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Green Infrastructure for Landscape Planning

Green infrastructure integrates human and natural systems through a network of
corridors and spaces in mixed-use and urban settings. Gary Austin takes a broad
look at green infrastructure concepts, research and case studies to provide the student
and professional with processes, criteria and data to support planning, design and
implementation.

Key topics of the book include:

* the benefit of green infrastructure as a conservation and planning tool;

*  requirements of ecosystem health;

+  green infrastructure ecosystemn services that contribute to human physical and
psychological health;

*  planning processes leading to robust green infrastructure networks;

+  design of green infrastructure elements for multiple uses.

The concept of ecosystem services is extensively developed in this book, including
biological treatment of stormwater and wastewater, opportunities for recreation,
urban agriculture and emersion in a naturalistic setting. It defines planning and design
processes as well as the political and economic facets of envisioning, funding and
implementing green infrastructure networks.

The book differs from others on the market by presenting the technical issues,
requirements and performance of green infrastructure elements, along with the more
traditional recreation and wildlife needs associated with greenway planning, providing
information derived from environmental engineering to guide planners and landscape
architects.

Gary Austin is a landscape architect who studied under John Lyle and taught at
the California State Polytechnic University, Pomona. He has practiced in the public
and private sector and has taught landscape architecture at the University of
Washington and the University of ldaho. His teaching and research focus on
community revitalization, urban biological diversity and treatment of wastewater and
stormwater for water quality improvement.
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CHAPTER ONE

Introduction

Most planners, landscape architects, architects and engineers have an environmental
ethic as well as an eagerness to improve the wellbeing of people. The contradiction
of advancing ecologically focused (ecocentric) and anthropocentric values simul-
taneously may explain the gap between philosophy and what we have built over the
last five decades. This ethical dualism arises because the professions are heterogeneous
in practice types and application scales. Therefore, many design professionals may
focus on the parcel scale and not see the cumulative impact of their work. Also, for
many professionals the absence of opportunity and the lack of knowledge might
explain ineffective or insufficient application of sustainable urban design. Consideration
of environmental values and anthropocentric practice is clouded by a veneer of
sustainability rhetoric and a focus on the site scale rather than on the larger, more
important issues impacting local ecosysterns. The small population of professionals
engaged in the planning and design of the built environment may also dampen the
expectation that individuals, or even the whole profession, can make meaningful
stewardship contributions toward solving the worldwide problems of poor human
health, habitat loss, species extinctions, global warming, etc.

Value systems

Fcocentric values

The ecocentric perspective posits that every species should have an equal survival oppor-
tunityﬂ An estimated 71-36 percent of the world’s mammal species, 13 percent of
birds, 30-56 percent of amphibians and 30 percent of conifers are threatened with
extinction. The nurmber of threatened species has increased in every category since 1996,
In 1996, for example, 3,314 species were in the threatened, endangered and critically
endangered categories, compared to 7,108 in 201 10

Fossil records provide us with a normal extinction rate, with the exception of the
few mass extinction events, for the earth’s history. Today the species extinction rate
is 600-6,000 times the normal rate indicated by the fossil record] The primary cause
of extinctions and biclogical diversity (biodiversity) reductions is habitat los{] The
rapid growth of the hurman population and the conversion of land to human use is
the reason that the survival of so many species is threatened. Clearly, the ecocentric
ethic does not guide enough human decisions to secure the survival of thousands
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of other species. Is it immorality, ignorance, impotence, unrecognized cumulative
impact or intractable problems that result in such destructive behavior by governments,
professions and individuals? Have the seven billion humans simply exceeded the
carrying capacity of the planet? These are troubling questions and the planning and
design professions can begin to address only a few of them. However, there are
many opportunities for the design professions to positively impact the lives of people
and their relationship to the survival of other species. This book explores the values,
concepts, knowledge areas, planning processes and detailed design techniques that
lead to positive human and ecosystem outcomes.

Anthropocentric values

Urban design professionals are anthropocentric in their processes and outcomed ]
The anthropocentric perspective gives humans an elevated status based on philo-
sophical or religious foundations, or simply through overwhelming self-interest. It
also expresses man's relationship to the environment in terms of resource manage-
ment, husbandry of some species or ecosystems instead of others, or conversion of
the natural world for the economic and cultural benefit of humans [Figure 1.1).
When involved in community planning or master planning of large developments,
landscape architects use participatory and strategic planning processes to resolve
conflicts among competing interests. In a deliberative democracy, decisions about
land and resource use are social decisions that, ideally, involve the clear communication
of information, goals, interests and power relationships. Unfortunately, economic
self-interest, political philosophies and social prejudices are all involved in this process,
with the possible effect of subverting or corrupting the democratic process. From
the perspective of power relationships, the strongest interests and values in the
planning process will determine the character of the outcome. Human, and especially
economic, interests dominate planning and design solutions since the process itself
is anthropocentric.! The empirical expression of this is the relentless expansion of
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suburbs. At the current rate of suburban growth we can expect more that 60 million
acres of land in the US to be converted within a few decades.

Green infrastructure

Human population growth leads to the loss of biodiversity. The world population is
expected to grow from 7 billion to 9.1 billior[] while in the US the change from 309
million to 439 million is expected by 2050[] The twin impacts of population growth
and low-density residential housing are causing more damage than the environment
can sustain. Either reductions in population growth or new strategies for high-quality
and higher-density residential living are necessary.

Using information emerging from urban ecology and ecosystem research,
planners and designers can fashion a set of policies and practices that embed both
ecocentric and anthropocentric values into green infrastructure systems at various
scales. As a systematic, holistic approach, involving transdisciplinary cooperation, green
infrastructure addresses pollution, habitat, recreation, open space and urban form
(Figure 1.2).

In addition to the erosion of habitat and subsequent loss of biodiversity, municipal
governments are increasingly unable to provide the amenities and services sought
by citizens within the political and budget constraints of single-use solutions. We
must also adapt to changes in the global climate that will disrupt our food and
energy systems and impact natural ecosystems in unpredictable ways.

We need effective and efficient solutions to these problems and others. Further-
more, the solutions should not generate other future problems. In fact, we want
solutions that improve the quality of our lives, through better living, working and
recreation environments.

[Eigure 1.2

Restoration of creeks,
the creation of
constructed wetlands
for pollution reduction
and high-density mixed-
use development can
be combined, as at
Thornton Creek in
Seattle, Washington.
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The need to address many problems simultaneously is what makes green infra-
structure cost-effective and efficient. A comprehensive network of linear parks, open
spaces and habitat patches can structure our neighborhoods and save threatened
species. It can remove the pollutants from road runoff and feature inspiring trails
through naturalistic landscapes. It can conceal our electrical and data lines below
urban agriculture. It can assure the purity of our drinking water, serve as educational
resources for our schools and entice new business and residents to locate in our
towns and cities.

This book challenges municipalities to reformulate their policies for trails, parkland,
stormwater management, wildlife habitat and other green infrastructure components.
Green infrastructure won’t significantly mitigate greenhouse gas ernissions, but it
can help us adapt to the changes we can no longer avoid.

Definitions and themes

“Green infrastructure” is a term that is evolving in its meaning. We are familiar with
the infrastructure of transportation (highways, bridges, traffic signals, automobiles,
petroleum refineries, etc.), potable water {wells, reservoirs, water mains, etc.), sewage
treatment, communications (telephone, data, television, radio, internet) and energy
generation (hydroelectric dams, transmission lines, transformers, etc.). These founda-
tional systems of urban life are sometimes called gray infrastructure. Even a quick
consideration reveals that these systems are important to human health and wellbeing,
particularly if the regional food system is also considered to have infrastructure
components. This book defines infrastructure as a systern of cormponents connected
by a network, just as are the transport, communication and electric networks.

There are, of course, networks in nature. Rivers, streams, lakes and oceans compose
a natural infrastructure that supports ecological functions. For many plants and
animals access to this infrastructure is necessary for survival. It is easy to construct
other spatial, energy, material and movement networks, in our imagination, when
considering the needs of plants and animals.

As a continuous network of corridors and spaces, planned and managed to
sustain healthy ecosystem functions, green infrastructure generates pollution mitiga-
tion, recreation, economic value, urban structure, scenic and other human benefits.
The context of green infrastructure is suburban and urban, but optimally connects
to wild nature and fully functioning ecosystems.

Green infrastructure is a phrase sometimes used to mean the conversion of a gray
infrastructure element to a more renewable or sustainable one. For example,
photovoltaic generation of electricity is sometimes suggested as a green infrastructure
option since it reduces the need for finite fossil fuel. However, that definition is far
too narrow to capture the concept advanced by this book. Site scale elements,
however environmentally beneficial, are not considered part of the green infrastructure
if they are geographically isolated from a network of open-space corridors and
spaces. This distinction emphasizes that connectivity between spaces large enough
to support ecosystern functions and human use is a critical characteristic. Multiple
functions are other key aspects of the definition. Single-purpose solutions, such as
stormwater detention ponds, are impoverished green infrastructure components even
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if they were connected to the network, unless additional benefits of recreation, habitat,
water quality improvement and aesthetics are added to them. These secondary
benefits increase cost-effectiveness and efficiency through multiple use and compact
organization.

In summary, this book will develop the following themes:

» the benefits of green infrastructure as a planning and conservation tool;

« the requirements of ecosystern health and the provision of ecosystemn services
by healthy ecosystems;

* green infrastructure ecosystem services that contribute to human physical and
psychological health;

*  planning processes leading to robust green infrastructure networks;

*  design of green infrastructure elements for multiple uses.

Green infrastructure model

A model of green infrastructure is presented here as the interaction of three systems.
They are, first, ecosystem services (see), second, ecosystem health {see
[Figure 1.9) and, third, human physical and psychological health {seeEIA
healthy ecosystern within the green infrastructure, through the provision of ecosystem
services, benefits human health.
reviews human health and the influence of physical exercise, pollution
and the physical environment. Evidence that the indicators optimal for physical and
psychological health[[Figure 1.3) are improved by the proximity of green infrastructure
to living and working environments is discussed.

Human Health

Income & Employment
Education & Lifestyle

Sociceconomic
Living & Working Conditions

Access to Services & Housing

Sense of Community

Social Capital

1 Community

Community Empowerment

Culture

Ecosystem Health -
Cardiovascular

Respiratory

#{ Physical Endocrine Function & Immunity
Nervous System
Bone Health
Stress Reduction
Psychological Attention & Cognitive Capacity

Positive Emotions

Ecosystem health is
related to human
health. Human
wellbeing has four
aspects, each composed
of cantributing parts.
Healthy ecosystems
sustain human
wellbeing in direct and
indirect ways. Adapted
from Tzoulas, 2007.7
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Figure 1.3 identifies four categories of human health, at the community and
individual scale, which are influenced by the capacity of the ecosystem to deliver
services to people. This book will discuss the indices of human health, and the con-
tributions that the ecosystermn offers to foster health.

