitrogen can also
come from human and animal fecal matter. Decomposers, such as bacteria and fungi, are able to
transform nitrogen in fecal matter to ammonium. In the nitrification process, other bacteria (called
nitrifying bacteria), take ammonia and ammonium and transform it into nitrites (NO2-) and nitrates
(NO3-). The nitrification processes needs oxygen to occur, which becomes an important factor in
constructed wetland design. Some bacteria also have the ability to go backward in this process.
Denitrification occurs when denitrifying bacteria take nitrates and convert them back to nitrogen
gas (N2 or N2O) which is released into the atmosphere. Denitrification occurs most effectively in
low-oxygen, anaerobic conditions.
In a wetland, nitrogen is eliminated from a system by assimilation, adsorption, and
denitrification. Assimilation occurs when microbes and plants uptake inorganic forms of nitrogen
(ammonium, nitrate, and nitrite) and temporarily store them. In adsorption, the positively-charged
ammonium is removed from water by its attraction to negatively-charged soil particles. These two
removal mechanisms are temporary, as nitrogen is still present in the plants, microbes, and soil
of the system. Assimilated nitrogen can leach from the system, or be released by plants during
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dormant periods. The biomass with assimilated nitrogen can be gathered and disposed of, but
this merely relocates the nitrogen problem. Permanent removal of nitrogen from the system can
only occur through denitrification. Scientists are still debating the best methods to quantify
denitrification in wetlands, which are constantly changing from aerobic and anaerobic conditions.24
Humans have more than doubled the amount of nitrogen in the biogeochemical cycle,
through activities such as fertilizer use, changes in agricultural production, and fossil-fuel combustion.
Furthermore, urban areas concentrate and retain the amount of nitrogen in water. Because urban
areas are typified by impervious cover, decreased vegetation, stream channelization, and
compromised or eliminated wetland areas, urban areas impede natural processes of nitrogen
elimination. The amount of fixed nitrogen in urban areas can be even higher than adjacent areas.
Nitrogen is introduced into urban areas mainly by the use of fertilizer in landscapes, pet waste,
and septic and sewage system leaks. A large amount of nitrogen in urban areas is fixed from the
atmosphere within the internal-combustion engines of vehicles and deposited on roadways. Once
in an urban area, fixed nitrogen can be converted into gas, carried out by either air or water
(particularly stormwater), or it can be stored and transformed in the urban watershed. When carried
away from an urban area in water, fixed nitrogen can cause ecological problems. In coastal and
estuarine wetlands, nitrogen is more often the cause of eutrophication (as compared to phosphorus
in freshwater systems). Eutrophication is a condition where water contains an excessive amount
of nutrients, fuelling the growth of algae. These large amounts of algae on the water’s surface block
sunlight from reaching lower levels of water, harming other species that depend on sunlight. Most
importantly, as the algae die off, the bacteria that decompose them take up much of the oxygen
in the water in the process. Low oxygen conditions cause widespread fish kills. For these reasons,
eutrophication can cause severe ecological damage at many trophic levels.
Stormwater is a major carrier of nitrogen. In urban areas, the amounts of nitrogen loads
vary according to land uses. The National Stormwater Quality Database estimates that stormwater
runoff from highways contains an average of 2.0 mg/l of total Kjeldahl nitrogen (TKN, organic
nitrogen plus ammonia and ammonium), while residential and commercial area runoff contains
1.5 mg/l TKN in each case. In contrast, open space runoff contains 0.74 mg/l TKN.25 Urban
stormwater carries more nitrogen than non-urban stormwater because the high degree of
impermeability of urban areas allows the elevated amounts of nitrogen in urban areas to be carried
off without much interception, usually directly into water bodies. Therefore, a constructed wetland’s
reduction of nitrogen would have extremely beneficial effects on nearby natural water bodies.
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In stormwater, nitrogen is measured in various ways depending on the form of nitrogen
or a sum of multiple forms, for example, ammonia, nitrite and nitrate (NO2 and NO3), total nitrogen,
and total Kjeldahl nitrogen.
Phosphorus
Phosphorus is another nutrient whose overabundance in water is connected to ecological problems
such as eutrophication. Eutrophication due to phosphorus typically leads to “algae blooms”. Algae
blooms occur when algae grow at unprecedented rates, thereby consuming much of the oxygen
in the water, which can kill off fish and other species that need oxygen to survive. As a result,
eutrophication can create a severe disturbance in ecosystems.
Phosphorus is a nutrient that comes from fertilizer. It is taken up by plants and becomes
assimilated into plant matter. Because of this, plant matter can be a source of phosphorus. Vehicle
exhaust also contains a form of phosphorus, called orthophosphate. Phosphorus has a more
complicated chemistry in water because it can occur in multiple forms that determine its solubility
and bioavailability. Unlike nitrogen, phosphorus occurs primarily as solid rather than a gas, which
means it binds to soil and sediment particles (in a process called adsorption). As a result, runoff
with high sediment loads (for example, from construction sites) is also likely to carry high phosphorus
loads.
Like nitrogen, phosphorus can be removed by assimilation. Rooted aquatic vegetation
can uptake phosphorus in the soil, effectively acting as nutrient pumps. However, when vegetation
dies, phosphorus can once again become part of the soil. Biomass can also be harvested, yet this
is exporting the phosphorus problem elsewhere.
Wetlands can be very effective in removing phosphorus in the beginning, but over time,
their removal rate can decrease as the wetland’s soils become saturated with phosphorus. Longterm maintenance would be required to ensure that a wetland’s phosphorus removal rate stays
high. City budgets and maintenance plans are typically not prepared to deal with this kind of
long-term maintenance.
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Pathogens
Pathogens pose a health risk not only to aquatic life, but also to humans exposed to contaminated
water. Pathogens like bacteria and viruses in stormwater come from pet and animal waste in the
urban landscape, as well as leaking septic systems and sewer lines, and illicit sewer connections.
In stormwater, they are frequently measured by type, for example, fecal coliform, fecal streptococcus,
total e. coli, etc.
Sediments
Although sediments occur naturally in water, high amounts of sediment can destabilize ecosystems
by burying plant and animal species, blocking sunlight, and suffocating aquatic animals. Moreover,
sediment particles are vehicles for other pollutants, especially phosphorus and heavy metals,
which bind to sediments. Thus, removing sediments from stormwater can decrease the amounts
of other pollutants as well. Through erosion, construction sites are the primary contributor of
sediments from human activity, although sediments can also come from open areas and stream
channels. Sediments are typically measured as dissolved or suspended solids, or turbidity.
Heavy Metals
Heavy metals are highly toxic to plant and animal species, even in small amounts. Vehicle use is
a major contributor of heavy metals, such as copper, zinc, cadmium, chromium, arsenic, and lead.
There are multiple ways vehicles emit heavy metals: gasoline and oil leaks, tire and brake wear,
tailpipe emissions, coolants and antifreeze leaks, etc.26 Heavy metals are typically measured by
the specific element and often by the form it is present, for example, total copper versus dissolved
copper.
Oxygen-Demanding Substances
In water, many substances can reduce the amount of oxygen in water through chemical reactions
and decomposition. Because aquatic species need oxygen in order to survive, high levels of
oxygen-demanding substances can disrupt ecosystems. The oxygen demanded by substances
can be measured by biochemical oxygen demand (BOD) and chemical oxygen demand (COD).
BOD is a test that measures the amount of organic matter than can be oxidized, while COD (less
commonly used) measures all matter that can be oxidized. Many substances can contribute to
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high BOD and COD levels, for example, human and animal waste and hydrocarbons. Natural debris,
such as grass clippings and fallen leaves, can also contribute to BOD.27 A related measure is
dissolved oxygen (DO), which measures the amount of oxygen present in water.
The above categories are some of the major pollutant types, but there are many other pollutants
in urban stormwater, which may or may not be widely monitored. Other pollutants include oil and
grease, salts, alkali metals (sodium, potassium, calcium, and magnesium), sulfur, metalloids
(arsenic, boron, and selenium), hydrocarbons, detergents, pesticides, etc. Trash and debris can
also be carried by stormwater and impair animal life in water bodies.

3.3 Stormwater Pollution and Land Use
Land use influences the profile and concentrations of pollutants in stormwater because human
activities differ across land uses. A study of over 8,000 storm events across the United States
finds very different average concentrations of pollutants depending on land use (see Figure 17).28
In particular, some land uses have much higher levels of specific pollutants than other land uses.
For example, residential areas are associated with higher concentrations of total suspended solids,
phosphorus, and fecal coliform, when compared to other land uses. The reasons for high
concentrations of these pollutants are not surprising. Because residential areas have more yards
and lawns, there is more potential for erosion (suspended solids), and more fertilizer required for
those areas (phosphorus). Also, these open spaces can collect more fecal matter from animals
and pets (fecal coliform). Detailed information on the concentration of pollutants across land uses

Figure 17. Stormwater
Pollution by Land can be found in the appendix.
Use: average pollutant
Geography, because it influences rainfall patterns, is another factor that affects pollutant
concentrations and
major pollutants by levels. Because rainfall patterns vary across the country, pollutants may accumulate in some areas
land use (overleaf
left). with infrequent rainfall. When rainfall does occur, the concentrations of pollutants may be higher.

Evidence from the stormwater study shows that areas with less rainfall may have higher concentrations
Figure 18. Rain Zones
& Rainfall: EPA
designated rain zones
and variability in
rainfall across the US
(overleaf right).

of particular pollutants. The study’s 8,000 storm events are organized by rain zones, designated
by the EPA (see Figure 18), which are geographic areas that share similar mean volume, intensity,
duration, and frequency of rainfall.29 The study shows that rain zone 6 has higher concentrations
of more pollutants than any other rain zone (see Figure 19).
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Stormwater Pollution by Land Use

Rain Zones & Rainfall

Stormwater Pollution by Rain Zone

Given the variability of pollutants based on land use and geography, constructed wetlands
Figure 19.
Stormwater pollution
by Rain Zone:
geographic variability
of pollutants by land
use and rain zone
(left).

need to target specific pollutants that correspond to the areas where they are being built. The
ability of a wetland to treat pollutants varies by pollutant; some pollutants are more readily captured
than others. As a result, the size of the wetland will vary depending on the pollutant being targeted.
Section 4.3, “Modeling Wetlands” offers a more in-depth discussion on pollutant reduction and
wetland size.
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Wetland Types

Surface Wetland

Sub-Surface Wetland: Horizontal Flow

Sub-Surface Wetland: Vertical Flow
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Figure 20. Wetland
types: surface and
sub-surface.
Subsurface can be
further divided by flow
direction.

4

The Engineering of Constructed Wetlands
In a constructed wetland, pollutant removal occurs through interaction with some or all

of the following: a medium (such as soil or gravel); floating, emergent and/ or submerged vegetation;
and microbes. Often, all of these components are interacting together. Treatment performance is
affected by many factors, such as water levels, pollution levels, temperature variations, solar
exposure, plant growth cycles, etc. However, constructed wetlands have been found to be highly
effective in the reduction of biochemical oxygen demand, chemical oxygen demand, suspended
solids, and pathogens. However, the removal effectiveness of nutrients such as nitrogen and
phosphorus is more variable.1 Nutrient removal is thought to be linked to the maturity of the
vegetation, thus removal rates can increase after several growing seasons.2 At the same time, the
nutrient removal capacity of wetlands decreases over time as nutrients saturate the wetland’s
sediments, particularly in the case of phosphorus.3

4.1 Surface Flow Constructed Wetlands
There are two main types of constructed wetlands, surface and sub-surface flow wetlands (see
Figure 20). Surface wetlands are those with open water, while sub-surface wetlands are those in
which water flows underground through a medium. Surface wetlands most closely resemble natural
wetlands, and have the most ecological potential of the two types. This type of wetland is used for
stormwater treatment purposes, while sub-surface wetlands are used to treat wastewater. Because
sub-surface wetlands are prone to clogging, they are not ideal for stormwater, which contains high
amounts of sediment. A hybrid surface and sub-surface wetland system could be used for stormwater,
although no examples have been constructed to date.
Surface-flow constructed wetlands feature areas of open water with aquatic vegetation.
For treatment purposes, it is essential that water pass through the wetland as well distributed as
possible, without cutting channels or shortcuts through the system. In fluid dynamics, this is called
plug-flow conditions, meaning the water flow is distributed uniformly across the width of the
wetland, so that the water velocity is the same at all points in the cross-section of the wetland.
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Stated more simply, water flow has a “plug-like” profile. In surface flow wetlands, plug-flow
conditions are helped by creating a wetland shallow, slowing down flows, and by using the physical
presence of plant matter to regulate water flow.
Water is treated in a wetland by the three types of processes and their interactions with
each other. Physical processes include sedimentation, filtration, and UV exposure. Chemical
processes include precipitation, adsorption, and volatilization. Biological processes include
microbial degradation, microbial nutrient transformations, uptake from water column and root
zone, microbial competitions, and bacterial die-off.
Surface flow wetlands are very effective at removing organic matter through microbial
degradation, and removing suspended solids through filtration and sedimentation.4 They are also
effective at removing ammonia through nitrification in aerobic zones and denitrification of nitrate
in anaerobic zones such as the wetland bottom where plant matter collects. Surface flow wetlands
also effectively remove phosphorous by adsorption and precipitation, but the water must have
enough contact time with the soil in the wetland in order for this process to occur. As a result,
phosphorus removal depends on keeping low water flow rates.5 One significant disadvantage of
surface-flow wetlands is that their removal of nitrogen in water is highly variable, as it is dependent
on the concentration at inflow, the chemical form of nitrogen, water temperature, season, organic
carbon availability, and dissolved oxygen concentration.
Surface flow wetlands are most commonly used for stormwater management and tertiary
treatment of municipal wastewater. Their large capacity makes them ideal for holding storm surges.
They can be placed in all climates, although cold temperatures diminish some pollutant removal
processes, mainly nitrogen conversion and removal. Surface flow wetlands are designed by either
volume or area models. Volume design is based on calculating the most effective hydraulic retention
time (how much time water spends in the system) to provide the most effective pollutant removal.
Area design takes into account the total area of the wetland system in calculating pollutant removal.
However, the design of surface wetlands for stormwater is complicated by the variability of stormwater
flows in urban areas. Urban areas can have long dry spells, followed by isolated, intense storm
events. Such drastic changes in water flows make it difficult to sustain plant and microbial life in
wetlands. As a result, it is more challenging to model constructed wetlands for stormwater because
water levels are highly dynamic. Another important consideration related to the dynamic urban
stormwater levels is finding water sources during the dry seasons. As discussed in earlier chapters,
the ecology of a wetland depends on having a relatively limited range of water level fluctuations.
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As a result, stormwater wetlands have to be designed with the region’s rainfall patterns in mind.
In some areas, an additional source of water in the dry season may be necessary to sustain the
ecology of the wetland.

Figure 21. Diagram of
plug-flow conditions
in a wetland.

Constructed Wetland Components
Unlike other stormwater management landscapes, the design of constructed wetlands is guided
by the need for high water treatment performance, which involves two major considerations:
creating plug-flow conditions and creating ecological diversity within the wetland. Plug-flow
conditions refers to a hydraulic state where water is moving along the wetland with uniform speed
along the width of the wetland. In other words, there are is no short-circuiting of water in the wetland
(see Figure 21). Short-circuiting would mean that some volume of water spends less time in the
wetland, getting less treatment as a result. Creating ecological diversity within the wetland ensures
that water will be exposed to a variety of conditions where different treatment processes can take
place. Wetlands need shallow zones were water will come into contact with plant roots and microbes.
They also need deeper zones where anaerobic processes can take place. Given that constructed
wetland design is guided by the need for high water treatment performance, it is no surprise that
engineers have been leading the design of constructed wetlands, especially when it comes to
hydraulic considerations.
Constructed wetlands have three major components: the forebay, marsh zone, and deep
Figure 22.
Constructed Wetland
zones (see Figure 22 and Figure 23). The forebay is a pool up to six feet deep, which receives
Marsh Zone
(overleaf left). water from an inlet structure before that water enters the main wetland. The forebay’s depth allows
Figure 23. it to capture sediments, which are abundant in stormwater. Because of its function, it is usually
Constructed Wetland constructed with hard edges that facilitate cleaning. The forebay is typically sized to store 10% of
Deep Zone
(overleaf right). the total wetland’s water volume.
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Marsh Zone

Deep Zone

The main wetland is composed of alternating marsh and deep zones. Alternating these
zones helps ensure that water is maintained at plug-flow conditions and that water is exposed to
both shallow wetland areas and deep areas where different water treatment processes can take
place. Marsh zones must be around 1 foot deep to encourage the growth of emergent aquatic
plants. Deep zones can be up to 4 feet deep. In order to keep water at plug-flow conditions, the
length of the deep zones must be approximately 15 times the depth of the marsh zone. Thus, if a
marsh zone is 1 foot deep, then the adjacent deep zone must be at least 15 feet long. According
to research, they should not be used when a wetland is less than 50m long or in a wetland that is
undersized relative to the contaminant being treated. Deep zones should comprise up to 35% of
the wetland’s area and be cultivated with floating and submerged aquatic vegetation.6 By volume,
wetlands are typically designed to hold 60% of their volume in marsh zones and 40% in deep
zones.
Engineers have also outlined other parameters that increase treatment effectiveness. The
aspect ratio of a wetland (length to width) is an important factor that influences the degree to which
plug-flow conditions can be achieved, and thus treatment performance, of a wetland. It is
recommended that wetlands have an aspect ratio of at least 5:1, optimally 20:1.7 Although,
lengthening wetlands will increase the amount of side berms necessary for construction, which
is a major cost. In constrained sites where suitable aspect ratios cannot be achieved, baffles can
be used to elongate the path that water must travel, reducing short-circuiting and increasing
detention time. However, constructing baffles can increase construction costs and reduce the
amount of treatment area in a wetland. Better treatment can also be achieved by using multiple
wetland cells, which promote lateral mixing of water.8 Wetland cells are physically divided portions
of a wetland. Again, increasing the number of wetland cells can also add to construction costs.

4.2 Sizing Wetlands
There is no one way to size or design a wetland. Even wetland engineers will admit that wetland
design is as much an art as it is a science. Nonetheless, constructed wetlands are typically sized
by one of two methods: design storm or percentage of the contributing watershed.9 Both methods
calculate a resulting wetland size and hydraulic loading rate (HLR), two variables that define the
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equivalent to rainfall ; it is not an area of volumetric measure
Pq of the amount of water in the wetland.
P
pollution reduction performance of a wetland.∗ =
The HLR describes
the desired flow in a wetland as

It is a function of the wetland size and water flow rate:

runoff coefficient=0.05+(0.009 X percentage impervious)
q=

Q
A

C out =a C b q c
where q is the hydraulic loading rate (m/day), A is the
❑ area (m2), and Q is the water flow
in wetland
rate (m3/day).
The design storm approach starts with a specific storm or desired treatment volume, for
example, the 90th percentile storm. The following steps are used to size a wetland based on a
design storm:
1. Identify the desired design storm. For example, in Boston, the 90th percentile storm is
1.2 inches or 0.030 meters, with total annual rainfall of 43 inches or 1.092 meters per
year.
2. Calculate the watershed area in square meters. For example, 100 acres or 404,686 m2.
Calculate the watershed’s runoff coefficient and total runoff volume. The runoff coefficient
is the fraction of rainfall that becomes runoff. Runoff is very site-specific, as it is dependent
∗

1 the following equation is frequently
on soil conditions, slopes, andC
other
factors. However,
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∗
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used by urban hydrologists to estimate the(1+
runoffkcoefficient:
)
Pq

runoff coefficient=0.05+(0.009 X percentage impervious)
Q
A

q= cover, the equation would yield a runoff
For a commercial area with 83% impervious
coefficient of 0.797 Therefore, the total runoff volume would be the watershed area

b qcoefficient.:
c
multiplied by the design stormCand
the runoff
404,686 m2 * 0.030 m *
out =a C
0.797= 9,676 m3 of runoff.

in ❑

3. Allocate the total runoff volume to wetland components to obtain a wetland size. In this
example, if 60% of the 9,676 m3 volume is allocated to 1ft deep marsh zones, and 40%
is allocated to 4ft deep zones, then the wetland will be 6,773 m2 or 1.7 acres.
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4. Given the wetland size, calculate the wetland-to-watershed ratio (WWAR). This ratio is
typically expressed as a percentage. In this case, the WWAR is 1.7/100 acres=0.017
*100= 1.7%
5. The annual flow through the wetland is the amount of water that will pass through the
wetland in a year. This number is the runoff coefficient multiplied by the total annual
rainfall and the watershed area: 0.797 * 1.092 m/ yr * 404,686 m2=352,207 m3 per yr
6. The average annual detention time is an estimate of how long water remains in the wetland,
on average over the year. This is calculated by dividing the total runoff volume from the
design storm by the annual flow: 9,676 m3/ 352,207 m3 per yr =0.03 years or 10 days
(0.03 * 365).
7.

Finally, the annual hydraulic loading rate (HLR) is calculated by dividing the annual flow
by the wetland area: 352,207 m3 per yr / 6,773 m2=52 m/yr or 14 cm/day. The HLR is
a key parameter that determines a wetlands pollution reduction performance (discussed
in more detail in the following section). Generally speaking, wetlands with lower HLR
values perform better.
The second method used to size constructed wetlands is by using the percentage of the

contributing watershed to calculate an annualized hydraulic loading rate (HLR):
1. Convert an area’s annual rainfall into meters per day. For example, Boston’s 43 inches
of rain annually is converted to meters and then divided by 365 to become 0.003 m/day.
∗

1 runoff coefficient to obtain the total
o −C by an area’s
2. Multiply the annualized rainfall C
amount
=
runoff volume:

C i −C

∗

P

k
(1+ )
Pq

runoff coefficient=0.05+(0.009 X percentage impervious)
Q

As an estimation, a commercial area with q=
imperviousness
at 83% yields a runoff coefficient
A
of 0.797. Therefore, an annualized rainfall of 0.003 m/day times 0.797 yields runoff of
0.002 m/day.