Human conditions and activities also affect every category of ecosystem health
(see[Tiqure 1.6). A declining economy often leads to calls for the abandonment or
weakening of environmental protections in order to boost economic output. This is
a common scenario in the energy, agriculture and forestry sectors[Chapter J explores
the characteristics of ecosystem health before[Chapter 4 addresses the goods, services
and intangible benefits provided to humans by a healthy ecosystern.

Green infrastructure components

identifies many of the components that could he assembled to form a
green infrastructure. Each component is a corridor, place or setting that could con-
tribute to, or detract from, ecosystem health and human wellbeing. Optimally, each
element i interacts with other components. A green infrastructure might
include biological treatment of stormwater and wastewater, as well as opportunities
for recreation, urban agriculture and emersion in a naturalistic setting with
opportunities for wildlife viewing and diverse habitats for plants and animals[Chapte]

[ explores how multidisciplinary tears of planners, landscape architects and engineers
with the participation of citizens and city government should organize these
interactions to devise a comprehensive green infrastructure.[Chapters g through[11]
provide detailed planning and technical information derived primarily from ecology
and environmental engineering to guide planners, landscape architects and engineers
in the design of elements that should be included in the system of open spaces and
corridors. These elements, such as open-space systems, ecological corridors, storm-
water and wastewater treatment facilities and green roofs, can provide significant
economic and environmental improvements over current practices. The holistic design
of community open space is the topic of[Chapter 7} while[Chapters 8 and[8]take up
the related issues of stormwater management and green roofs, and their contri-
bution to green infrastructure. Community agriculture is a topic of
increasing interest as planning for greater food security and local economic develop-
ment is implemented. The technology, spatial requirements and multiple functions

of wastewater treatment landscapes are the topics of Chapter 11.

Ecosystem services

Consider the ecosystemn functions and services that can be furnished by a green
infrastructure[Figure 1.3). The spatial and environmental settings that the many green
infrastructure components represent generate outcomes through natural processes
that are benefits to the ecosystem and to humans. For example, trees in urban parks
reduce air pollution by capturing particulates, improving human health. Similarly,
insects and microorganisms decompose fallen leaves and return nutrients to the soil,
which benefits plants directly and animals indirectly. The eight ecosystem services
identified in have either an economic or an intangible value. However,
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these values and the capacity of the ecosystem or green infrastructure to deliver

these services are dependent on the health of the ecosystem. and[d
introduce the processes involved and provide examples of their provision by green

infrastructure elements. The point of the chapters is that the ecosystems services are
of great value, but can only be provided if ecosystem health is maintained.

Ecosystem health

suggests six indicators of ecosystem health. Clearly, if soils in the green
infrastructure are compacted, then this will reduce the capacity of the land to provide
water purification, nutrient cycling, vegetation and other services or benefits. There
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Ecosystem services and
products are provided
through green
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Soil and Nutrient Cycling

Climate & Radiation Regulating

Habitat Provision

Human Society

Noise Pollution Control

Green Infrastructure

Aesthetic & Cultural

Products

is a clear link between the health of the ecosystem within the green infrastructure
and its ability to deliver ecosystern services. Again, there is a great degree of interaction
between the various elements contributing to ecosystern health. For example, poor
air quality can result in diminished water quality. Each measure of ecosystem health
can be improved through a focus on landscape ecology. The spatial and other
standards required for planning to achieve ecosystern health in rural and urban settings
will be explored. The issue of global warming and the impact that it will have on
planning for changes to natural ecosysterns are discussed.

Locating and sizing habitat remnants and the ecological corridors that connect
them are important contributions to urban ecosystems. The planning and technical
issues involved in providing this network to serve both urban ecosystem health and

human amenities are the topic of Chapter d.

Human benefits

This book develops each of the human health topics to discover positive impacts of
green infrastructure., illustrates that green infrastructure, through healthy
ecosystemns, makes positive contributions to the individual and the community.
Hurnan health, econormic and social facets of society are all beneficiaries of landscape
infrastructure networks. Careful planning in the location of green infrastructure
components is necessary to impact living and working conditions.

The social and cultural dimensions of green infrastructure are topics of Chapterd
[4dand3. These chapters advocate for, and provide case study examples of, community
health benefits obtained when a compelling green infrastructure generates place
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Water Quality

Soil Structure
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Green Infrastructure
Y
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attachment. Citizens are motivated to participate in the improvement and maint-
enance of civic landscapes when they contribute to the quality of life of the residents.
Attention to the configuration, extent and content of the green infrastructure is
required to achieve the community benefits. In particular[Chapter 7 kmphasizes the
planning and public participation processes that lead to the most robust community
health system, including the integration of the green infrastructure into residential
and urban matrices.

builds on the principles and concepts of ecosystern health and human
benefits to define planning and design processes, as well as the political and economic
facets of envisioning, funding and implementing green infrastructure networks.
Included is the opportunity for green infrastructure to join new urbanism or smart
growth approaches to provide structure and amenities for new development and
infrastructure renewal of older urban areas. Green infrastructure planning and design
requires an integrated and holistic approach that addresses the full range of possible
green infrastructure components at various scales.

A brief history of green infrastructure

Beginning in 1857 Fredrick Law Clmsted, the father of landscape architecture in
America, began the design and implementation of enormous, pastoral parks in urban
centers in the northeast. Central Park in New York was the first of these, followed
by Prospect Park (1859} in Brooklyn and finally Franklin Park (1878} in Boston.
However, Olmsted pursued the opportunity to link Franklin Park and a number of
other public open spaces in Boston with a stream corridor and even a boulevard.
This network of corridors and open spaces of over 1,000 acres, called the Emerald
Necklace, was the first municipal-scale open-space planning project in the US. Qlmsted
believed that naturalistic settings were physically and psychologically restorative and
a necessary palliative to the stress created by crowding, air and water pollution, and
the long work hours of the emerging industrial economy. The Emerald Necklace was

Green infrastructure
contributes to
ecosystem health as
defined by six
parameters. Ecosystem
functions create ar
maintain the attrnbutes
shown unless impacted
by human or natural
catastrophes. Adapted
from Tzoulas, 2007.7
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multifunctional, offering many passive recreation opportunities, flood control and
wildlife habitat. Olmsted’s thinking evolved during his career and despite the success
of the large urban parks he said, “No single park, no matter how large and how
well designed, would provide the citizens with the beneficial influences of nature.”
Instead, parks need “to be linked to one another and to surrounding residential
neighborhoods.f] Olmsted’s associate, Charles Elliot, added significantly to the
Emerald Necklace to create the Metropolitan Boston Park System (1899).

Comprehensive open space and urban design in the United Kingdom was
demonstrated according to the theories of Ebenezer Howard when the towns of
Letchworth (1904) and Welwyn (1920) were developed along rail lines leading to
London. These towns are surrounded by green belts of agriculture and parkland to
provide recreation and a limit to growth. Parks are linked to the town center with
corridors [Figure 1.7), although these are not naturalistic. The British Garden City
concepts were best applied in the US to Radburn, New Jersey in 1928. Here, super-
blocks accommodate automobiles in service courts [Figure 1.8} while the residences
face public open space that allows access to schools and shopping without crossing
roads. While the Great Depression stopped the full development of Radburn, three
new towns, Greenbelt, Maryland, Greenhills, Ohio and Greendale, Wisconsin were
developed using a similar model, which was abandoned in post-World War Il America,
unfortunately.

A statewide effort to plan for ecological, recreation and cultural resources was
first undertaken by Philip Lewis, a landscape architect working in Wisconsin. He noted
that 90 percent of the 220 natural and cultural resources that he mapped occurred
along what he called ecological corridors. Lewis articulated two important principles
as the result of his study and the formulation of the Wisconsin Heritage Trail Plan
(1962). First, preserving the ecological corridors could efficiently provide a wide range
of public and natural amenities. Second, the interests of diverse constituent groups
were adjacent, coincidental or overlapping within the 190 miles (300 km) of corridord]
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The work of Philip Lewis anticipated the modern challenge of creating even more [Figure 1.4

inclusive green infrastructure networks.

Water and air pollution, as well as toxic waste disasters caused by mining and
manufacturing sectors, reached a height in the 1960s that was beyond the mitigation
or restoration capacities of local governments. This led to the creation of the US
Environmental Protection Agency (1970), National Environmental Policy Act (1970),
Water Pollution Control Act (Clean Water Act) of 1972, the Safe Drinking Water Act
(1974) and other federal laws and funding to protect the health of Americans. State
and municipal governments followed the lead of the federal government in regulating
pollution discharges and the protection of threatened and endangered species.

Corridor planning was expanded in the 1970s due to federal legislation to protect
the environment and address the problems of water pollution. However, it was during
the Lyndon Johnson administration that green infrastructure became a national goal.
In 1987 the President’s Commission on Americans Outdoors in the USA advocated
green networks “to provide people with access to open spaces close to where they
live, and to link together the rural and urban spaces in the American landscape
threading through cities and countrysides like a giant circulation systemﬂ

At this time green infrastructure was defined as a linear landscape (greenway)
shared by recreationists and wildlife that was often associated with abandoned
rights-of-way and undevelopable land. In 1990 Greenways for AmericET] by Charles
Little inspired the planning and implementation of greenways that established natural
or landscaped linear corridors for use as pedestrian and bicycle routes in cities across

The residences at
Radburn faced the
open-space system
while the rear of the
residence contained the
automobile and service
functions.
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Riverside bike and
pedestrian path,
Minneapolis.

the US[(Figure 1.9). Despite considerable success, the constituency for greenways
was too small to generate the planning, funding and implementation for extensive
systems.

In the US greenways emerged from the impulse to provide people with access to
the American countryside, while in Europe linear landscapes were initiated to protect
wildlife species. Today the American and European counterparts have evolved to
express largely the same forms and functiond ] Over the last two decades the concept
of green infrastructure matured from a linear landscape (greenway) to embrace wide-
ranging uses. Emerging concern for human health and research demonstrating the
benefits or services provided to people by a healthy and proximate green infrastructure
has added to the impetus for community-wide networks. Similarly, the startling
expansion of cities as low-density metropolitan regions dependent on the automaobile,
at a time when the production of fossil fuel had passed its peak, inspired New
Urbanism and Transit Oriented Design organizations to generate new urban planning
concepts intended to make living and working environments more humane and to
preserve farm and forest land. Landscape ecologists supported this goal since loss
of biodiversity and the rate of species extinction are accelerating. The habitat
requirements of plants, animals and birds in the face of increasing urban and
suburban expansion were increasingly unmet. The accumulation of evidence that the
global climate is being altered by human activities added weight to the desire for
more sustainable cities and buildings.
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Case studies

This book offers many examples of implemented green structure elements and
dedicate Chapter 12}to a case study of Stockholm and Hammarby Sjostad, Sweden.
The second extensive case study is the Stapleton redevelopment project on the east
side of Denver, Colorado[(Figure 1.10). Discussion and examples from this case study
are distributed throughout the book rather than concentrated in a dedicated chapter.
This approach links theory, research and implementation within the topically presented
chapters.