C out =a C b q c
in ❑

3. As a rule of thumb, the size of a wetland should be somewhere between 1-5% of the
watershed in order to provide sufficient treatment.12 This percentage is known as the
wetland-to-watershed area ratio (WWAR). For example, a wetland that is 2 acres in a 100
acre watershed will have a WWAR of 2%. To obtain the annualized hydraulic rate, the
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runoff amount (0.002 m/day) is divided by the WWAR (0.02). Therefore, a wetland with
a WWAR of 2% in a commercial area in Boston will have an annual HLR of 0.120 m/day.
Depending on the WWAR chosen, the resulting HLR may be too high. Treatment is
compromised at high HLR because water does not spend enough time in the wetland to
receive adequate treatment. Thus, the WWAR may have to be adjusted multiple times if
using this method to get an HLR that will provide adequate treatment (see next section
4.3, “Modelling Wetlands” for a discussion on forecasting treatment).
Neither method takes into account the frequency of rainfall, and can lead to wetlands with
detention times that are too short for adequate treatment. Both methods also aggregate rainfall
over the whole year, which ignores seasonality. In some dry climates, wetlands may need to be
supplemented by another water source during the dry season. As discussed in the previous section,
excessive water level fluctuations can degrade a wetland’s ecology, impacting its treatment
performance.
Since runoff is a function of rainfall and impervious cover, wetlands intended for areas
with high levels of impervious cover (for example, commercial or residential areas) will have to
be larger than wetlands for areas with low levels of impervious cover. In the example for the designstorm method, a wetland sized for a 100 acre commercial area in Boston for a 90th percentile storm
would have to be 1.7 acres. All else equal, the same wetland for a residential area of 37% impervious
cover would have to be 1.3 acres. Given land prices, it would be highly unlikely that a 1.7 acre
wetland would be built in a downtown Boston commercial area. Although, it is possible that a 1.7
acre wetland could be built for a suburban commercial area with lower land prices and more land
availability. Similarly, a 1.3 acre wetland for a residential neighborhood would be more feasible
than in an inner-city neighborhood. As discussed in the previous chapter, not only do constructed
wetlands have more ecological potential in suburban areas, suburban areas also have lower land
prices and more space for wetlands, so wetlands can actually accommodate the volume of water
they were designed for.
Yet once a preliminary size has been established, it is necessary to check if the calculated
wetland size and HLR will yield the treatment performance that is required for that area. Given the
large differences in pollution by land use discussed in section 3.3, sizing a wetland for a given
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water volume may not be enough to ensure that the stormwater received from that land use will
be cleaned to a satisfactory level. To ensure performance, it is necessary to use a model that
forecasts pollution reduction.

4.3 Modeling Wetlands
Scientists and engineers have been studying constructed wetlands since the 1950s, yet a holistic
understanding of the functioning of constructed wetlands remains elusive. Scientists and engineers
have not discovered all the complex and interrelated physical, biological, and chemical processes
at work in wetlands, nor have they fully understood how these processes eliminate specific pollutants.
Even in 2011, scientists reviewing wetland models conclude that “the fundamental scientific
knowledge of pollutant processes, which takes place within the system, is highly limited.”13
Nonetheless, scientists and engineers have developed mathematical models to forecast the pollution
reduction of a wetland. These models have evolved in sophistication as ongoing research on
wetlands and wetland processes reveals important factors. But except for the very recent processbased models (which are not widely used yet), most models treat wetlands as a black-box, in which
the transformation of pollutants is predicted by a first-order removal rate constant (k), which is
based purely on empirical relationships.14 First-order models assume that the rate at which pollutant
concentration declines is a function of the current concentration (raise to the power 1, ie. first
power), multiplied by the removal rate constant for that pollutant.

P-k-C* Model
The most widely used engineering model is the P-k-C* model by Robert Kadlec and Scott Wallace:

C o −C ∗
C i −C

∗

=

1
P
k
(1+ )
Pq

runoff coefficient=0.05+(0.009 X percentage impervious)
where Co is outlet concentration (mg/L), Ci is inlet concentration (mg/L), C* is background

Q
A

concentration (mg/L), k is the area-based removal
q= rate constant (m/yr), P is the apparent number
of tanks in series (TIS), and q is the hydraulic loading rate (m/yr). 15 Of these variables, C* and k
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are constants that are empirically derived (see Table 4). The inlet concentration is either known or
can be estimated using stormwater pollution studies. P is the number of separate cells in the
wetland, typically 2-3. Finally, q is calculated using one of the two wetland sizing methods described
earlier.
Table 4. C* & k for specific pollutants16

C* (mg/L)
k (m/yr)

Total
Dissolved
Solids

Total
Phosphorus

Biological
Oxygen
Demand

NO2
+NO3

Fecal
Coliform

Total
Copper

Total
Zinc

2

0.02

2

0

40

0

0

1,000

10

33

25

83

22

28

The P-k-C* equation models the reduction of a specific pollutant for a wetland. If the area
of the wetland is varied, the P-k-C* model will yield a curve of pollution removal. The gains in
reducing the outlet concentration of a pollutant will decrease as wetland size increases. In other
words, after a certain point, the reduction of pollution may not be worth increasing the wetland
size. For these reasons, the pollution removal curves can be used to choose an optimal wetland
size for the reduction of a specific pollutant (see Figure 24).
For designers of wetlands, the P-k-C* model offers the opportunity to experiment with
wetland shapes and configurations, which are not a factor in the model. In theory, so long as plugflow conditions are maintained, designers have freedom to be creative with a wetland’s design to
fulfill other goals, such as provide public space.

Figure 24. Example
pollution reduction
curve showing how
the rate of reduction
of fecal coliform
slows with larger
wetland sizes. Two
acres is chosen as
optimal size.
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Wetland Sizing Exercise
If the P-k-C* model is applied to the pollutant concentrations of different land uses, it becomes
clear that the sizes of wetlands needed to treat the same pollutant to the same concentration in
different land uses are very different. As an explanatory exercise, the concentrations of both nitrate
and nitrite (together called NOx) were used to calculate wetland sizes for six land uses, according
to the average concentrations for those land uses in the National Stormwater Quality Database:
Table 5. Average NOx Concentration by Land Use17
NOx Concentration (mg/L)
Commercial

0.69

Mixed Commercial

0.71

Industrial

0.85

Open Space

0.91

Residential

1.07

Highway

1.8

For uniformity across land uses, P, the number of tanks in series, is assumed to be 3.
Also, the flow rate is assumed to be 200,000 gallons per day (757 m3/day) for all land uses, a
typical amount for a wetland. The outlet concentration Co is chosen to be 0.355 mg/L NOx for all
land uses. This represents very modest reduction that corresponds to a 50% reduction for the
commercial land use, which has the lowest NOx concentration. Thus, the variables needed to
calculate the wetland size for each land use necessary to bring NOx concentration from each land
uses’ baseline to 0.355 mg/L are:
Co outlet concentration (mg/L)= 0.355 for all land uses
Ci inlet concentration (mg/L), given by the values in table above
C* background concentration (mg/L)= 0 for NOx
k area-based removal rate constant (m/yr)= 25 for NOx
P number of tanks in series=3 (assumed across all land uses)
q the hydraulic loading rate (m/yr)= Q water flow rate (m3/day) / A wetland area (m2)=
757 m3/day (200,000 gallons per day) / A
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Table 6. Wetland Sizing Exercise
Land Use

Inlet
NOx
(mg/L)

Impervious
Cover

Oulet
NOx
(mg/L)

Flow Rate
(m3/day)

Required
Wetland
Area
(acres)

Required
Watershed
Area
(acres)

Commercial

0.69

83%

0.355

757

2.030

9

Mixed Commercial

0.71

60%

0.355

757

2.127

13

Industrial

0.85

75%

0.355

757

2.764

10

Open Space

0.91

2%

0.355

757

3.019

37

Residential

1.07

37%

0.355

757

3.641

19

Highway

1.8

80%

0.355

757

5.88

10

The wetland sizes required to treat water NOx to the same level across different land uses
(holding flow rate constant) vary from about 2 acres to nearly 6 acres (see Table 6 and Figure 25).
The differences are due to the level of NOx concentrations in each land use. It would be difficult to
build 2 acre wetlands in commercial and mixed commercial areas, especially in highly urbanized
zones. Furthermore, these land uses make up a large portion of most urban areas, as evidenced
in Minneapolis (see Figure 26).
Although the flow rate was artificially set at 200,000 gallons per day, the watershed area
required to generate that much runoff would also vary according to the imperviousness of that area
(by using the simplification that 200,000 gallons is the runoff generated by that land use).
Commercial, industrial, and highway land uses are the most impervious, while open space is the
least. The result is wetlands in highly impervious land uses need smaller watersheds (because
those land uses generate more runoff) than those in less impervious land uses. For example, the
wetland for commercial land use is 2 acres and its watershed would be 9 acres. Therefore, if a

Figure 25. Wetland
Sizes by Land Use hypothetical objective was to treat NO for a commercial downtown of 100 acres (for example) to
x
(overleaf left).

0.4 mg/L, assuming that 200,000 gallons are generated as runoff with every storm, then roughly

Figure 26. eleven 2-acre wetlands would be required, taking up a total of 22 acres. Almost a quarter of the
Minneapolis downtown would have to be devoted to wetlands. In contrast, if the objective was to treat NO for
x
Land Use
(overleaf right). a 100 acre park, then only about three 3-acre wetlands would be required, taking up a total of 9

acres.
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NOx Wetland Sizes by Land Use

Commercial

Residential

Open Space

Industry

Mixed Commercial

Highway
400 feet

Minneapolis Land Uses

10 miles

Commercial
Mixed Commercial
Residential
Open Space
Industry
Highway

This exercise is not intended to emphasize the absolute values of the wetland sizes and
watersheds generated. Rather, it is intended to show that wetland sizes will vary significantly across
land uses, and that the watershed areas will vary as well (all else equal). In reality, engineers chose
different target concentrations and flow rates that are more suited to each case. However, the
purpose here is to explain that pollutant concentrations across land uses are not trivial, and lead
to very different wetland sizes that may be unfeasible in the land uses they correspond to. As a
result, small wetlands in highly urbanized areas will not achieve any significant pollutant reduction,
nor will they be able to treat large enough volumes of water to improve the health of local water
bodies.
Moreover, if this exercise was undertaken for another pollutant, for example, phosphorus,
another set of required wetland sizes would be generated. Some pollutants, such as total suspended
solids, need less wetland area to obtain very high reductions, while other pollutants, especially
nutrients, need large amounts of wetland. As a result, wetlands should be designed with a particular
pollutant in mind, and for a particular inlet concentration that corresponds to the land use the
wetland will be located in.

4.4 Pollution Reduction Guidelines
Some water bodies in the United States are subject to Total Maximum Daily Load requirements
(TMDL), a Clean Water Act regulation that places limits on the amount of a certain pollutant that
can be discharged into that water bodies. TMDL regulations have prompted constructed wetlands
projects, for example, in the case of the Irvine Ranch Water District in California to be discussed
shortly. At Irvine Ranch, a system of constructed wetlands was developed in order to meet TMDL
requirements for Newport Bay.
Some water bodies may not yet be subject to TMDL requirements. In those cases, wetlands
can be sized to reduce pollution until the pollutant concentration matches background levels (in
the case of nutrients and sediments), or wetlands can be sized to aim for at least average wetland
performance, based on empirical data gathered from many existing constructed wetlands. Average
wetland performance for specific pollutants can be found in the main handbook for constructed
wetlands, Treatment Wetlands by Robert Kadlec and Scott Wallace.

78

Strategies for Systemic Urban Constructed Wetlands

References
1 Scholz, Wetland Systems Storm Water Management Control, 20.
2 Mitsch and Gosselink, Wetlands, 2007.
3 Kadlec, “The Limits of Phosphorus Removal in Wetlands,” 165–175.
4 International Association on Water Quality and IWA Specialist Group on Use of Macrophytes
in Water Pollution Control, Constructed Wetlands for Pollution Control.
5 Vymazal, Constructed Wetlands for Wastewater Treatment in Europe.
6 Lightbody and Massachusetts Institute of Technology. Dept. of Civil and Environmental
Engineering, “The Physical Role of Transverse Deep Zones in Improving Constructed Treatment
Wetland Performance.”
7 Whittle and Philcoc, Constructed Wetlands for Water Quality Control for the Lower Murray
Reclaimed Swamps, 63.
8 Kadlec, “The Inadequacy of First-order Treatment Wetland Models.”
9 Kadlec and Wallace, Treatment Wetlands, 649–650.
10 Kadlec and Wallace, Treatment Wetlands, 21–22.
11 Center for Watershed Protection, New York State Stormwater Management Design Manual.
12 Kadlec and Wallace, Treatment Wetlands, 649.
13 Kumar and Zhao, “A Review on Numerous Modeling Approaches for Effective, Economical
and Ecological Treatment Wetlands,” 405.
14 Rousseau, Vanrolleghem, and De Pauw, “Model-based Design of Horizontal Subsurface
Flow Constructed Treatment Wetlands.”
15 Kadlec and Wallace, Treatment Wetlands.
16 Ibid. See source for C* and k values for other pollutants.
17 Hyche, Pitt, and Maestre, “Expansion of the National Stormwater Quality Database.”

4| The Engineering of Constructed Wetlands

79

Figure 27. Wetlands
in the IRWD’s Natural
Treatment System
Plan.
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5

Case Study: Irvine Ranch Water District
The constructed wetlands of Irvine Ranch Water District (IRWD) in Orange Country,

California, are unique in that they are one of the few (if only) decentralized stormwater constructed
wetland system in the country. In fact, it is expected to be the largest wetland system to treat urban
runoff in the nation.1 Whereas most constructed wetlands are site-focused projects, the IRWD
created a plan to build constructed wetlands throughout the entire watershed. The Irvine Ranch
Water District is within the San Diego Creek Watershed (118 square miles), which drains into
Newport Bay. About 330,000 people live in this watershed.2 The area receives about 13 inches of
rain annually, 90% of which falls between November and April. The Clean Water Act has enforced
Total Maximum Daily Load requirements for Newport Bay for a number of pollutants. In order to
meet these requirements and improve the health of San Diego Creek, the IRWD has established
in 2005 a Natural Treatment System (NTS) Plan in cooperation with Orange County, the Irvine
Company (a major landowner), and the cities of Irvine, Lake Forest, Newport Beach, Orange, Santa
Ana and Tustin. The NTS Plan is modeled on a future scenario where the watershed will be fully
urbanized. While only 13 wetland sites have been built so far, the NTS is a network of 31 planned
constructed wetlands dispersed throughout the watershed designed to treat dry weather low flows
of urban runoff (see Figure 27). In this part of California, the conversion of agriculture to urbanization
results in about the same base flows, as most of the base flow is made up of irrigation return flows.
These base flows are higher than in non-agricultural, undeveloped scenarios because irrigation
is so much higher than natural rainfall. The average base flow for the dry season in San Diego
Creek is 16 cubic feet per second.3
Other alternatives were considered, including on-site controls for new development and
complete or partial diversion of low flows and some wet season flows to the sanitary sewer system.
Because the watershed continues to urbanize, solely implementing on-site controls for new
development would not be sufficient to meet the necessary TMDL requirements nor address the
water pollution for existing urbanized areas. Diversion to the sanitary sewer proved unfeasible, as
the IRWD has high total dissolved solid standards for water recycling, plus the cost of storing and
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treating water, and the need to keep some flow in streams to maintain riparian habitat. Finally,
constructed wetlands were chosen as the optimal solution given their cost-effectiveness, ability
to treat existing and future flows from dispersed sources, and creation wildlife habitat.
Confidence in constructed wetlands was well-established by the success of IRWD’s first
constructed wetland within the 320 acre San Joaquin Marsh. In 1997, five cells covering 45 acres
of open water and 11 acres of marsh were constructed to treat water diverted from the San Diego
Creek. Water is detained for approximately two weeks before it is returned to the creek, removing
200lbs of nitrate daily in the process. Overall, the marsh removes 75,000 pounds of nitrogen
annually (or 70% of the nitrogen in the water), 50,000 tons of sediment, and 10,000 pounds of
phosphorus.4 Besides its treatment performance, it also functions as habitat for 120 plants and
280 bird species, including 70 species that nest there. In fact, it is a stop for birds that migrate
along the Pacific Flyway. The marsh is also open to the public and offers 12 miles of trails.5
Demonstrating the effectiveness of constructed wetlands in this area, this wetland provided a
model for the NTS wetlands. Performance data from this wetland was used to model the larger
NTS Plan, and inspired confidence in the effectiveness of the NTS Plan, which includes this wetland
in the 31 sites.
The NTS has two categories of wetlands, regional and local. Regional wetlands treat
stormwater from the watershed, while local wetlands treat stormwater from private developments.
Local wetlands are financed entirely by developers. Three types of constructed wetlands are used
(see Figure 28). Off-line wetlands are those build adjacent to existing streams (see Figure 29) .
In-line wetlands are constructed within existing stream channels (see Figure 30). Lastly, the third
type of wetland is one built within existing or planned flood control retarding basins (see Figure
31). There is also one sub-surface horizontal flow wetland for selenium treatment that is part of
the system, as this watershed has naturally high levels of selenium. Aside from this exception, the
remaining three types of wetlands are surface wetlands. They have marsh areas that are up to 2
feet deep with emergent aquatic vegetation. The vegetation chosen for the wetland aims to improve
wetland habitats. The wetlands also have deep zones between 4-6 feet deep that regulate flow,
trap sediments, and help eliminate pathogens. The wetlands typically detain water for 10-14 days
during the dry season.
The NTS Plan is estimated to remove 227,500 pounds of nitrogen annually, meeting TMDL
requirements in both dry and wet seasons. Phosphorus would be reduced by 11%, meeting TMDL
requirements for all but the wettest years. Fecal coliform loads would be reduced by 20%, meeting
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Figure 28. Wetland
types according to the
IRWD NTS
Masterplan.
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Figure 29. Type I,
offline wetland, at El
Modena Park, IRWD.

Figure 30. Type II,
inline wetland, at
Woodbridge, IRWD

Figure 31. Type III,
wetland in flood
retarding basin, at
Trabuco Basin, IRWD.
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TMDL requirements in the dry season but not in the wet season, as coliform loads are too high.
Copper and lead loads would be reduced by 9% and zinc by 13%, meeting TMDL requirements
on average.
The entire NTS Plan comprising of 31 wetland sites is estimated to cost $41 million in
capital costs and incur $2-3 million in operation and maintenance costs, although these costs will
be incurred incrementally through phased construction.6 In comparison, a water treatment plant
was estimated to cost $60 million in capital costs and $5 million in operation and maintenance
costs.7 Land costs aside, a traditional plant would cost four to five times more for the same amount
of total nitrogen removal in low flow.8 Excluding land costs, the first 13 wetlands are estimated to
cost a total of $12.2 million (land costs are estimated to be between $50,000 and $1.5 million per
acre depending on location) in capital costs and $1.1 million to operate. However, this figure does
not include wetlands built by developers to service private developments. Construction costs are
to be covered through developer-donated facilities (55%), state and federal grants (35%), and
bonds (10%). Operational costs would be covered in their entirety by user fees charged by the
IRWD.9 As a result, user fees are to increase gradually over the coming years.
From a design and planning perspective, the main limitation of this the NTS Plan is that
these constructed wetlands are not open to the public (in fact, they are fenced in). Thus, they add
no recreational value. Their aesthetic value is also arguable (see Figure 29, Figure 30, and Figure
31), which limits the real estate value that could be leveraged by the wetlands (more on real estate
values in section 8.3). Additionally, it is not clear if wetland site locations were chosen with larger
ecological goals in mind, such as creating habitat and wildlife corridors by connecting existing
natural areas.
Nonetheless, the NTS Plan shows how constructed wetlands can achieve significant pollution
reduction goals as a system, and be more cost-effective than conventional infrastructure.
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Thresholds in Minneapolis
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Non-Supporting
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Given what research has shown about the thresholds of impervious cover and wetland sizes,
constructed wetlands are recommended for sensitive and impacted watersheds, which are under
25% impervious cover (see Figure 32). These watersheds correspond to low-density suburban

Figure 32. Thresholds
for impervious cover areas, primarily composed of residential neighborhoods. As suburbanization, driven by housing,
in watersheds
is the primary cause of wetland loss today, this thesis proposes to target suburban residential
mapped in
Minneapolis (left). neighborhoods for building constructed wetlands.

Planning and designing an effective system of constructed wetlands requires work at multiple
scales. At the regional scale, watersheds under 25% impervious cover must be identified. At the
neighborhood and site scale, the design of housing developments and housing plots can be
changed to limit the impact on the hydrologic network. The basis for these strategies is primarily
the article by Tom Schueler in “The Importance of Imperviousness” in which he defines the
thresholds for impervious cover, and the EPA publication, “Protecting Water Resources with
Higher-Density Development.”

6.1 Regional Scale
At the regional scale, the impervious surface thresholds provide a guideline for locating possible
constructed wetland projects. As introduced in chapter 3, sensitive watersheds are those with 0%
to 10% impervious cover (see Figure 33). These watersheds mainly comprise of rural development,
characterized by dispersed pockets of very low-density development and agriculture. For sensitive
watersheds with 0% to 10% impervious cover, the main focus should be on stream and wetland
preservation projects that maintain biodiversity, channel stabilization, sediment control, and water
temperatures. These wetland preservation projects should employ the widest buffer zones possible.
Depending on their exact location within the sensitive watershed, constructed wetlands can be
Figure 33.
Representative area
from a sensitive
watershed in
Minneapolis (overleaf
left).

used to treat either agricultural runoff or runoff from low-density residential developments. However,
constructed wetlands can also be used as an upstream flooding control to protect the downstream,
more highly urbanized areas. Because these watersheds still maintain much of their original
watershed function, planners should create impervious cover limits at the watershed and site scales
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Sensitive Watersheds

Impacted Watersheds

Non-Supporting Watersheds

in order to limit future impacts. Because impervious cover limits could restrict the amount of
development, planners can create policies that allow transference of developments out of sensitive
watersheds into more highly urbanized watersheds. In these areas, it is necessary to preserve
large, continuous areas of open space wherever possible.
Impacted watersheds are those with impervious cover between 10% and 25%, which has
Figure 34.
Representative area
from an impacted
watershed in
Minneapolis (previous
spread right).

degraded existing streams and wetlands (see Figure 34). These watersheds are characterized by
widespread suburban development, including single-family residential neighborhoods and associated
development, which exists on the fringes of cities. However, some critical aspects of stream and
wetland quality can still be maintained. The focus should be on protecting these specific qualities.
In impacted watersheds, constructed wetlands will be crucial to the protection of the existing,
degraded hydrologic network. Constructed wetlands can help reduce erosion and pollutant loads
to streams, and can also help in the allocation of water throughout the system. Because impacted
watersheds are already widely development, planners should implement impervious cover limits
on the site scale in order to decrease any additional impacts on the hydrologic network.
Planners should acknowledge that they cannot stop growth from occurring in their region.
Rather, they should adopt strategies that direct how and where growth occurs, rather than imposing
limits in one place only to have growth happen elsewhere, where it may cause more damage to
the hydrologic network. This implies a focus on limiting impervious cover, rather than limiting
density. For development in both sensitive and impacted watersheds, planners should concentrate
growth in clusters, and away from sensitive ecological areas. Clustering would help decrease the
amount of roads necessary to service development. As roads are a major generator of impervious
cover, planners can target the transportation network as another way to limit impervious cover in
watersheds. Therefore, planning at the metropolitan level should focus on limiting the amount of
roadways and minimizing the number of road crossings over wetlands and streams. In fact, roads
should be distanced from sensitive ecological areas wherever possible. Planners can use stormwater
charges or impact fees, already used by other cities, to fund watershed-planning and constructed

Figure 35.
Representative area
from a nonsupporting watershed
in Minneapolis,
showing a surface
stream that later is
taken underground
(left).

wetland projects.
Finally, non-supporting watersheds are those with impervious cover greater than 25%
(see Figure 35). These watersheds can be roughly characterized by any urban development with
greater density or impervious cover than housing on quarter-acre lots, including inner-city
neighborhoods, industrial areas, downtown commercial areas, etc. Because streams in these
watersheds have been degraded beyond the threshold where most of their ecosystem functions
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can be recovered, strategies in these watersheds should focus on removing pollution and limiting
the volume of stormwater generation. As these watersheds are already fully developed, limiting
impervious cover and implementing stormwater management strategies are strategies that happen
retrospectively and mainly on the site-scale. For these reasons, constructed wetlands would not
be effective in these areas. Not only would it be difficult and expensive to acquire all the land
necessary for an effective wetland, that wetland would not be able to deliver other networked
benefits because the existing hydrologic network in non-supporting watersheds is already degraded.
Instead, stormwater management strategies should focus on the site-scale and include swales,
rain gardens, and filter strips, which are mainly intended to retain or slow the flow of stormwater.
Streams must rely on greenways as the only possible buffer zone. Development rights from sensitive
watersheds can be transferred to non-supporting watersheds.