Stapleton is the largest brownfield infill project in the US. It is located five miles
east of downtown Denver, near the junction of Interstate 70 and Interstate 270 and
Quebec Street. It was the site of the 345-acre Denver Municipal Airport established
in 1929. Eventually the airport grew to 4,700 acres and its agricultural fringe was
replaced by the suburban development facilitated by the construction of Interstate
70. Design problems, traffic, limited expansion opportunities and noise complaints
caused the city to seek a new location for the airport. In 1989, Adams County and
the City of Denver annexed over 35,000 acres for construction of a new international
airpor{q This freed the Stapleton property, which is located only ten minutes from
downtown Denver, for redevelopment.

Although some phases are yet to be implemented, the community will occupy
4,700 acres (1,902 hectares) and house more than 30,000 residents and 35,000
workers. It will provide 8,000 homes, 4,000 rental apartments, and contribute a

13
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huge amount of office (10 million ft2/929,000 m?) and retail space (3 million
ft2/278,700 m? 7] Of particular interest is the open-space system of urban plazas,
formal parkland and restored habitat.
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CHAPTER TWO

Physical and psychological health

Introduction

identified the aspects of human physical and psychological health that
will be explored in this chapter. Green infrastructure contributes to positive health
through opportunities for physical activity and stress reduction. For those in good
health, physical activity prevents a wide range of diseases and helps people achieve
robust health and even social wellbeing. For those in poor health pursuing physical
activity can attenuate chronic, non-communicable disease. Cutdoor activity settings
require the planning, design and implementation of green infrastructure. This is a
rich opportunity for planners, landscape architects and health care professionals to
collaborate and achieve significant benefits for people of all ages. This chapter reviews
the health status of people living in the US and UK and the relationship of health,
physical activity and the environment.

Improved diet and physical activity are inexpensive and effective measures that
the individual can take to prevent or reduce the effects of heart disease, stroke,
cancer, chronic respiratory diseases and diabetes. These are the five major non-
communicable diseases in the world. This kind of disease is responsible for 60 percent
of deaths in the world. This percentage is expected to increase by 17 percent over
ten years unless people and their governments take measures to reduce the risk factors
for these diseases. The elimination of tobacco use, a healthier diet and physical activity
would prevent 80 percent of premature heart disease, an equal percentage of strokes
and type 2 diabetes and 40 percent of cancel]

Environmental factors, such as exposure to pollutants and extreme temperatures,
also impact human health, especially that of the already frail. According to the Center
for Disease Control, which collects health and disease data in the US, those at risk
for fair to poor health varies widely between cities. The percentage of people at risk
can be more than double, depending on the city.

Physical activity

There are many contributors to robust physical health, including good nutrition,
exercise and the absence of toxic substances. Maintaining an optimum weight
supports positive health, but in the US the percentage of adults 20 years of age and
older who are obese increased from 22 percent to 34 percent between 1988 and
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Fewer than half of the
children in the US meet
recommended daily
activity levels.

20093 Data from the UK reflects a similarly alarming trend] A combination of diet
and exercise is necessary to avoid high risks of poor health for those who are obese
or overweight.

The US Department of Health and Human Services established physical activity
guidelines for Americans in various age groups in 2008, based on premature mortality
and other research. Engaging in physical activity for as little as seven hours per week
reduces the risk of premature death by 40 percent. The guidelines indicate that
children and adolescents should engage in moderate to vigorous activity for at least
an hour each day, but only 42 percent of children and 8 percent of adolescents meet
this activity level [Figure 2.1). Greater health benefit is associated with more time
and more vigorous activity than suggested in this minimum recommendation. There
is strong evidence that sufficient physical activity among children and adolescents
leads to improved cardio-respiratory and muscular fitness, bone health, cardiovascular
and metabolic health, favorable body composition and probably reduces symptoms
of depression]

For adults, five hours of moderate or 2.5 hours of vigorous activity per week is
recommended, with additional benefits from additional activity time. The exercise is
effective in several long sessions or many shorter sessions. At least twice each week
adults should engage in muscle-strengthening activity. Only about 23 percent and
17 percent of adults 18-44 years old and 45-65 years old, respectively, meet the
recommendations for both aerobic activity and muscle strengthening. Older adults
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should follow the recornmendations for adults, but moderate them based on the
presence of any chronic health issues, and focus some activity on maintaining balance.
Only about 10 percent of adults older than 65 meet the physical activity recom-
mendationd] The data on levels of weekly activity is based on surveys. It is clear,
based on direct measures of activity using devices such as accelerometers or
pedometers, that self-reported levels are inaccurate. In a study in the UK, collection
of data directly from a subset of those surveyed indicated that fewer than one-quarter
of the respondents who reported meeting the activity standards actually didJ

Scientific evidence supports a long list of health benefits from regular physical
activity for adults and the elderly. In the area of disease control, exercise reduces the
risk of coronary heart disease, stroke, high blood pressure, adverse cholesterol condi-
tions, type 2 diabetes, metabolic syndrome and colon and breast cancer. Similarly,
exercise prevents weight gain, improves cardio-respiratory and muscular fitness, pre-
vents falls, reduces depression and supports cognitive function in older adults.
Additional research indicates probable risk reduction for other cancers, bone density
loss and better sleep qualitf] Given the remarkable health benefits that an active
lifestyle provides, environmental designers and health care professionals need to be
advocates for all measures that foster physical activity.

Cardiovascular health

The cardiovascular system involves the heart, arteries, veins and capillaries.
Cardiovascular problems are responsible for most of the premature disease and death
in the world. Since these systerns are metabolic in nature, they respond rapidly to
physical activity. Moderate activity levels reduce the risk of cardiovascular disease by
30 percent, and higher activity levels reduce risk by as much as 40 percent
[22. Increasing fitness is measured by the ability to extend exercise duration, which
reduces cardiovascular risk by 8 percent for each minute that the activity can be
extended. Improvements in cardio-respiratory fithess are the result of exercise sessions
as short as ten minutes each, while maintaining the total number of minutes of
activity consistent with daily exercise recommendations. This is true for healthy
individuals as well as those struggling with several types of cancer and cardiovascular
disease, peripheral arterial disease, adverse cholesterol and triglycerides profile, type
2 diabetes, metabolic syndrome and hypertensiorl] Since the proportion of Americans
that engage in active lifestyles is abysmally low among all age groups and because
of the great impact of non-communicable diseases, attention to physical activity
promotion is an urgent public issue as well as a concern for individuals.

Aerobic activity for 40 minutes, three to five times per week, is effective at
reducing blood pressure. Blood pressure fluctuates between a maximum (systolic)
and minimum (diastolic) amount. Normal blood pressure is 112 mmHg systolic
pressure and 64 mmHg diastolic pressure, although there is great variability between
individuals (mmHg is a measure of pressure exerted at the base of a column of Mercury
1 mm high). As little as a 2 mmHg drop in resting systolic blood pressure reduces
the chance of death from heart disease and stroke and a 5 mmHg decrease in systolic
pressure reduces mortality from heart disease and stroke by 9 percent and 14 percent,
respectively (this is equivalent to 27,600 lives in the US). Chronically high blood
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Less than 30 percent of
high-school students
get at least 60 minutes
of physical activity every
day. Pedestrian and
bicycle paths, separated
from roads, provide
attractive exercise
opportunities and less
polluted air.

pressure (hypertension) is an indicator of heart disease and stroke risk. For hypertensive
people, aerobic exercise is especially effective in reducing blood pressure (about a
7 mmHg drop)E

Stiffening of the arteries responds positively to regular exercise, but best results
come from undertaking an exercise program while health is good. LDL (bad)
cholesterol is a dietary or genetic problem and is not affected by physical exercise,
but HDL (good) cholesterol and triglycerides are positively affected by regular exercisd]

Respiratory fitness

Maximum VO? is a measure of the greatest amount of oxygen a person’s body can
consume in one minute and is an indication of respiratory fitness. Sedentary people
can increase their maximum VO? by about 17 percent by gradually increasing the
frequency and intensity of aerobic activity until they can walk briskly, or jog for 200
minutes per week. This represents about 12 miles of walking or jogging per week,
but any equivalent aerobic activity will achieve the same respiratory benefit, although
variety in exercise frequency and intensity seems to enhance positive outcomes.
Several exercise sessions per week are more beneficial than infrequent, long sessiond]
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Green infrastructure for aerobic activity

With the understanding that adults need 2.5-5.0 hours of activity, depending on
how vigorous it is, and that, of this activity, 40 minutes should involve aerobic activity
five times per week, then what should the green infrastructure provide to encourage
participation? It is immediately clear that there are spatial, temporal, physical and
social factors involved in the definition of our hypothetical activity area. Beginning
with the physical and spatial elements, assume a neighborhood park occupying a
typical 300" x 250" block. This is 1.7 acres (0.69 ha) with a perimeter of only 0.15
miles (0.24 km). If a person walks at four miles per hour (mph} then they would
need to make 17 circuits around the park to satisfy a single 40-minute activity require-
ment. Regardless of how beautiful the landscape, no one would find satisfaction
doing this day after day. So the typical neighborhood park is too small. Conversely,
a single, 40-minute circuit around a park would require 278 acres, which is unlikely
to be available in the neighborhood. Unless the neighborhood park contains stationary
exercise equipment, or aerobic classes (seq{Figure 2 @), it is not suitable for walking
or jogging for exercise. Of course, one could walk around the neighborhood, but
there are a surprisingly large number of barriers to walking in neighborhoods.
Sidewalks are absent or in poor repair, traffic noise, fumes and hazards, steep terrain,
lack of trees for shade, dogs, the absence of benches and sometimes a crime risk
make the neighborhood unsuitable. Therefore, the first green infrastructure
requirement for the support of daily physical activity is neighborhood walkability.
However, a better solution is a nearby path separated from the road that is designed
explicitly for a great walking or biking experience.

Air pollution

Especially those living in dense urban areas are impacted by poor air quality and
worry that exercising outdoors could harm their respiratory health. Although the
atmosphere contains particles from natural sources, such as dust and particles from
forest fires, this amount is multiplied by human activities. Some of the added particles,
such as plasticizers, are exclusively human in origin. Characterizing air quality — to
guide citizens in their individual actions and to guide agencies charged with protecting
public health —is complex since many substances are involved. The US Environmental
Protection Agency collects data on six pollutants that are regulated by the Clean Air
Act since they are known to cause human or environmental damage. Carbon
monoxide, lead, nitrogen dioxide, ozone, particulate matter of different size fractions
and sulfur dioxide are the six pollutants, but they are joined by another set of 188
air toxins known to cause cancer or other serious diseases.

Carbon monoxide and lead are almost entirely from human sources, principally
vehicle emissions, but these have dropped 75 percent since 1980 for carbon monoxide
and virtually eliminated for lead. Similarly, nitrogen oxides are almost all the result
of the combustion of fuels. These gases are highly reactive and contribute to the
production of ozone and acid deposition, which have significant negative human
and ecosystem health impacts. The amount of nitrogen oxide emission varies signifi-
cantly by region and is related to fossil fuel combustion for generation of electricity.
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[Figure 2.3

Sometimes emissions,
meteorology and
topography conspire to
create unhealthy air in
cities around the world.
Pollution, as
overwhelming as shown
in this image of Kuala
Lumpur, creates short-
term health crises for
those suffering from
chronic respiratory
disease and unhealthy
conditions for everyone.

Physical and psychological health

In the northeast and north-central portions of the US acid rain and acidification of
water bodies is a significant problem. However, compared to the 1992 levels, the
ambient level of nitrogen dioxide is well below the national air quality standard, and
nationally the emission of nitrogen oxides decreased by 17 percent between 1990
and 2002.

Nitrogen oxides react with volatile organic compounds and sunlight to preduce
ozone. Human sources of these compounds are industrial processes, chemical
manufacturing and combustion of fossil fuels in power production. However, forest
trees and other natural sources produce most (72 percent) of the volatile organic
compounds in the atmosphere. Vehicles cause less than half of the anthropogenic
volatile organic compounds. These gases are important because they react to form
ozone. Some, like benzene, are very harmful to human health. Human-caused
emissions of volatile organic compounds dropped 25 percent between 1990 and
200204

At ground level breathing high levels of ozone creates many respiratory problems
and exacerbates others, such as asthma and lung diseases ). Qzone is
probably responsible for premature death of some patients with existing respiratory
diseases. Although ozone levels have been gradually dropping in the US for 25 years,
in most regions they remain above the national air quality standard. Ozone is the
most pressing air pollution problem in the natiorﬁ Shading of the street by trees or
other objects reduces the formulation of ozone. Ozone levels drop markedly with
increasing distance from the edge of busy streets.

Mercury and benzene are air toxics of principle concern. Benzene is found in
gasoline. In fact, a large proportion of the hazardous air pollutants is associated
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with vehicles. The largest proportion of toxic air emissions is related to stationary
sources like factories, refineries and power generators. Other sources of toxic air
pollutants are dry-cleaning facilities (perchloroethylene), industrial solvents (methylene
chloride} and indoor sources such as cleaning solvents and construction materials.
Only a small proportion of toxic emissions come from natural sources such as
volcanoes and forest fires. It is heartening to report that in the US the emission of
toxic air pollutants decreased from more that seven million tons to about 4.6 million
tons per year between 1990 and 2002[J

The control of air pollutants, such as sulfur dioxides and particulates, has been
improved by regulations adopted across the world. Pollution from combustion of
fossil fuel is linked to a range of detrimental health effects ranging from cardiovascular
to infections diseasd] Cne measure of air quality is the amount of solid and liquid
particulates in the air. Particles less that 10 micrometers (PM10) can enter the lungs
and cause respiratory disease, bronchitis, impaired lung function, lung cancer and
other problemﬂ Humans, through fossil fuel combustion for electrical power genera-
tion, petroleum production and other industrial processes, produce 14 percent of
particulates (PM10}. In the US, the anthropogenic PM10 dropped 27 percent between
1990 and 2002, although it increased in two regions of the country. A major source
(60 percent) of particulates is road dus{] Airborne particulates collect on plant leaves
and bark where they are held until they are washed away by precipitation.

Despite the negative health impact of poor air quality, the cardiovascular and
respiratory benefit of frequent and vigorous exercise substantially outweighs the
impact of a sedentary lifestyle except in the most polluted cities. Nevertheless, atten-
tion to air pollution advisories is prudent, especially for those with respiratory
problems. During periods of high air pollution, exercising indoors where there is an
advanced air filtration system makes sense.

Green infrastructure and air quality

The negative impact of air pollution and its heightened level at the road edge and
in very dense urban centers is a disincentive for physical activity. The exposure to
pollutants is highest within the traffic lane, but diminishes rapidly as one moves to
the road edge and beyond. More roadside planting, especially along gravel roads,
provides a distinct health benefit. As with the earlier walking-in-the-park hypothesis,
planting the street edge is a remedial response that is sorely needed, but to encourage
physical activity removing the bicyclist and pedestrian from the road edge to a
dedicated path is more likely to encourage regular physical activity, especially if the
path is well vegetated [Figure 2.4,

Green infrastructure should provide paths and connect to sport facilities that are
also separated from heavily trafficked roads to avoid significant exposure to air
pollution from vehicles. In addition, progressively increasing the limits on the emission
of particulate and other air pollution is important to improve human health. A
lifelong reduction in lung function is associated with childhood life in cities with high
air pollution. Air polluted with particulates, nitrogen oxides, ozone and sulfur dioxide
is estimated to annually cause two million deaths worldwidd] These health hazards
need urgent consideration by policy makers, planners and designers.
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A landscape setting can
be planned to avoid the
highest levels of
pollution from vehicles
and to capture
particulates.

Physical and psychological health

Endocrine functions and immunity

Good metabolic health is maintained by a healthy weight (body mass index of
18.5-25 or a body fat percentage of 21-24 for women and 14-17 for men), regular
exercise, not smoking and eating a diet rich in fiber, such as whole grains, beans,
fruits and vegetables. Poor metabolic health is characterized by increased blood
pressure, a high blood sugar level, excess body fat or abnormal cholesterol levels
(Figure 2.5). These conditions can lead to metabolic syndrome and diabetes. In the
US, 47 million people have metabolic syndrome and 20.8 million Americans suffer
from type 1 or type 2 diabetes. About 90 percent of those with diabetes have type
2. Type 1 is a chronic disease affecting children and adolescents and is increasing
around the world at about 2-3 percent per year. There is also a startling increase in
the number of children and adolescents who have type 2 diabetes. Those with diabetes
have three times the risk of cardiovascular disease and premature deattﬂ

A sedentary lifestyle, characterized by several hours per day watching television
or at a computer, doubles the risk of metabolic syndrome. Conversely, moderate-
intensity physical activity for about 2.5 hours per week has been shown to reduce
this syndrome and to prevent type 2 diabetes. In one study, people with metabolic
syndrome engaged in aerobic exercise for 20 weeks. This eliminated the syndrome
in 30.5 percent of those who engaged in the physical activity, compared to a control
group. Increasing muscular fitness also reduces the risk of metabolic syndrome.
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Bone health

Bone is living tissue where cells are gained and lost throughout life. However, there
is more gain than loss in bone mass and strength until about 35 years of age. Older
adults lose more bone strength than they generate. Osteoporosis, an age-related
disease that affects 44 million Americans, is characterized by increased porosity of
the bones due to losses in protein and minerals, especially calcium. When the mass
of the bones diminishes it leads to bone fractures, especially fractures of the hip,
spine and wrist. Hip and spine fractures often require major surgery, putting the
elderly patient at risk. Women are five times more likely than men to develop
osteoporosis after menopause due to reduced estrogen production.

Drugs are available to treat osteoporosis, but diet and exercise are important for
all adults to maintain high levels of bone density. In fact, the development of peak
bone density as a young person improves bone health later in life. Using X-ray and
ultrasound technologies, in a study of over 700 young men, researchers measured
bone mineral density, bone microarchitecture and bone geometry. They discovered
that greater amounts of weight-bearing physical activity led to better bone shape
and to higher peak bone densityf In youth and middle age, activities such as aerobics,
dancing, jogging, tennis, walking and lifting weights build healthy bones. Elderly
people may require gentler weight-bearing exercise, but it cannot be omitted from
a healthy lifestyle.
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Obesity is a problem in
many developed
countries. Perhaps most
alarming is the increase
in obesity among
children. In 2008 nearly
one in five children over
the age of five was
obese.?
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Physical and psychological health

Exercises as simple as five exercise sets of ten vertical and twisting hops are an
effective weight-bearing program to increase bone density. The hops apply a force
of about 2.5 times body weight on the femur and hip, common osteoporosis fracture
points. This physical activity builds bone density and reduces the risk of fractures.
Engaging in the exercise every day over a six-month period increases bone mass
density about 2 percent compared to a small loss in those with no exercise activity.
Engaging in the activity four days per week reduces the gain to about 1 percent.
Animal studies suggest that even small percentage gains in bone density significantly
increase the amount of stress that bones can bear before fracture[]

In summary, the physical health of Americans seems to be deteriorating due to
weight gain and the lack of sufficient physical activity. While there are certainly adverse
health impacts from exposure to environmental pollution, this burden on physical
health is less than in previous decades. Planning and design have a role to play in
the continued reduction in exposure to environmental pollutants and in the provision
of landscapes that foster physical activity. Satisfying the need for muscle-strengthening
and weight-bearing activities is easier in neighborhood parks since the spatial require-
ments are small. Nevertheless, deliberate attention to the settings and equipment
needed for this activity is necessary. Creating programs or classes at parks and target-
ing various age groups to teach safe exercise practices, build social support networks
and introduce a variety of activities may be as important for encouraging daily
physical exercise as providing the space and facilities [Fiqure 2.6).
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Psychological health

Recovery from stress

The restorative effect of activities in a naturalistic setting was a central tenant in the
philosophy of landscape architect Fredrick Law Olmsted, who contributed to the
design of Central, Prospect and Franklin Parks in the second half of the nineteenth
century. Most people have had experiences in nature through hiking, camping,
boating, bicycling or many other pursuits where they felt the wonder of nature. The
majesty of soaring mountains, precipitous canyons or towering trees creates a sense
of awe. The complexity and variety of plants and insects is mysterious and astounding.
Emersion in exquisite environments like those protected in national parks provides
these satisfying emotions for the millions of people who visit these special places
each year.

While not as sublime, nature in urban parks, and natural areas near our neigh-
borhoods, also provide humans with satisfying experiences [Figure 2.7). In fact, the
daily opportunity for contact with nature may be more important to our personal
wellbeing than the thrilling excursions in our national parks. While nearly everyone
has personal experience of the benefit of naturalistic spaces, researchers have still
tried to isolate the factors that seem to resonate in people. It turns out to be a rather
difficult phenomenon to objectively research because there are so many variables at
play. One factor is simply that the urban context is stressful.
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Urban areas are noisy, filled with visual stimuli and more polluted. There is traffic
and perhaps threats from crime to be constantly aware of. We know that stress over
long periods has harmful effects on psychological and physical health. Research shows
that regular walks in the woods lead to a reduction in the secretion of cortisol, a
stress hormone. Compared to those walking in the suburban environment, the forest
walkers reported less anxiety and a much-improved mood. Of course, urban areas
also provide social opportunities and the positive stimulation of great architecture,
products and other man-made wonders, but occasionally the stimulation presented
by our urban environment, jobs and personal relationships feel burdensome. More
than one study suggests that urban living is stressful enough to become evident in
surveys of psychological health.