6.2 Neighborhood Scale
Since sensitive and impacted watersheds are those with the most potential for constructed wetlands,
there are further strategies that planners and designers can use at smaller scales. The role of
designers becomes even more important at the neighborhood, and especially the site scale.
Given the need to decrease impervious cover, at the watershed scale, planners should
be working to cluster development in order to reduce that length of roads necessary to service
development. At the neighborhood scale, planners can reduce road widths. For example, reducing
road widths from the typical suburban width of 32 feet to 20 feet results in 37.5% reduction of
impervious surface, or 63,000 square feet per linear mile. Designers can examine the clustering
of individual developments to minimize the length of roads and lot sizes. Designers should maintain
the natural contours and vegetation neighborhood as much as possible in order to retain as much
of the natural hydrologic function of the site. Constructed wetlands should become a primary
feature of housing developments. In this way, homes can leverage a wetland view to increase their
property values (see Chapter 8, “Value”). Constructed wetlands should also be designed to
accommodate recreational trails, connecting to other nearby trails and parks wherever possible.
It should also be noted the relationship between density and imperviousness is not
straightforward, making it difficult to judge the imperviousness of an area based on density alone
for several reasons. First, although suburban areas may have low levels of imperviousness, the
pervious area in suburban areas often behaves as impervious because of soil compaction from
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heavy machinery and the filling of depressions during the construction phase of the housing.1 This
compaction can persist for years and even increase with mowing and dense root networks. These
factors can cause lawns to produce more runoff than an undisturbed natural area of equal size.
Because of these issues, fewer houses on larger lots will not replace the watershed services in
the area before development.2 In a new suburban development, it is best to minimize lot sizes and
leave as much natural area undisturbed as possible.
Second, varying designs of housing developments will produce different levels of
imperviousness. The layout of a development can have more roads compared to another area of
the same density, creating more impervious surface. The design of housing (one-story versus
two-story) may also add to imperviousness. Parts of the remaining housing lots can be changed
into impervious area too. Lawns can be partially paved to create decks or additional parking. Other
structures, such as tool sheds or garages, can create more impervious area. Designers have an
opportunity to create housing developments that minimize imperviousness by minimizing road
area, clustering houses, eliminating long driveways, and minimizing the house footprint. Planners
can also create policies that limit imperviousness by regulating building footprints, roadway areas,
and the building of ancillary structures. These policies could either be part of zoning requirements,
or could be indirectly encouraged by policies such as stormwater fees. Some cities charge
stormwater fees based on the amount of impervious cover of a lot, encouraging landowners to
keep as much pervious area as possible. Decreasing impervious cover can be economically
beneficial. In the Delaware Estuary Program, it was estimated that over 25 years, less impervious
surface would result in savings of $28.8 million in local road costs, $9.1 million in annual water
treatment costs, $8.3 million in annual sewer treatment costs, 8.4% reduction in overall housing
costs, and 6.9% of local public-sector service costs.3
Third, where the boundary is drawn for calculating impervious area can also change the
resulting number. Because of the outstretching of distances created by suburban development,
suburban areas create impervious surfaces off-site as well. On a per house basis or per acre basis,
more roads and parking lots are required for suburban areas than for denser developments. Even
more importantly, suburban areas also spur the creation of big box stores and shopping malls to
service suburban residents. This type of development can be almost 100% impervious. Planning
on the watershed scale eliminates the boundary problem. Although the influences of urbanization
may stretch across watersheds, the watershed boundary at least outlines the area that impacts
one particular stream, river, or wetland system.
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These reasons should dispel the notion that low-density development is necessarily more
beneficial for watershed protection than higher density development. Limiting density in a growing
metropolitan area will produce low density on a given site, but it will not change the fact that the
metropolitan area is growing. As a result, imposing density limits will likely drive growth elsewhere
in the region, which may negatively impact water quality. Planners should be directing growth in
high density clusters where the impact on the watershed will be minimized, and allowing lowerdensity development to happen in intelligent ways in more sensitive areas. However, the creation
of new clusters entails a tradeoff. One stream or wetland’s quality may have to be sacrificed for
the sake of another’s.4 These decisions should be made by planners and ecologists together.

6.3 Site scale
At the site scale, designers should limit the lot size of houses. Although suburban house lots are
mainly open and unpaved, the lots are nonetheless disturbed areas with less infiltration capacity
than undisturbed natural areas. The footprints of houses should also be limited to reduce the
amount of impervious cover, for example, a two-story instead of single-story floor plan. For the
same reason, the setback for homes should be limited in order to reduce the length of driveways.
Site-scale stormwater management practices, such as swales and detention ponds can be used.
Similarly, roofs can be disconnected from the stormwater system by the use of rain barrels. During
the construction process, erosion should be kept in check in order to minimize the degradation of
the hydrologic network (as described in Chapter 3).
The strategy for constructed wetlands presented here is one in which wetlands are primarily
used in the suburban fringes of cities, not the city cores. Nonetheless, this is a strategy that yields
just as much benefits to the city core as it does to the suburban fringes where these wetlands
would be located. These benefits arise from the wetlands as a system.
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Systemic Wetlands for Minneapolis

14 miles

7

Systemic Wetlands

Systemic wetlands entail building constructed wetlands so that they reap their maximum
potential benefit. This is only possible when constructed wetlands are connected to the existing
hydrologic network, becoming part of a larger system instead of an isolated project or small sitescale intervention (see Figure 36). In this way, constructed wetlands also have the potential of
forming closed loops of material, air, water, and species flows in the environment.
Unfortunately, most stormwater wetlands are designed as isolated, site-scale projects, and
give little consideration to the larger hydrologic network.1 The larger hydrologic network in urban
areas often has lost its original hierarchy of wetlands, streams, and rivers, and the flow convergence
created by this hierarchy.2 This hierarchy serves to maximize the mitigation of flood pluses and
reduction of sediments and nutrients.3 Systemic constructed wetlands can reintroduce hierarchy
into the hydrologic network, and bolster many of its existing, degraded functions.
In this thesis, the target of constructed wetlands has been defined as suburban residential
neighborhoods in watersheds under 25% impervious cover. Thus, a system of wetlands would
include nodes and corridors in a hierarchy. The nodes would a series of wetlands for residential
neighborhoods across the watershed. These wetlands would be connected the existing hydrologic
network of streams, which effectively act as corridors. Because watersheds with less than 25%
impervious cover typically occur high upstream, nodal neighborhood wetlands would be the base
point for a new hierarchy. The streams that the wetlands are connected to would feed into larger
rivers in the region. Thus, a hierarchy of wetland-stream-river could be established. Additionally,
a hierarchy within wetlands could also be established, depending on the water treatment or flood
attenuation goals desired.
There has been little research into the ecological potential of systemic wetlands, whether they
are natural or constructed.4 There are correspondingly few studies examining the potential of
systemic wetlands for urban stormwater management.5 The majority of research examines individual
wetlands, providing methods for assessing their function and condition. There are few methods
6
Figure 36. Systemic for assessing wetland systems. Without such methods, it is difficult to understand the ecosystem
wetlands in impacted functions, interactions and effects of wetlands on the hydrologic network, although such effects
watersheds in
Minneapolis (left). do exist.7 Moreover, if wetlands are to become a sustainable part of the urban landscape, it is
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critical that a networked view of them is obtainable.8 The resiliency of a wetland system is enhanced
in a networked approach, as isolated wetlands are more vulnerable to the effects of urbanization.9
Because a wetland system is spread across a large area, there is more likely to be heterogeneity
of conditions throughout that area. This heterogeneity in conditions makes the wetland system
more resilient to disturbances such as climate change.10 As an example, in cases of drought, a
regional wetland system is better able to move water from areas with excess water to areas
experiencing drought.11
The few studies that exist on the topic are very telling, and reinforce many of the ideas in this
thesis. One study constructed a theoretical model for hierarchical, systemic wetlands for an urban
watershed in Florida, using 17 watersheds in Dade county. The study used regression models and
local and national pollution data to model wetland sizes. The goals for the wetlands were pollution
reduction matching the level of background concentration for nutrients and sediments in Biscayne
Bay, and 72-hour water detention time. Although the study noted a lack of guidelines for developing
urban stormwater wetlands, the researchers developed a framework for a system of wetlands that
mirrored the natural system of wetlands in Florida. On the neighborhood scale (less than 100 ha),
small, neighborhood wetlands were sized primarily to reduce phosphorus. As discussed earlier,
phosphorus is a major pollutant in residential areas. To achieve the goal, the size of the neighborhood
wetland varied from 2.3% to 10.8% of the watershed in the 17 studied watersheds. Although, most
of the watersheds (65%) only needed less than 5% of the watershed for the wetland. The variation
in size depends on the phosphorus load. At the sub-basin scale (100-1,000 ha), larger sub-basin
wetlands were designed primarily for sediment control. This requirement produced wetland sizes
ranging from 0.2% to 4.5% of the watershed. Phosphorus removal at this stage in the wetland
hierarchy always produced wetland sizes of less than 3% of the watershed. Finally, for the entire
basin or watershed (above 1,000 ha), there would be one large basin wetland intended to moderate
large storms, holding the mean discharge of rainfall for 72 hours. These wetlands sizes were found
to range from 0.1% to 2.5% of the watershed. In this case, the importance of the basin wetland
relates to the health of Biscayne Bay. It is thought that the intense, periodic freshwater flows caused
by stormwater to Biscayne Bay decrease the productivity of the estuary. Therefore, a basin wetland
would moderate freshwater flows into the bay, and help keep productivity stable.
Also, this study found that the watersheds needing the largest wetland areas are those that
are the most urbanized. A hierarchical wetland system such as this would require about 25% of
the watershed to be wetland area, for watersheds that are more than 60% urbanized. For watersheds
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10% to 60% urbanized, the total wetland area needed would be able 10%. And for the least urbanized
watersheds (under 10%), the total wetland area would be less than 5%. In this study, the percentage
of urbanization is simply the percentage of all urban areas within a watershed, including residential,
commercial, industrial, etc. This figure is a simplification and does not take into account
imperviousness, as watersheds with the same percentage of urbanized area could actually produce
different amounts of runoff depending on the amount of impervious area. Nonetheless, it is likely
to be a safe assumption that more urbanized means more impervious surface. Then, it is clear
from the results of this study that achieving significant pollution reduction and flood attenuation
becomes more difficult in more highly urbanized areas, as the land required for wetland area
becomes too great. This is similar to the conclusion reached at the end of section 4.3, “Modelling
Wetlands”, where it was noted that land uses with more impervious cover would need larger
wetlands. It is a difficult to imagine any highly urbanized watershed with high land prices devoting
a quarter of its area to wetlands. In contrast, it is possible to imagine suburban areas devoting 10%
or less of the watershed to wetlands, for example. Moreover, researchers conclude that such a
wetland system could yield “cumulative or synergistic effects” from the three levels of wetlands
working together, which would likely decrease the total wetland area required.12
In landscape ecology, the theory of landscape hierarchies claims that landscape features
higher in the hierarchy (for example, upstream wetlands) will “constrain and mediate the dynamics
of lower hierarchical levels.”13 Another study finds that the functions of pollution removal and flood
attenuation are scale and hierarchy dependent. Larger wetlands are better able to retain flood
pluses than small wetlands. Medium-sized wetlands are better able to retain sediment than small
wetlands. When compared to a baseline scenario of no wetlands, this networked wetland system
is able to hold more water, decreasing outflows by 31%. At the same time, the system reduces
sediments and phosphorus by 36% and 27% respectively.14
These early studies reinforce the theory that systemic wetlands have the potential to multiply
the functions of the existing hydrologic network and offer additional benefits. The following sections
outline some potential benefits of systemic wetlands, beyond water treatment.