A study, using the data collected by the Center for Disease Control from over
60,000 respondents from 94 counties within 24 states in the US, analyzed self-
reported information on the level of psychological distress. People living in urban
counties were found to be at 17 percent higher risk for both mild to moderate, and
serious psychological stress compared to those living in rural countiedT] Perhaps
provision of naturalistic parks within urban centers, as shown in the example from
London [Eigure Z.8), is more necessary as an opportunity for stress relief and exercise
than we previously imagined.

Attention capacity, cognitive capacity and sleep

Perhaps we are evolutionarily predisposed toward natural scenes. This might explain
why a walk in a lightly forested area produces positive emotions, while a similar walk
in a medium-density urban setting elicits the oppositd_1] Perhaps people process stimuli
in natural settings differently than in urban settings. This concept is supported by
studies on attention and, more concerning, attention deficit hyperactivity disorder
(ADHD), which afflicts two million children in the US.

A study of 16 children with ADHD, 7-12 vyears old, reported the effect of 20-
minute walks in three different environments on the ability of the children to perform
tasks requiring attention and concentration. The walking environments were in an
urban park, a suburban neighborhood and a downtown area. All of the walking
environments were chosen to offer similar characteristics. They were well maintained,
flat, quiet and had minimal levels of pedestrian traffic. The walks were conducted
after sessions of puzzle-solving activities intended to create attention fatigue. The
park walks resulted in restoration of attention and significant improvement in the
ability to concentrate compared to walking in the other environments. The park walk
had an effect similar to the peak effectiveness of two drugs commonly used to treat
ADHD[ This result supports other studies demonstrating the benefit of natural areas
for relief from stress and has important implications for the design of schools and
neighborhood open space. If people with ADHD are surrounded by nature, at their
home for example, there are long-term benefits, but even short-term exposure to a
natural setting provides short-term benefit. There is research evidence of stress and
depression reduction from outdoor activities.

Research clearly demonstrates that time spent in a natural setting has a positive
effect on the psychological health of humans. Being physically active also has
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psychological benefits. Aspects of cognitive function are improved, and engaging in  [Eigure 2.4

regular physical activity reduces some symptoms of dementia. This activity can delay
the onset of dementid]

Regular, restorative sleep is an important aspect of human health. Unfortunately,
sleep deprivation, arising from 70 sleep disorders, affects 50-70 million Americans
each year. Physical activity programs can significantly improve sleep quality. One study
demonstrated that those engaged in regular physical activity were 40 percent less
likely to have insomnia than those who were sedentary. The impact of sleep disorders
on the economy is similarly high. An estimated $50 billion is the cost to business
due to reduced productivity of employees suffering from sleep disorders and daytime

sleepinessﬂ

Positive emotions

Self-esteem is an indicator of psychological adjustment. Physical activity seems to
have some effect on self-esteem and certainly increases among adults as their
physical fitness increases. In fact, physical activity ameliorates serious mental health
conditions. The effect is strongest for depression and cognitive decline and dementia
associated with aging. Activity also improves problems of poor sleep, anxiety and
fatigueﬂ

Depression is a condition that affects 4 percent of men and 8 percent of women
in the US, and costs the nation about $83 billion per year. The core symptoms of
depression are low motivation, fatigue and reduced pleasure. Mild to moderate
depression is common and harms physical health and job performance and leads to
inactivity and social irritabilit In the US, active people are 30 percent less likely to
have symptoms of depression than inactive people. Studies in other countries have
found that activity reduces the risk of having depression by 45 percentﬂ Anti-
depressant drugs are no longer recommended for treatment of mild to moderate

Natural or naturalistic
landscapes adjacent to
high-density urban
environments provide
people with
opportunities to
disengage from the
stress of urban life or
personal problems.
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Figure 2.9

Social benefits are other
important aspects of
green infrastructure and
group sport
opportunities.

Physical and psychological health

depression. Their effectiveness is limited and their side-effects outweigh their benefits.
Instead, counseling and physical exercise, such as guided and structured physical
activity for 45 minutes, three times per week over ten weeks, are often recom-
mended

Vigorous physical activity has been shown to reduce depression symptoms, but
walking regimens are also effective according to a review of eight excellent research
trials. Almost all participants in the trials were diagnosed with moderate depression,
with the exception of a small group who were not depressed but overweight. The
participants were adults over 18 years old (most of the studies focused on adults
older that 50) and selected primarily from primary care settings in psychiatric hospital
inpatient or outpatient programs. The participants did not include those with bipolar
disorders, mental illness or those suffering from diseases such as cance]

Depression was significantly reduced in six of eight trials by exercise, but the exact
mechanism is not confirmed. Activity intensity, duration and context are probably
responsible for reduced depression, but energy expenditure is not directly related to
its reduction. There was also a lack of correlation between physical fitness and
reduction in depression. Research is needed on the impact of walking frequency,
activity intensity, duration and type, such as indoor, outdoor, individual or group

situation
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Physical infrastructure for promotion of health

The first part of this chapter established the undeniable physical and psychological
health benefit of physical activity. [Chapters 5]and[7] will address specific measures
to consider in the planning and design of landscapes focused on recreation and
physical activity. Time in natural settings reduces stress and improves our outlook,
while physical activity, fostered by those landscapes, promotes human health.
Therefore, these twin benefits should be promoted by the collaborative efforts of
those shaping the built environment and health care professionals. Research indicates
that the design of the physical environment does not induce physical activity, but it
does afford the opportunity for physical pursuits and emotional satisfaction. This
may seem a semantic distinction, but it points out that there are many personal and
social factors that influence whether people engage in physical activity. Activity
programming and education can encourage people to be more active and secure
the physical and psychological benefits it offers. However, the public landscape must
be available for activity. The planning and design of that landscape needs to focus
on removing obstacles to use and then on creation of supportive and satisfying
environments that sustain use and interesf 1]

There are at least 12 environmental attributes that can be modified by planning
and design to contribute to the amount of physical activity people participate in
daily. The access, density and the proximity of parks and other recreation facilities
support activity. Similarly, research shows that the density of residential dwellings
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Beautiful landscape
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health.
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and the distribution of retail shops, schools and other destinations can be organized
to foster more daily walking. Walking needs an infrastructure and its character,
especially in an automobile-dominated setting, is critical to the amount and enjoyment
of walking for pleasure or transportation. The control of traffic speed and volume is
particularly important in safe routes to schools for children, but also for healthy
walking opportunities for adults. This is also true for promotion of bicycling where
in-street lanes and preferably dedicated paths and connectivity throughout the
community lead to increased activity. No single factor listed above is consistently
associated with increased physical activity. This suggests that removing as many
impediments to the use of the outdoor environment and creating or improving as
many incentives to use as possible may create landscapes that best promote physical
activit

A study of older adults seems to contradict the general evidence that the design
of the urban environment does not lead directly to an increase in physical activity.
Proximity to green space did lead to greater physical activity in people of 60 years
or mord] and vigorous physical activity by young adult{T For older adults, social
support by friends and family and good neighborhood safety lead to greater physical
activity[']

One study used life span as an indicator, since it is one of the many dimensions
of human physical health. The study demonstrated that the presence of walkable
green spaces, including tree-lined streets, in urban residential districts [Figure 211
increased longevity in senior citizens. The five-year study in Tokyo of over 3,000
ambulatory residents ranging in age from 74 to 91 years old at the initiation of the
study showed that those with nearby green space lived longer. This result was not
changed by variables of socio-economic status, age, gender or marital status. The
physical attributes of the environment, including the amount of sunlight reaching
the residence, nearby parks, walkable green streets and reduced noise from auto-
mobiles and factories, predicted longer life spans. Accessible green space was the
most important of these factors. The implication of these results is that planning and
design of green space within dense urban areas where residents have no access to
private open space will result in better health of senior citizend ]

Similarly, for children several factors contribute to greater physical activity. A
positive pedestrian environment with low traffic volumes and speed, access to nearby
recreation facilities, a mixture of residential densities and, finally, a mixture of residen-
tial and commercial and open space are associated with greater physical activity of
pre-adolescent children. For adolescents, mixed land use and residential density are
the factors contributing most to increased physical activit']

People use outdoor spaces for stress reduction[1] A person’s level of stress seems
to be related to their preference for certain outdoors activities and the sensory
content of various landscape types. A Swedish study of 953 participants assessed
their levels of stress and concluded that those more likely to experience high stress
were younger adults, particularly women, those who more often took sick-leave, those
with small children, those dissatisfied with their home environment and those with
poorer access to green space, but wishing to use public green spaces more often.
Participants in the study identified activity preferences from a list of 70 options. The
70 activities were grouped into 17 activity types. The most stressed participants
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preferred restful activities, animal activities and walking activities. Playing with small
animals or watching and studying pets or exotic animals characterize the type of
animal activities. Rest activities include enjoying the weather and fresh air, viewing
wild plants, resting in a green, open space and being in a place to experience quiet
and reduced activity. Walking for recreation and to enjoy natural or ornamental
vegetation and to enjoy the seasons and fresh air are in the walking activities grou

The landscape attributes preferred by those with high levels of stress are places
offering a sense of refuge and those that seem completely natural.

People can readily classify spaces based on sensory information that they perceive
. A classification of landscape types has evolved based on research
beginning in 1980. Eight landscape types include serene, spacious, natural, rich in
species, and those offering cultural and social opportunities and those offering refuge
and prospective vantage pointd] Landscapes offering refuge are characterized by a
sense of safety, enclosure and opportunities to watch active adults and children. The
natural category is characterized by a wild or seemingly untouched landscape.

In the Swedish study, the preferred sensory characteristics of the landscape were
paired to the preferred activities to find if there were significant correlations for highly
stressed people. The most highly ranked activity and sensory pair for people with
high stress was animal activities associated with natural sensory elements. The next
highest-ranking pairs of activity and sensory type were animal activities/refuge
and rest activities/nature. The third-ranking pairs were animal activities/rich in species,
and rest activities/natur This research is significant because it illustrates that
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People experiencing
high levels of stress
prefer certain landscape
characteristics. This
image expresses a sense
of refuge, high species
presence, the prospect
of seeing wildlife and a
sense of undisturbed
nature.

planning and design can respond to the needs of various population groups. Effective
pairing of activities and the spatial or sensory characteristics of spaces lead to better
user satisfaction. It also suggests that the public landscape needs to be heterogeneous
to respond to the expectations and desires of a diverse population.

The following chapters accept the evidence that Americans, Britons and others in
developed countries have diminished physical activity profiles that increase their risk
for a host of non-communicable diseases. The change to more sedentary work and
leisure activities is certainly a factor, but the planning and design of the physical
environment, and especially the green infrastructure network, will lead to better health
and wellbeing. The details of how to plan and implement this network are the subjects
of the following chapters.
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CHAPTER THREE

Ecosystem functions and health

Introduction

This chapter identifies components, structures and processes that are indicators of
ecosystemn health. This inquiry, like the review of human health status in the previous
chapter, is necessary to understand how to define healthy and viable ecosysterns
before we can begin planning how they might be co-located with human settlement.
Once we know more about how to support and measure ecosystem health, we can
establish goals for green infrastructure at the regional and urban scale.

Within ecosystems, the interactions of abiotic and biotic systerns motivated by
agents, such as photosynthesis or tidal action, establish ecosystem structure and
processes. The results of these processes are termed “ecosystem functions.” Ecosystem
functions are the physical, chemical and biological processes that sustain the eco-
systemn, such as primary production, water purification, nutrient cycling, carbon
sequestration, decomposition, carbon cycling, etc. When ecosystems directly or
indirectly contribute to human wellbeing, these contributions are defined as ecosystem
benefits to humand] Ecosystem services and benefits to humans are presented in
the next chapter.

Six measures of ecosystem health were identified in the introductory chapter as:
air quality, soil structure, energy and material cycling, water quality, habitat and species
diversity, and ecosystem resilience. These factors are grouped under biophysical,
chemical and biological diversity headings in the discussion below.

Biophysical

Ecology is the study of organisms interacting with each other and their environment.
Therefore, an ecosystem is an assembly of organisms and processes within a spatial
context. Although ecosystems are dynamic, geographically distributed ecosystem
types arise locally or regionally due to precipitation, temperature, soil and other
characteristics[(Eigure 3.}, The salient characteristics or dominating species are often
used to name ecosystems and to map their extent. Knowing the geographic area of
each ecosystem and monitoring its expansion or reduction over time gives us a crude
measure of ecosystern health.

With the exception of organisms linked to human society, such as domesticated
plants and animals, most species populations have been reduced because of human
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activity. One of the primary reasons for reduced populations and extinctions is habitat
IossE This loss can come from biological and chemical changes, as discussed below,
or from the conversion of habitat to human uses virtually devoid of ecological values.
In extreme cases, the physical removal of vegetation, water, soil and other elements
results in the death, not simply displacement, of almost all organisms originally
resident. The amount of habitat loss leading to species extinction is larger than previ-
ously thought, and the rate is hundreds to thousands of times higher than fossil
records indicate as typical3

Huge metropolitan regions and commodity agriculture eliminate almost all native
species in favor of plants hybridized by humans, domestic pets and exotic and invasive
species. Plants require space, light, nutrients and water. Animals share these require-
ment, but also require territory for acquisition of food and water, breeding, migration
and distribution of offspring. Furthermore, a minimum number of individuals within
each species are required to achieve a viable, sustainable population. This includes
sufficient genetic variety and contact with other populations of the same species to
allow for long-term health. Mapping the extent of the prehuman or preindustrial
ecosystems or species habitat is of academic, and perhaps restoration, interest, but
is less useful with the prospect of burgeoning human population and the expan-
sion of human settlements. The elimination of habitat due to human settlement is
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exacerbated by the water supply, agriculture, mining, commercial forestry and other
resources and activities needed to support them. Instead, determining the minimum
viable populations of species and the habitat sizes required to sustain them is the
approach that we must take in the face of diminishing ecological values almost
everywhere,

Mapping the extent of habitat areas

State, national and international agencies have taken the first steps in defining the
distribution of habitat by collecting geographic information about vegetation, soils,
topography, etc. This datais then often assembled, interpreted and analyzed by other
agencies or teams of scientists and planners to define the geographic extent of
remaining habitat, especially habitat that supports a rich diversity of species or many
endangered and threatened species. For example, a 1992 study used US federal data
collected by satellite for each 300 x 300 m block of the upper midwest region (lllinois,
Indiana, Michigan, Minnesota, Chio and Wisconsin). Other scientists then analyzed
the data to identify undeveloped land (any area not classified as urban, industrial,
residential or agricultural). They then assessed the undeveloped land according to
three criteria: (1) level of biological diversity (species, communities and ecosystems);
(2) sustainability (the potential for the systemn to persist without external managerment);
and (3) rarity of land cover, species and genus. The study scored each of the three
criteria (diversity, sustainability and rarity) on a scale of 0 to 100. Most of the
undeveloped land in the region scored between 20 and 80 on the diversity indicator.
This indicates moderate ecosystern and species variety. Ninety percent of the
undeveloped land was scored 50 or above for sustainability. Fragmentation, as well
as physical, chemical and biological agents, reduced the ecological sustainability of
the landscapes in the region. The northern part of the region was more diverse and
more sustainable than the central and southern portions. In contrast to the
sustainability measure, very little of the region scored above 50 on the rarity indicator.
This means rare ecosysterns or species occupy only a small area within the region.
The results of this ecological condition study will serve as the baseline to which
subsequent assessments of the same area can be compared} In this way, the success
of conservation programs and the impacts of urban growth can be monitored.
Initially, ground-based surveys of physical, vegetation and other biological
information were used to create maps. Although accurate, these surveys are time-
consuming and expensive to execute and repeat periodically. Especially for large areas,
such as national or global ecosystern mapping, remote-sensing data from sensors
on satellites are used to determine the extent of various ecosystems. For smaller
areas, sensors mounted on aircraft can provide more detail. Periodic collection of
data and comparison with previously collected information allows for temporal and
spatial monitoring to identify changes in ecosystern size, fragmentation and health.
Improved resolution of various sensors now allows for the detection of large
species, such as mature trees, within ecosystems and even measurements of the
primary productivity in dry grassland{®] Nevertheless, the detailed imagery is often
augmented by census counts of large mammals using aircraft. Although cost efficient
for mapping large areas, detailed information is often added to the remotely sensed
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Significantly, the geographic extent and continuity of habitat can be presented
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graphically, which is important information for urban and conservation planners. The
vertical structure and other attributes of ecosystems can increasingly be linked to GIS
maps that can be queried (searched). The attribute data increases with new scientific
studies of habitats and species and as sensors and computer applications improve.
Thematic maps, such as vegetation and hydrology, can be compiled to identify
locations where factors interact.

GISs also facilitate modeling human activity impacts on ecosystemns by using
population density, road network density, air pollution data and many other data
collections. Similarly, alternative future scenarios can be explored by making sets of
development or resource use assumptions. More detail about the tools and processes
used in planning for urban growth, habitat and ecological corridors is presented in

[Chapter 1.

Forest ecosystems

Comparing ecosystem maps over time establishes trends and influences management
decisions. For example, tracking the land area occupied by various forest types is
important since forest ecosystems are large components of both temperate and
tropical climate zones. Coarse-resolution mapping of forest cover types in the US
has a long history that allows trends to becorne apparent. The size of forest ecosysterns
in the US has generally increased over the last 50 years, with a few exceptions.
However, this recent increase recovered only about one-third of the forest area lost
due to activities during the 1800s. There was a small increase in forested land
between 1907 and 1938, but between 1938 and 1977 more than 16 million acres
of forestland was lost. During the next three decades forestland increased by 5.3
million acres. Contrary to the recent trend is the twentieth century loss of 22 million
acres and 12 million acres in the south-central region and southwest region,
respectively. In the mid-Atlantic region and upper midwest region forestland cover
increased by 13 million and 10 million acres, respectively. Some forest types made
particularly large gains. For example, maple—beech-birch forests and oak-hickory
forests gained 27.5 and 23 million acres, respectively, since 19543

Fir-spruce and western hardwood forests each increased about 11.5 million acres,
while hermnlock=Sitka spruce, pinyon—juniper and ponderosa—Jleffrey pine forest types
decreased by about 13.6 million, 8.8 million and 8.7 million acres, respectively. Of
concern is the loss of western white pine forest, since the 5.3 million acre decrease
equals about 96 percent of its 1953 acreage [Eigure 3. 3[4

The total area occupied by ecosysterns is one indicator of viability, but the
configuration of the area is also important. Natural events and, especially, human
activities fragment ecosystems. Most of the mammal, reptile, bird and amphibian
species found in forest ecosysterns are negatively impacted by fragmentation of habitat
which implies some loss of total habitat area as well. This is because fragmentation
increases the proportion of edge conditions, reduces the amount of interior habitat
and makes access to other fragments difficult. The number of interior species will
decline or disappear as interior habitat is reduced, while edge and open field species
will generally increasd]
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Most forest types in the
US have recovered
some area following a
decrease in the
nineteenth and portions
of the twentieth
century. Western white
pine forest, shown
here, is one type whose
acreage declined.

Fragmentation

Fragmentation is the splitting apart of habitat. By itself this has a relatively small
impact on species variety or abundance. However, the spitting agent, such as a road,
might have an impact larger than its area suggests. The damage caused by roads is
due to wildlife mortality and a wide zone of ecological disturbance on either side of
the road due to noise, pollution, invasive species and other factors.

The term "fragmentation” is really meant to imply four outcomes. First, habitat
is divided, resulting in more fragments or patches. Second, there is an increase of
edge condition and reduction of interior habitat. Third, fragmentation decreases the
total area of habitat. Fourth, fragmentation increases the isolation of the patches
E The last two characteristics are particularly problematic. When large
areas of habitat are converted to other land uses, such as residential or agricultural,



40

In this landscape a
substantial amount of
the original forest
ecosystem has been
replaced with
agriculture and urban
uses. The remaining
forest habitat is
fragmented, but the
degree of
fragmentation varies.
The patches are not
widely isolated and
there is fairly good
connectivity to the
largest patch.
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it is the loss of habitat that is most damaging to biodiversity. The habitat fragments
might still be of value to native species if they are not too small and they are close
together [Figure 3.5}. The combination of habitat loss and widely isolated patches
is most detrimental. In the study discussed below, the “patchy” category best matches
the isolation characteristic of fragmentation.

The US Forest Service developed a model to measure the amount of fragmentation
evident in forests within the contiguous 48 states. Four categories of forest area
(core, interior, connected and patchy) were established. The categories differed
according to the percentage of forest surrounding each 30 x 30 m forest land-cover
unit. The core (unfragmented) category equaled 26 percent of the total forest area.
The interior category was defined as being surrounded by 90-100 percent forest.
The connected category (surrounded by 60-90 percent forest) and patchy category
(surrounded by less than 60 percent forest) comprise a large proportion of the forest
ecosystem. The connected and patchy categories represent almost 50 percent of the
total forest area, although in the midwest these account for almost 70 percent of
the forest condition. This study illustrates that the forest ecosystems in the US are
highly fragmented. This is especially true near cities and in agricultural regions. This
assessment was based on 2001 data and there has not been a new assessment to
establish a trend, but this baseline will be important for future comparisons.# The
negative impact of fragmentation can be mitigated somewhat if habitat fragments
are linked. If fragments are close to each other they may function as if they were
connected for some species.