7| Systemic Wetlands

99

7.1 Water Flows
The primary benefit of constructed wetlands within an existing hydrologic network is mitigating
the damaging effects of stormwater on the existing system. Their largest benefit is the water
cleansing function they provide, while also adding flows to typically water-starved systems. A
study of wetland systems in the UK finds that upstream wetlands do perform a nutrient retention
function that benefits downstream systems.15 If built systemically, they could also mitigate flooding
on a larger scale by acting as an upstream flood control. Moreover, a network of wetlands can also
act to moderate and stabilize water flows in the hydrologic network, especially during periods of
drought. This function would be especially important for urban areas that depend on surface water,
or for agriculture that depends on surface water for irrigation.16
Water in constructed wetlands also presents an opportunity for reuse, and can be a benefit to
the health of the hydrologic network. Water can be taken from a wetland if the volume in the wetland
passes a certain critical point, which should be identified given the ecological and functional
requirements of the site. Taking water from a wetland can decrease the amount of flooding the
wetland experiences, which would also serve to decrease the water level fluctuations the wetland
experiences. Less water level fluctuations promote greater productivity in the wetland. Taking water
can also increase the amount of marsh area of a wetland, and decrease the amount of deep zones.
Both of these effects would serve to improve water treatment and biodiversity. A study simulating
water harvesting from a stormwater wetland in Australia shows not only potable water savings for
households, but also an improvement in the ecological quality of the wetland for the reasons
described above.17

7.2 Habitat
Due to urbanization, existing urban riparian habitat patches are typically small and highly fragmented.
As a result, the key to ensuring high-quality habitat and biodiversity does not exist on the site-scale.
Rather, the potential for biodiversity exists on the regional scale, with connected corridors and
patches of habitat that allow the dispersal and repopulation of species.18 In landscape network
theory, species move through wetland systems by foraging, rest, and shelter.19 Constructed wetlands
could be strategically used to enlarge and reconnect existing patches. They can also act as buffers
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to existing streams, shielding them from the noise, light, pollution, and other effects of development.
Moreover, constructed wetlands could function as connectors between already-established
conservation areas and landscapes currently urbanizing.20 The result would be not only that
biodiversity is maintained, but also that species composition across wetlands is maintained, as
isolated wetlands tend to display variation in species composition.21

7.3 Sediments
As wetlands treat stormwater pollution, regular maintenance will be required in order to keep the
treatment performance high. One of the most important maintenance tasks is clearing the forebay
of sediments, approximately every 2-5 years, depending on sediment levels. These sediments
could be valuable soil, but they are also laden with excessive phosphorus and heavy metals that
are bound to sediment particles. Typically, sediments removed from wetlands are disposed of in
landfills.
Since soil is rapidly becoming a scarce resource, a soil conservation strategy could entail
disposing of toxic sediments in designated phytoremediation sites outside the city, where they
may be remediated over a long period of time. It should be noted that phytoremediation does not
destroy pollutants; it moves pollutants from the soil into plants (particularly in the case of heavy
metals). Therefore, the plants that uptake these pollutants still have to be disposed of in a landfill
eventually. However, the sediments could be reused in wetland creation and restoration projects
in the future. Such a strategy would form a closed system of sediments going back and forth
between land and constructed wetlands.

7.4 Recreation & Commerce
Besides treating water, constructed wetlands have the capacity to accommodate a wide range of
human uses:
•

Nature study: wildlife observation, plant identification

•

Arts: wildlife photography, landscape art

•

Sports: hiking, jogging, mountain biking

•

Educational: school groups, wetland research

•

Commercial: hunting, fishing
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Regional Open Space & Trail Network

14 miles
Existing Regional Trail
Proposed Regional Trail

The extent of possible human uses in constructed wetlands is exemplified by the Arcata Marsh
and Wildlife Sanctuary in California, which is a public park that treats municipal wastewater. Arcata
receives 100,000 visitors annually. Visitors to the park engage in 27,000-64,000 human use-days
per year (HUD/y) for picnicking and relaxing, 10,000 HUD/y for bird watching, 360-900 HUD/y
for photography and art, 18,000 HUD/y for hiking and jogging. Fishing at Arcata is seasonal and
limited, but other constructed wetlands are open for commercial hunting and fishing. The constructed
wetland at Iron Bridge, Florida is closed to the public from September through March and open to
former land owners for waterfowl hunting and fishing. Other constructed wetlands, such as the
Show Low, Arizona wetland, are open to hunters under state wildlife management.22
In many cities, there are already existing regional recreational trails which traverse the landscape
and are connected to parks (see Figure 37). A system of constructed wetlands, already connect

Figure 37. Systemic
wetlands connected to to the hydrologic network, is likely to easily connect to this existing regional network of trails and
existing regional trail greenways. In this way, suburban constructed wetlands can be linked to inner-city greenways,
and open space
network (left). providing urban to rural connectivity.

7.5 Challenges to Planning
Although a system of constructed wetlands for stormwater in urban areas is clearly beneficial,
local governments are likely to face numerous obstacles in pursuing wetland projects. This section
briefly discusses three major challenges to wetland planning, namely the difficulties of planning
at the watershed scale, dealing with long time frames, and socio-political obstacles.
Watershed Planning
In order to exploit all the potential benefits of stormwater constructed wetlands, they must be
planned at the watershed scale. This can present difficulties with current administrative boundaries,
which often have nothing to do with watershed boundaries. Furthermore, the general lack of regional
planning the United States means most places do not have a regional authority that would be
well-placed to implement watershed-wide planning. As a result, cooperation will be required across
administrative boundaries, perhaps also with state and federal cooperation. Hopefully, cities will
recognize that projects on the regional scale stand to be more effective than projects that only
operate on the site-scale, and that the benefits will be larger and felt throughout.

7| Systemic Wetlands

103

Long-Term Planning
Another challenge sure to face urban areas building constructed wetlands is the issue of time.
Wetlands are not only inherently dynamic and therefore variable in their performance; they may
also take years before they are fully functional. Plant and animal communities can take time to
become established, and the performance of the wetland may not be at its highest until then.
Seasons will also introduce some natural variability in the wetland, as they affect vegetation growth
and water flows. Attempts to accelerate or sidestep ecological succession, as well as overmanagement of a wetland, will likely fail.23
These reasons suggest that long-term planning is required to ensure the functionality of
wetland systems. Not only do wetlands need long-term maintenance, they also need a long-term
plan that forecasts the effects of future increased levels of urbanization in the watershed. The Back
Bay Fens, by landscape architect Frederick Law Olmsted, offers an example of a constructed
wetland later compromised by the urbanization around it. Today, the Fens no longer performs its
original function of moderating and cleaning water flows to the Charles River. In order to keep a
constructed wetland for stormwater treatment functional, the implications of increased development
around the wetland should be considered.
Socio-Political
Constructed wetland projects near communities can sometimes face opposition from residents
who are concerned that wetlands will breed mosquitos. Although research has shown that welldesigned wetlands do not have this problem, the public is likely to need extra reassurance. Education
of the public is also likely to be necessary, in order to communicate the importance and functioning
of the wetland, and the benefits it will provide to their environment. At the same time, the public
tends to be most interested in the direct benefits they will receive from the wetland, especially
recreational space. In order for urban projects to gain approval, they will most likely have to have
strong recreational components that the public can be sold on.
These challenges are major but not insurmountable. The Irvine Ranch Water District, for
example, offers a case where these challenges were overcome. Understanding the cost-effectiveness
and value of constructed wetlands, and communicating this information to stakeholders, can help
in overcoming these challenges.
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Figure 38. Earthwork
for a constructed
wastewater wetland in
Vancouver, Canada.

Figure 39. Liner
application for a
constructed
wastewater wetland in
Vancouver, Canada.

Figure 40. Planting a
constructed
wastewater wetland in
Vancouver, Canada.
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8

The Cost & Value of Constructed Wetlands
Constructed wetlands have lower life-cycle costs than conventional water treatment

facilities. Although capital costs may be similar, operating costs for constructed wetlands are much
lower because are mainly passive systems. In contrast, conventional water treatment facilities rely
on mechanical devices that are always more energy intensive and more expensive to operate.1
Essentially, the tradeoff between wetlands and conventional infrastructure is one between land
and energy.2 Given rising energy costs, it is likely that more constructed wetlands will be built in
the future, especially since there is no shortage of land in the United States.

8.1 Capital Costs
The main capital costs of a wetland are
•

Land

•

Site investigation & wetland design

•

Earthwork (see Figure 38)

•

Liners (see Figure 39)

•

Media

•

Plants & Planting (see Figure 40)

•

Water control structures and piping

•

Site work

•

Site facilities

Capital costs are place-specific, as material and labor costs vary across the country. In
urban areas, the main cost of a wetland will likely be land costs required for the site. Land prices
vary enormously. For some existing constructed wetlands in the US, land prices have varied from
about $1,210 per acre in rural areas to more than $40,470 per acre in urbanizing agricultural areas.3
A study of constructed wetland costs in North Carolina concluded that land prices vary from $0
for wetlands constructed in existing community green space, $50,590 per acre for vacant land
that could be developed as residential, and $222,580 per acre for land that could be developed
as commercial.4
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Earthwork is another significant cost of wetland construction, which is related to the design
of the wetland. The cost of earthwork includes the cost per volumetric unit of earth to be moved
(related to equipment, labor, and material costs) and the cost to grade the site. Grading the site
depends on site terrain; usually flat terrains will be less expensive to build on. The design of the
wetland is important because it will determine the amount of earth that needs to be moved within
the site and any extra earth that needs to be hauled off-site. Wetland design should maximize
cut-and-fill operations wherever possible.
To give a picture of the cost of a typical wetland, the following are estimated costs for a
hypothetical 1 ha (2.5 acre) wetland with a hydraulic loading rate of 3 cm/d in a rural area:
Table 7. Estimated Capital Costs for a Hypothetical 1ha (2.5 acre) Wetland5
Metric Units

Imperial Units

Total Cost

Component

Units

Quantity

Unit Cost

Units

Quantity

Unit Cost

$

Land

ha

1

10,000

acres

2.5

4,000

10,000

Site evaluation

1

2,000

2,000

2,000

1

8,000

lump
sum
acres

1

Clear and grub

lump
sum
ha

2.5

3,200

8,000

Earthwork

m3

10,000

7

ft3

353,147

0.20

70,000

Liner

m2

12,000

8

ft2

129,167

0.74

96,000

Planting Soil

m3

3,000

10

ft3

105,944

0.28

30,000

Planting

plant

20,000

3

plant

20,000

3

60,000

Structures

lump
sum
m

5

2,000

5

2,000

10,000

400

35

lump
sum
ft

1,312

10.67

14,000

lump
sum

20,000

20,000

lump
sum

20,000

20,000

20,000

Conveyance
Site work
Total Direct Cost

320,000

Engineering

15%

48,000

Construction
observation

5%

16,000

Start-up services

5%

16,000

Non-construction
costs

5%

16,000

Contingency

20%

64,000

Total Indirect Cost

160,000

Total Cost

480,000
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In this hypothetical example, 50% of the costs are incurred through earthwork and the liner.
But in an urban area, however, the land costs would likely become the highest single cost and a
large percentage of the total cost. A quick way to estimate the cost of a stormwater constructed
wetland is using the equation C=6,910WS0.484, where C is the construction costs in 2006 US
dollars, and WS is the watershed area in ha (for watersheds under 100ha).6 This equation was
developed by the study in North Carolina.
Land costs aside, constructed wetlands have an economy of scale. Cost on a per unit basis
will likely decrease as the wetland is made larger. If a series of wetland projects were constructed
simultaneously, economies of scale could also be achieved across the system. The act of building
one wetland could bring down the cost of future wetlands. If a local government decides to build
constructed wetlands, the act of design and construction of a project would establish links between
engineers, designers, contractors, and other businesses. By forging the path, local governments
could bring down the cost of future projects, whether public or private, by assembling the required
knowledge and establishing professional links. In this way, the building of a constructed wetland
system could actually become more feasible and inexpensive over time, as expertise is developed.

8.2 Operation & Maintenance
Constructed wetlands are 2-10 times less expensive to run than conventional infrastructure.7
Their operation and maintenance typically includes pumping energy, compliance monitoring, dike
maintenance, equipment replacement and repairs, and personnel. Occasionally, nuisance control
may be an added operation, if rodents, mosquitoes, or bottom-stirring fish are a problem. Moreover,
if wetland vegetation has difficulty becoming established, or invasive species have overrun the
wetland, costs for plant harvesting or replanting can amount over time. Overall, wetlands typically
have operating costs between $5,000 and $50,000 per year, with an average of $800 per acre.8
As in capital costs, it is likely that economies of scale can be achieved through a constructed
wetland system, as opposed to single wetlands.
Because of their lower life-cycle costs, many cities have found it more economical to build
constructed wetlands than conventional infrastructure. The city of New York spent $1.4 billion to
protect the Catskills watershed, which provides the city’s drinking water supply. The alternative
was spending $4-6 billion on filtration plants incurring $300,000 annual operating costs. Similarly,
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Portland, Oregon spends $920,000 annually to protect its watershed instead of spending $200
million on a treatment plant. The Irvine Ranch Water District, discussed earlier, calculated that its
constructed wetland system would cost $41 million in capital costs and $2-3 million in operating
costs at full build-out, over the course of several years. In comparison, the cost for a conventional
water treatment plant was estimated to be $60 million in capital costs and $5 million in operating
costs. These examples show how constructed wetlands can be more cost-effective than conventional
infrastructure.
Besides lower life-cycle costs, wetlands are a multi-purpose, as opposed to single-purpose,
infrastructure, offering a variety of benefits. These benefits constitute the value of a wetland that
is not factored into capital or operating costs.

8.3 Value
Although not all benefits of wetlands can be monetized, the economic value of some benefits can
be estimated. The cost to replace wetland services can be valued, for example, as the water
treatment plant required to treat pollutants to the same level as the wetland. Recreational and
aesthetic benefits of wetlands can be valued by hedonic pricing models, which estimate how much
people are willing to pay to visit a wetland park or have a wetland near their home. The cost of a
wetland’s flood protection can be valued as the cost of avoided damages, for example, in flood
insurance claims. A wetland’s biological productivity can be valued by the price of market goods
it can produce, for example, fish and fowl. Wetlands can provide either a discount or a premium
on adjacent land. In the case of housing, wetlands usually increase land values. Overall estimates
of wetland services have been estimated to be as high as $370,000 per acre in 1992 dollars.
However, the precise value of a wetland depends on its characteristics, such as the type, location,
and services it provides. Moreover, the economic method and assumptions used can also result
in different values for services.
Constructed wetlands can increase home real estate values. Research in 1995 of 20 case
studies by the EPA of stormwater ponds and constructed wetlands in developments found a premium
of 5- 30% on the price of homes, apartments, and offices with a view of the pond or wetland.9 The
average premium was 10%, which is lower than the premium expected for natural waterfront
locations. Nonetheless, this 10% premium reflects an added value of about $10,000 per single
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family home. In two cases that were tracked for another two decades, it was found that homes
maintained, if not increased, this premium. The study also found that even in soft or overbuilt real
estate markets, homes with a view of the pond or wetland sold more rapidly.
The study identifies the factors of ponds and wetlands that contribute to the price premium.
First, in order to have a substantial effect on price, a pond or a wetland must be several acres in
size. Secondly, the pond or wetland must be perceived to be safe. Steep slopes and deep water
are perceived to be a risk for young children. Fencing wetlands would reduce this risk, but will also
reduce the premium. Thirdly, inexpensive recreational and aesthetic amenities, such as trails,
gazebos, and water features add to the value of the pond or wetland. Fourth, a pond or wetland
must be well maintained. Finally, the location of the pond or wetland within a development is
important. Because stormwater ponds or wetlands are often constructed solely to meet regulatory
requirements, developers tend to relegate them to the back of developments where they effect
little change in values. For a pond or wetland to increase real estate values, it must be a central,
prominent feature of the development’s design.10
Fortunately, a constructed wetland that is well-designed for stormwater treatment will naturally
fulfill the characteristics that make a valuable amenity that boosts home prices. For a constructed
wetland to have high pollutant removal performance, it must typically be large in size, often several
acres and largely made up of shallow marsh areas where soil and vegetation can interact with
water. Deep zones are necessary, but they do not make up the majority of the surface area of a
wetland and can easily be distanced from public zones. In this way, fencing would not be necessary.
Recreational features, such as trails and boardwalks, are also easy to add to a wetland’s design.
The maintenance of a wetland may be a less straightforward issue. Constructed wetlands
function best when they mimic natural wetlands, especially in vegetation patterns. As discussed
in the first chapter, wetlands have been loathed for much of history, as public perception considered
them places of disease, nuisance, danger, if not ugliness. Even today, the public is more ready to
accept a wetland planted in a highly manicured style (which is likely to have lower performance),
than a naturally planted one (which is likely to have higher performance). The naturalized wetland
is often misinterpreted as “weedy”, and thought to be odorous and a breeding ground for mosquitoes
and insects. Yet public perception of wetlands does not reflect reality. Multiple studies have shown
that well-designed and properly maintained wetlands will not produce odors or mosquitoes.11 As
a result, wetland professionals have a need to reassure the public of a wetland’s functioning and
maintenance. Additionally, designers can give visual cues that indicate maintenance, while at the
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Figure 41. Stormwater
wetland in Carrier
Park, Asheville, North
Carolina.
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same time allowing the wetland to grow and function naturally. In “Messy Ecosystems, Orderly
Frames”, Joan Nassauer suggests landscaping strategies, such as mowing edges adjacent to
wetlands, that can persuade the public to accept a naturalized landscape.12
When life-cycle costs are considered along with the economic value of a wetland’s many
functions, it is clear that constructed wetlands can be a highly cost-effective solution.
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Conclusion
For much of history, wetlands have been an undervalued landscape that has been destroyed
on a vast scale. Since the 1980s, urbanization (especially suburbanization) is the primary cause
of wetland destruction. At the same time that urbanization destroys wetlands, it also implements
centralized water treatment plants, piped infrastructure, and lays down large amounts of impervious
surface that severely degrade the hydrologic network. The result is compromised hydrological
function and health, particularly related to stormwater, in American urban areas.
As constructed wetlands for stormwater have become a more accepted practice in the last 20
years, urban areas have the opportunity to employ this technology on a watershed scale and
connected to the existing hydrologic network of streams and rivers. Suburban areas with impervious
cover under 25% offer the most ecological potential and space to create a highly effective system
of wetlands for treating stormwater and restoring ecological health to the entire hydrologic network.
Specifically, residential neighborhoods in watersheds under 25% impervious cover should be the
primary target for a constructed wetland system. Suburban residential neighborhoods make up a
large portion of America’s urban areas and contribute high amounts of pollution to stormwater,
particularly sediments, phosphorus, and fecal coliform. Moreover, constructed wetlands can be
a useful amenity in residential neighborhoods, increasing real estate values and providing recreational
space. Systemic constructed wetlands in residential neighborhoods, connected to the existing
hydrologic network, could have numerous benefits beyond water treatment. Systemic wetlands
could improve the water flows throughout the hydrologic network, reinforce biodiversity and habitat,
create closed loops of material flows, and become part of a regional recreational network. By
focusing on suburban residential neighborhoods, which are effectively upstream, downstream
areas of the city would greatly benefit from higher water quality, flooding protection, and other
benefits.
Although the field of constructed wetlands for stormwater is relatively new, existing case
studies have proven that wetlands are more cost-effective when compared to conventional
infrastructure, and offer a variety of other benefits that may or may not be quantifiable. As climate
change, environmental health, and resource scarcity have become important drivers for planning
and design, constructed wetlands are multi-purpose landscape infrastructure that can help mitigate
the complex environmental challenges of today.
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Appendix: Stormwater Pollution Data
This data is an excerpt from the National Stormwater Quality Database, version 3:
Hyche, S. Hunter, R.E. Pitt, and A. Maestre. 2007. “Expansion of the National Stormwater Quality
Database.” Proceedings of the Water Environment Federation 2007 (13): 5644–5645. http://unix.
eng.ua.edu/~rpitt/Publications/11 _ Theses _ and _ Dissertations/Hyche%20Thesis.pdf.
Average concentrations were not available for every pollutant or for every Rain Zone, usually
because of insufficient data.
The following tables show mean and first flush concentrations for the following pollutants:
TSS: Total Suspended Solids (mg/L)
TDS: Total Dissolved Solids (mg/L)
BOD5: Five-day Biochemical Oxygen Demand (mg/L)
COD: Chemical Oxygen Demand (mg/L)
NO2 + NO3: Nitrite and Nitrate (mg/L)
FCOLIFORM: Fecal Coliform (colonies/ 100mL)
TPHOS: Total Phosphorus (mg/L)
TCOPPER: Total Copper (ug/L)
TZINC: Total Zinc (ug/L)
TEMP: Temperature (C)
TKN: Total Kjeldahl Nitrogen (mg/L)
DO: Dissolved Oxygen (mg/L)
O&G: Oil & Grease (mg/L)
FSTREP: Fecal Streptococcus (colonies/ 100mL)
ECOLI: E. Coli (colonies/ 100mL)
AMMONIA: Ammonia (mg/L)
TNITROGEN: Total Nitrogen (mg/L)
DPHOS: Dissolved Phosphorus (mg/L)
CADMIUM: Total Cadmium (ug/L)
DCOPPER: Dissolved Copper (ug/L)
TLEAD: Total Lead (ug/L)
DLEAD: Dissolved Lead (ug/L)
DZINC: Dissolved Zinc (ug/L)
NO2: Nitrite (mg/L)
NO3: Nitrate (mg/L)
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RAIN ZONE
RZ1