As suggested above, the planning and design of a green infrastructure at the
municipal and county level is key to mitigating the loss of habitat and biodiversity.

provides research and develops recommendations for the dimensions of
ecological corridors and habitat fragments within the two contexts.
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This poorly planned expansion of suburban development has eliminated much of the original
forest and unnecessarily isolated many of the remaining habitat fragments. Continuation of
the suburban pattern will eventually eliminate almost all of the native species in the area.
Better planning in advance of development could have established a much better system of
habitat patches and corridors while allowing for residential development, although its
configuration and density could also be improved. Photo 48°15'15.21" N, 122°19'31.34" W by
Google Earth (accessed 15 May 2013).

Connectivity

Although habitat loss and fragmentation of ecosystems, above a threshold, damages
the ecosystem and biodiversity, connections between the ecosystem fragments can
ameliorate the impact. The best connector of habitat patches is a physical corridor
composed of the remnant habitat. A study that assessed the extent and distribution
of habitat and connecting corridors was done for the eight-state southeast region
of the US. The habitat (5,000 acre minimum) and connectivity assessment revealed
that 43 percent of the total land and water area was composed of habitat patches
(30 percent) or connectors (13 percent). Some of the habitat and connectors were
in protected conservation areas (22 percent) and a substantial area of open water
(12 percent) and wetlands (14 percent) had a lesser degree of protection. The
remainder (52 percent) of the habitat and connector network is vulnerable to
development. This assessment was based on data from the early 1990s and there
has not been a new assessment to establish a trencﬂ If all of the vulnerable area is
developed, the viability of the ecosystem will be destroyed. Retention of 25-30
percent of the original, undisturbed ecosystem area is a general minimum guiding
conservation planning.

Wetland ecosystems

Wetlands, streams and rivers are important ecosystems for hydrological, ecological
and economic reasons. Since rivers and streams are linear, they connect habitat types
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[Eiaure 3.4

The US National
Wetland Inventory
provides accurate
assessment of the loss
or gain of many types
of wetlands. This image
shows the location of
at least eight types of
wetlands in the coastal
city of Everett,
Washington.
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as well as provide habitat for aquatic and terrestrial species. They are part of the
hydrological cycle and play a role in flood control and sediment distribution. Fresh
and saltwater marshes and swamps have high rates of gross primary production
and often serve as nursery areas for juvenile fish. The draining of wetlands to create
land for agriculture and human settlement has a long history in the US. The edges
of rivers and lakes are also very attractive as places for people to settle [Figure 3.6}
and, until recently, the waterways were regarded as a convenient waste disposal
network.

The extent of wetland ecosystems in the US is a fraction of the area covered by
forests. There are 110 million acres (44.6 million hectares) of wetlands of all types
in the nation. This amounts to half of the original wetland area. The historical loss
of freshwater wetlands resulted in reduced hydrologic and ecosystem connectivity,
and habitat loss and fragmentation. In some regions, the losses preclude reestablish-
ment and watershed rehabilitation. Some of the recent wetland area loss is attributed
to sea-level rise and climate change. The long-term loss of freshwater wetlands is
continuing, but at a much slower rate than in previous decades. Between 2004 and
2009, wetlands of all types declined by an estimated 62,300 acres (25,200 ha). Ninety-
five percent of existing wetlands are freshwater wetland{]

In 2012 the US Fish and Wildlife Service sponsored an ecosystem service valuation
study of wetlands in four wildlife refuges. These varied according to acreage and
region of the country. Each wetland was analyzed according to services provided for
storm protection, water quality, commercial fishing, habitat and carbon storage.
Larger wetlands and those associated with higher human populations nearby provided
the highest economic valuation. The total gross economic value per wetland acre
per year ranged from $92 to $510. The total values of the four wetlands ranged
from $13 million (Arrowwood Wetland) to over $4 billion (Okefenokee Wetlandﬂ

Municipal- and county-scale green infrastructure networks can preserve the
remaining wetlands and restore some of the wetlands that were lost or damaged in
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the past. Subsequent chapters present planning, design and implementation details
for wetlands created to treat stormwater and wastewater. These can be augmented
to provide significant habitat and ecosystem functions.

Soil structure

Understanding the scope and importance of processes and organisms supporting
ecosystems is challenging but critical. Because fundamental or supporting ecosystem
functions were well established before modern man evolved, they are often taken
for granted. The development and maintenance of soils is a fundamental ecosystem
function. Soils are critical for the cycling of carbon, nitrogen, sulfur and other
substances. For example, the amount of carbon in soils is 1.8 times the amount held
in plants, and nitrogen in soils is 18 times greater than in plant{]

Soils physically support and protect seeds before they sprout and hold nutrients,
making them available to plants over time. Humus and clay particles (less than 2 um
in diameter) typically have a negative charge and hold positively charged minerals
and nutrients (cations). Without this capacity, many of the nutrients and minerals
needed by plants would be leached from the root zone. Conversely, without the
buffering capacity of soils, nutrients in excessive amounts would be toxic to the
plantd]

A great number and diversity of soil and other organisms are involved in the
decomposition of dead organic matter and waste. They utilize the energy present
in complex organic molecules by processing chemical compounds in the waste.
The chemical bonds in these large molecules are broken by a series of organisms and
the remaining substances are available for use by successive sets of organisms. At the
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end of this decomposition process, simple inorganic chemicals remain as nutrients for
plants. Therefare, the fertility of soils results primarily from the activities of bacteria,
fungi, algae, crustacea, mites, termites, springtails, millipedes and worms.

Soil formation is a critical and continuous process closely related to nutrient
cycling, and is dependent on a rich biodiversity of microorganisms and plants, espe-
cially lequmes and deeply rooted plants. Studies in Denmark found 50,000 earthworms
and related species, an equal number of insects and mites and nearly 12 million
roundworms inhabiting each square yard of pasture. Even less visible were the 30,000
protozoa, 50,000 algae, 400,000 fungi and billions of individual bacteria in each
cubic inch of that pasture soil. Some bacteria even convert atmospheric nitrogen
into forms usable by plants. This nitrogen is transferred from plants to animals and
man. Some fungi form networks that connect the root systerns of trees and provide
them with nutrients. Ants and earthworms improve soil structure, aeration and
drainage by mixing plant material and microbes. Annually, as much as 4.4 tons of
worm casts are produced on each acre of landd Compaction of soil, erosion and
deposition of heavy metals or excess nutrients are all results of human activities and
are threats to ecosystem health. Conversely, humans can take simple management
steps to preserve and restore soil.

Chemical transformation and energy

Chemical elements, such as nitrogen, oxygen, sulfur and carbon, as well as substances
such as water and carbon dioxide, cycle through ecosysters. There are often small,
natural inputs of substances from outside the ecosystern, such as dust and nitrogen
from lightning, that are important to the function and stability of the system. Unusual
inputs or withdrawals resulting from natural or human activity often result in
compromised or at least changed ecosystem functions. Measuring the flow of
chemical substances into, through and out of ecosystems provides insight into
ecosystem health.

The degree of internal cycling of energy within ecosystemns is another indicator
of their health. The interactions and transformations of energy and material flows
are complex to describe and much more difficult to quantify, but computer technology
and mathematical models based on ecosystern experiments are providing more
accurate and useful results. The primary energy source for an ecosystem is its net
primary productivity. This is the amount of carbon fixed through photosynthesis. The
flow of energy and the carbon created by primary production support several funda-
mental ecosystern functions. The maintenance of the biodiversity of soil organisms,
plants and habitat is an examnple of one of these fundamental or supporting functions.
It is upon primary production and the associated supporting functions that ecosys-
tems are built. Biodiversity is also critical to nutrient cycling, another basic ecosystem
function. Supporting ecosystern functions, such as water cycling, operate at global
and local scale{™] Therefore, green infrastructure planning must connect local,
regional and even national systems.

Acid rain caused, largely, by burning coal to generate electricity is an example of
chernical inputs that stress species and ecosysterns across the northeast US and areas



of Europe. The rain across the northeast US region has an average acidity of pH 4.
Some insects, amphibians and fish are sensitive to acidic water. For example, brook
trout eggs will not hatch at pH 5 or lower. Increased acidity has caused the species
to become locally extinct in parts of the northeas{’]

Air quality and climate change

Oxygen and nitrogen are atmospheric elements that serve animals and people; carbon
dioxide, nitrogen and filtered solar radiation serve plant associations. Atmospheric
processes also extract gases, such as oxygen, nitrogen and other{T] Clean air sustains
natural ecosystems. Although pollutants up to certain thresholds don't have adverse
impacts, highly polluted air, such as high levels of ozone and nitrogen oxide pollution,
causes damage. Changes in the concentration of carbon dioxide (CO.} in the
atmosphere impacts the growth rate of plants and the energy balance of the system.
Deposition of heavy metals and other pollutants from industrial activities or burning
fossil fuels, such as coal, harm ecosystermn functions and species.