OVERALL
RZ2

RZ3

RZ4

RZ5

RZ6

RZ7

RZ8

RZ9

AVERAGE

FIRST
FLUSH

Commercial _ TSS

135

86

59.5

234.8

67.3

132.1

81.1

226.5

112.46

208.051

Commercial _ TDS

371.4

162.4

63.8

151.7

54.4

122

66

137.7

175.96

320.247

Commercial _ BOD5

12.57

18.18

10.19

18.05

6.94

43.73

10.93

16.08

28.462

Commercial _ COD

70.1

87.59

71.86

69.75

50.51

231.5

59.83

85.83

196.551

Commercial _ NO2+NO3

0.7844

0.922

0.202

0.934

0.538

1.256

0.394

1.544

0.69

1.194

Commercial _ FCOLIFORM

71965

17948

2692

51605

39724

10880

45713

19717

37735.89

Commercial _ TPHOS

0.179

0.291

0.249

0.311

0.268

0.569

0.399

0.377

0.28

0.403

Commercial _ TCOPPER

35.75

28.6

5.78

59

13.13

17.38

23.56

42.74

27.05

43.821

Commercial _ TZINC

157.4

259.6

59.6

278.7

98.3

242.9

152

202.8

175.16

336.307

Commercial _ TEMP

16.77

Commercial _ TKN

1.672

Commercial _ DO

7.81

Commercial _ O&G

13.05

Commercial _ FSTREP

45453.79

Commercial _ ECOLI

5472.06

Commercial _ AMMONIA

0.76

Commercial _ TNITROGEN

2.67

Commercial _ DPHOS

0.19

Commercial _ CADMIUM

3.2

Commercial _ DCOPPER

9.31

Commercial _ TLEAD

75.95

Commercial _ DLEAD

14.68

Commercial _ DZINC

107.18

Commercial _ NO2
Commercial _ NO3
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2.859

20.097

1.604

6.88

125.318

RAIN ZONE
RZ1

OVERALL
RZ2

RZ3

RZ4

RZ5

RZ6

RZ7

RZ8

RZ9

AVERAGE

FIRST
FLUSH

MixedComm _ TSS

376.1

MixedComm _ TDS

121.3

46.6

236.5

129.9

128.8

83

139.4

284.3

171.79

274.864

91.1

112.2

154

71

92.7

398

150.7

107.7

122.07

189.209

9

14.16

25

34.4

16.25

27.138

MixedComm _ BOD5

15.6

17.91

6.4

37.46

6.61

MixedComm _ COD

95.9

107

40.4

109.61

62.07

67.93

179.75

197.14

97.93

167.460

MixedComm _ NO2+NO3

0.8017

0.778

0.613

0.529

0.597

0.65

0.743

0.71

1.065

7831

72625

41842

18423

3480

30090

31839.35

0.773

0.836

0.367

0.536

0.283

0.54

0.783

MixedComm _ FCOLIFORM

6000

MixedComm _ TPHOS

0.4294

0.512

MixedComm _ TCOPPER

103.29

33.72

10

47.67

85.66

45.2

33.22

34.31

12.57

51.98

69.133

MixedComm _ TZINC

357.6

169.8

102

706.8

125.1

1062

157.7

433.7

204.3

225.83

359.070

MixedComm _ TEMP

15.02

MixedComm _ TKN

1.844

MixedComm _ DO

8.38

MixedComm _ O&G

31.37

MixedComm _ FSTREP

44009.65

MixedComm _ ECOLI

2263.5

MixedComm _ AMMONIA

0.84

MixedComm _ TNITROGEN

2.26

MixedComm _ DPHOS

0.25

MixedComm _ CADMIUM

1.32

MixedComm _ DCOPPER

9.43

MixedComm _ TLEAD

192.16

MixedComm _ DLEAD

5.26

MixedComm _ DZINC

96.67

MixedComm _ NO2

0.09

MixedComm _ NO3

0.67

2.950

50.192

1.294

2.138

288.24
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RAIN ZONE
RZ1

OVERALL
RZ2

RZ3

RZ4

RZ5

RZ6

RZ7

RZ8

RZ9

AVERAGE

FIRST
FLUSH

Highway _ TSS

97.1

81.2

36.2

180.9

150.9

113.6

181.76

Highway _ TDS

124.3

566.6

93.1

85.1

145.28

225.184

Highway _ BOD5

8.43

13.45

6.35

12.88

12.82

21.409

Highway _ COD

61.8

67.64

66.8

99.09

87.82

150.172

Highway _ NO2+NO3

0.7886

2.247

0.498

1.8

2.7

Highway _ FCOLIFORM

12000

11338

7945

7061

8604.1

Highway _ TPHOS

0.3275

0.956

0.165

0.563

0.483

0.347

0.65

0.943

Highway _ TCOPPER

35.4

28.73

52.93

7.36

62.05

32

33.38

44.395

Highway _ TZINC

205.4

189.8

7.5

89.8

300.8

211.4

162.7

258.693

84.29

146.79

Highway _ TEMP

14.84

Highway _ TKN

2.415

Highway _ DO

8.23

Highway _ O&G

6.18

Highway _ FSTREP

27458.89

Highway _ ECOLI

6001.54

Highway _ AMMONIA

1.68

Highway _ TNITROGEN

1.83

Highway _ DPHOS

0.42

Highway _ CADMIUM

3.74

Highway _ DCOPPER

20.48

Highway _ TLEAD

72.79

Highway _ DLEAD

3.96

Highway _ DZINC

127.47

Highway _ NO2

0.38

Highway _ NO3

1.56
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3.864

9.888

2.587

6.059

109.185

RAIN ZONE
RZ1

OVERALL
RZ2

RZ3

RZ4

RZ5

RZ6

RZ7

RZ8

RZ9

AVERAGE

FIRST
FLUSH

Industrial _ TSS

177

78.3

95.7

191.1

244.9

492.8

182.7

290.7

161.09

Industrial _ TDS

510.5

199.4

84.6

174.8

85.6

138.1

76.7

406.9

213.42

281.714

Industrial _ BOD5

12.07

15.31

7.66

150

6.36

60.11

39.74

28.15

44.477

Industrial _ COD

107.92

72.22

44.95

121.9

48.54

251.52

104.17

96.85

138.496

Industrial _ NO2+NO3

0.6635

0.781

0.809

0.821

0.682

1.844

0.264

0.733

0.85

1.114

Industrial _ FCOLIFORM

88978

13151

6054

77767

99806

4681

5886

16807

42905.24

Industrial _ TPHOS

0.2973

0.326

0.203

0.217

0.252

1.309

0.309

0.63

0.39

Industrial _ TCOPPER

17.59

17.51

12.7

101.63

21.16

87.18

36.51

47.76

37.54

46.550

Industrial _ TZINC

104.6

173.8

148.4

276.6

224.5

504.3

261.5

397.4

226.72

349.149

Industrial _ TEMP

17.83

Industrial _ TKN

1.925

Industrial _ DO

7.28

Industrial _ O&G

58.69

Industrial _ FSTREP

67383.66

Industrial _ ECOLI

3062.89

Industrial _ AMMONIA

0.68

Industrial _ TNITROGEN

2.01

Industrial _ DPHOS

0.17

Industrial _ CADMIUM

5.25

Industrial _ DCOPPER

9.79

Industrial _ TLEAD

54.28

Industrial _ DLEAD

22.39

Industrial _ DZINC

314.55

Industrial _ NO2

0.12

Industrial _ NO3

0.91

2.599

76.535
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RAIN ZONE
RZ1

OVERALL
RZ2

RZ3

RZ4

RZ5

RZ6

RZ7

RZ8

RZ9

AVERAGE

FIRST
FLUSH

OpenSpace _ TSS

26.4

OpenSpace _ TDS

25.1

369.6

330

116.16

117

199.3

35

151.41

OpenSpace _ BOD5

4.27

4.59

6.31

20

6.3

OpenSpace _ COD

24.72

21.52

66.03

59

47.38

OpenSpace _ NO2+NO3

0.682

0.874

0.783

0.995

0.91

OpenSpace _ FCOLIFORM

14277

8730

35687

2500

14723.23

OpenSpace _ TPHOS

0.1433

0.475

1.138

0.645

0.55

OpenSpace _ TCOPPER

4.09

7.65

15.42

118.5

18.78

OpenSpace _ TZINC

13.9

355.3

92.6

225

298.9

OpenSpace _ TEMP

11.91

OpenSpace _ TKN

1.016

OpenSpace _ DO

7.3

OpenSpace _ O&G

1.53

OpenSpace _ FSTREP

33203

OpenSpace _ ECOLI

1556

OpenSpace _ AMMONIA

0.45

OpenSpace _ TNITROGEN

2.07

OpenSpace _ DPHOS

0.18

OpenSpace _ CADMIUM

13.85

OpenSpace _ DCOPPER

0.9

OpenSpace _ TLEAD

28.39

OpenSpace _ DLEAD
OpenSpace _ DZINC
OpenSpace _ NO2
OpenSpace _ NO3
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160

RAIN ZONE
RZ1

OVERALL
RZ2

RZ3

RZ4

RZ5

RZ6

RZ7

RZ8

RZ9

AVERAGE

FIRST
FLUSH

Residential _ TSS

140.1

85.2

107.6

450.1

109.6

107.7

98.5

96.9

155.5

115.46

212.4464

Residential _ TDS

335.4

123.30

88.00

163.90

77.40

113.70

60.60

139.70

161.70

146.23

222.2696

Residential _ BOD5

14.19

13.42

7.3

19.03

8.82

34.67

9.34

29.33

*

13.81

23.0627

Residential _ COD

55.53

73.12

42.68

91.49

72.68

162.11

48.02

118.86

87.82

70.56

115.0128

Residential _ NO2+NO3

0.7615

1.1439

0.8731

0.947

0.8781

1.2091

0.7825

0.48

1.8703

1.07

1.7762

Residential _ FCOLIFORM

176884

16035

54192

51966

106601

12200

16612

8496

32373

66544.00

Residential _ TPHOS

0.4053

0.4059

0.2601

0.8135

0.4443

0.635

0.266

0.7787

0.5443

0.41

0.5986

Residential _ TCOPPER

24.16

25.44

13.28

56.45

9.38

17.17

12.18

13.55

26.58

28.18

37.4794

Residential _ TZINC

107.9

122.7

76.8

222.6

60.6

214.9

107.1
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125.3

123.49

195.1142

Residential _ TEMP

14.81

Residential _ TKN

1.851

Residential _ DO

8.29

Residential _ O&G

17.43

Residential _ FSTREP

59986.71

Residential _ ECOLI

5982.38

Residential _ AMMONIA

0.51

Residential _ TNITROGEN

2.25

Residential _ DPHOS

0.22

Residential _ CADMIUM

1.56

Residential _ DCOPPER

13.43

Residential _ TLEAD

103.66

Residential _ DLEAD

12.76

Residential _ DZINC

36.75

Residential _ NO2

0.32

Residential _ NO3

0.91

3.05415

0.6936

3.12

153.4168
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