High concentrations of ozone have negative ecosystem impacts. The mid-Atlantic
and southeast regions of the US have the highest levels of ozone damage to forests.
Of the sensitive species in these areas, as much as 12 percent display a high or severe
degree of foliage damage due to ozone pollution. Qzone impacts vary by region,
and two regions of the US show no ozone damage at alld In the urban environment,
ground-level ozone decreases production of tree biomass by 10 percen{] Ozone
also decreases crop production. Significant reductions in soybean yield (9-19 percent)
are expected by 2030 due to high ozone concentrationd ]

The climate of the Earth has fluctuated dramatically, probably due to changes to
its rotation and the energy output of the sun. Other historic causes of climate change
may be from asteroid impacts, volcanic eruptions and uplifts caused by plate tectonics.
However, the climate has been relatively stable for the last 10,000 year{] As life
developed on the planet, mechanisms evolved to gradually warm the planet. In some
cases these mechanisms moderate climate changes, but in others they are thought
to accelerate i A regional cycle of daily plant transpiration along with evaporation
and afternoon thunderstorms is an example of an ecosystem process that limits
moisture loss and the rise of surface temperature. In the tropical rain forests of the
Armazon, this process is responsible for 50 percent of the annual rainfall. Temperature
is also moderated by the shading, insulation and wind barrier functions of forests
to create regional greenhouse conditiond]

Anthropogenic emission of greenhouse gases has focused our attention on a
climate ecosystem function that has been overwhelmed. The recent anthropogenic
rise of 0.8°C will increase to 1.5°C unless significant reductions in greenhouse gas
emissions are made immediately. We must act quickly to avoid a projected 3°C rise
by 2050 if we are to avoid great disruption to human society and ecosystemns
worldwide™ Despite efforts advocating these changes during the past 20 years, no
positive changes have been adopted in the US. In fact, all greenhouse gas emissions
continue to ris&3 (with the exception of a small drop in €O, emissions in 2012 due
to a shift from coal to natural gas for electrical energy production}.
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Human activities have increased the concentration of three greenhouse gases.
The global concentration has increased for carbon dioxide (39 percent}, methane
{159 percent) and nitrous oxide (18 percent) during the period from 1750 to 2005.
The US is responsible for about 18 percent of the carbon dioxide emitted into the
atmaosphere, although it contains less than 5 percent of the world population. Carbon
dioxide represents 83 percent of the greenhouse gases emitted by human activities
and is most responsible for climate change. In the US, carbon dioxide from the burning
of fossil fuels is responsible for 94.6 percent of the carbon emitted. The transportation
sector is responsible for one-third of this, and nearly two-thirds of the transportation
emissions come from personal vehicle use. Electricity generators {(primarily coal-fired
power plants) are responsible for 41 percent of the carbon emissions from fossil fuel
combustio

However, methane has a significant impact even though it amounts to only 14
percent of the greenhouse gases emitted, because it is 21 times more effective in
trapping heat in the atmosphere.'® Soot is another greenhouse element responsible
for about 16 percent of global warming. These elements last in the atmosphere for
a shorter amount of time than CO,, so their control could yield climate change
mitigation results more quickly than CG, reduction measures. Political and economic
resistance to regulation of carbon emissions has resulted in the increase of CO,
between 1990 and 2009, Since we urgently need to make progress, perhaps
simultaneous reduction targets for carbon dioxide, methane and soot will yield both
medium- and long-term results.

Implementing 14 measures for reducing methane and soot worldwide, including
capturing gas that escapes from coal, oil and natural gas mining and processing
facilities, stopping leaks in gas pipelines, capturing methane from landfills and waste-
water treatment plants, frequent draining of rice paddies and better management
of manure would reduce the anticipated global warming by 0.9°F (0.5°C) by 2050.
Without the implementation of these measures the projected rise in the average
global termperature is expected to be 2.2°F. With the proposed methane and soot
reduction the average global temperature increase is estimated to be 1.3°F {(0.7°C),
which is below the 2°F threshold representing major economic and ecological
disruptions. Secondary health and agricultural benefits of the proposed methane and
soot reductions are very significant. The economic benefit of reducing methane and
soot are many times greater than the cost of implementationB®

Water quality and quantity

The annual volume of water from precipitation on the land surface is equal to a
3-foot depth over the entire land area, and all of it supports natural ecosystems in
one way or anothe] Of course, the precipitation isn’t distributed evenly, which is
one of the primary factors distinguishing ecosystems from ene another {Figure 3.8).
Global warming is already changing the amount and form of precipitation that various
regions and ecosystems receive. This will continue to cause the boundaries of
ecosysterns to shift. Research demonstrates that organisms are already shifting their
territories toward the poles. This natural climate adaptation will increase the frequency
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Wetland ecosystems are
especially important for
purification of water
and provision of clean
water habitat for birds,
fish and other aquatic
organisms.

of pest and disease outbreaks in stressed ecosystemd ] If these changes in precipitation
are rapid, ecosysterns will suffer.

Healthy ecosystems depend on relatively clean water for optimum health. Naturally
occurring nutrients due to soil-forming processes and decomposition of vegetation
are removed from water and secil by a host of micreorganisms and plants. These
substances are transferred up the food chain to serve the metabolic functions of
mammals, fish and birds. Evaporation of water from surfaces and transpiration of
water from plants is another water purification mechanism and part of the water
cycle. Acidic rain and the results of other atmospheiic pollution compromise the
water cycle and damage ecosystem health.

Contaminants and excess nutrients acquired by water flowing over the agricultural
and urban landscape enter aguatic ecosystems. Wastewater treatment plants and
conventional agriculture are the primary sources of such large amounts of carbon,
nitrogen and phosphorus that lakes, rivers and coastal waters became eutrophic.
The excess nutrients cause rapid growth of phyteplankton, algae and bacteria, which
damage the natural ecosystern and cause changes in its structure and function.
Excessive growth of phyteplankton can lead to oxygen levels in the water that are
too low to support freshwater and marine fish and many other aquatic species. This
situation has already led to coastal dead zones as large as 27,000 square miles
(70,000 km?) near South America, Japan, China, Australia, New Zealand and the
west coast of Narth America. The number of these zones is doubling each decadd]

Phosphorus accumulation in ecosystems has increased 40-95 percent above levels
during the preindustrial period. Most of the accumulation occurs in seils, but this
nutrient eventually makes its way to aquatic systems. Phosphorus from artificial fertil-
izer and household detergents also cause eutrophication of freshwater ecosystems,
especially in temperate climates. Unfoitunately, the use of synthetic fertilizers is
expected to increase at the rate of over one million tons per year until 2030
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The endangered
Kirtland Warbler has
very specific habitat
requirements that make
it vulnerable to hahitat
loss and extinction.
They breed in Michigan
and require at least 160
acres of dense, young
Jack pine (Pinus
banksiana) farest.
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Biological diversity

Biological diversity (biodiversity), like habitat, is both the result of healthy ecosystemns
and a means of measuring ecosystem health. The assessment of biodiversity includes
the variety of genes, species, populations and communities and ecosysterns. The
biodiversity focus tends to change at different scales. The regional focus is often on
species, while national and international conservation efforts focus on ecosystemns.
Despite the focus, variety, quantity, quality of habitat and distribution are biodiversity
assessment considerationﬂ

There is no nationwide assessment of biodiversity or its trends in the US, although
there is considerable information on most marmmal and bird species[[Figure 3.9} and
their population trends. However, the biodiversity of the entire group of native
freshwater fish and its change over time is measured and can serve as one indicator
of general biodiversity. At least 12 freshwater fish species are extinct and another
three may be extinct. These extinctions or, more likely, local extinction of population
groups are the cause of reduced fish biodiversity in various regions. Only 12 percent
of the area of the contiguous US has the historical biodiversity of fish fully intact.
Watersheds extending over 24 percent of the US have lost 10 percent of their fish
biodiversity, with reductions in the southwest particularly severd]

Within an ecosystem the number of species grows in response to increasing
ecosystern complexity and the exploitation of habitat niches as organisms compete
and evolve. The number of species in an area is one way that biodiversity is expressed
[Figure 3.10}. This is called species richness, variety or diversity. The number of
individuals of a single species is called abundance and is another common measure
of ecosystern health.
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However, overall, species richness and abundance is declining in developed and [Figure 3.1d

developing countries across the globe. Many species within the five categories of
organisms (bacteria, single-celled organisms, fungi, plants and animals) are faced
with extinction. These extinctions are caused by habitat loss due to the expansion
of agriculture, timber harvest and urbanization[] At least for perching birds and
songbirds in the US [(Figure 3.9), the previous extinction rate estimates have been
revised downward, based on new research. The recalculated extinction rate is
625-6,250 times normaIE As noted in the number of threatened species
in the world has more than doubled in the last 15 yeard1] Of course, extinctions
reduce the biological diversity of an ecosystem and will eventually compromise its
health and that of the organisms, including man, that depend on them. Extinctions
at the unprecedented current rate indicate a dramatically unsustainable relationship
between man and other creatures.

The ecosystem role that species play is an important consideration for ecosystem
health. Species can be organized into functional categories. If all species within a
functional category, such as pollinators, become extinct then there would be a
significant negative impact on the ecosystem, even if the total number of species
remained high. This understanding suggests that maintenance of complex ecosystems
and the breadth of species populations is a wiser approach than targeting specific
species for conservationl] Nevertheless, high-profile species [Fiqure 3.11)), or better,
a guild of species selected from all functional categories, is often highlighted as an
indirect indicator of ecosystem health or the success of conservation efforts.

Two ways to measure
ecosystem health are to
assess the variety of
species and the number
of individuals within the
species. Species can be
organized into
functional groups.
Some species may
perform the same
ecosystem function,
such as nectar
production.
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The northern spotted owl is a specialist species and highly
dependent on old growth forest at least 150 years old in
California, Oregon, Washington and British Columbia. It is an
interior species requiring a large habitat area. Its offspring
often fail to survive migration to fragments of old growth
forest. This species was listed as threatened with extinction
because of commercial timber harvests on public land in
1990 and ignited a clash between advocates of economic
forest use and advocates of ecosystem protection. Its
numbers continue to declin

Since a number of species within an ecosystem might perform similar functions,
the extinction of one species may not impact the health of the ecosystem significantly,
especially if the populations of the remaining species within the functional group
expand. Because of this dynamig, it is very difficult to study and test the impact of
biodiversity loss until most or all of the species in the functional group are gone.

The abundance of individuals across species relates to population dynamics at the
landscape scale. Population that declines beyond a typical fluctuation indicates
significant stress, just as declining species diversity does. Local extinction means that
the entire population of a species has disappeared and indicates that the entire species
may be threatened. The presence of rare or endemic species is another indicator of
ecosystem health. The loss of species within these groups suggests that the capacity
of the ecosystem is compromised even if the abundance and variety of species has
not changed much yet.

Local populations of most species are not well defined, but the long-term
population trends for birds in the US are known due to the periodic North American
Breeding Bird Survey that began in 1966. Sets of species in 12 environment or habitat
groups (trends for five of these groups are presented in are defined
according to significant positive, positive and significant negative population trends.
Data from this study also provide the trend for individual species and for individual
states/provinces and regions. The data is geographically organized so that changes



Population trends for indicator bird guilds in the US and southern
Canada as a percentage of species with positive or negative
population trends, 1966-2010[1] For more information see

Lwaw. mbr-pwire. usgs.gov/bbs/bbs htm).

Species Group Significant Positive | Significant | Number of
Positive Negative Species
Grassland 4 21 54 28
Shrubland 13 31 40 87
Woodland 31 BT 28 131
Urban 27 33 67 15
Water and Wetland 19 50 17 86
All Species Groups 21 45 32 424

in population trends can be displayed on maps. Species threatened with extinction
or those of concern are identified along with the pressures that force them toward
extinction. Similarly, factors leading to population growth are collected. The most
recent ten-year trend can also be compared to the full trencl] Comprehensive and
long-term data of the sort collected for birds in the US and Canada are one reason
that birds are often selected as indicators of ecosystem health.

Since populations of species are groups of individuals separated from other groups,
they may reflect differences in genetics. Data on populations of waterbirds that depend
on wetlands and other freshwater habitat are the best-studied set of species.
Therefore, waterbirds suggest trends that may be occurring in the populations of
other species. Worldwide, 41 percent of known waterbird populations are decreasing,
36 percent are stable and 19 percent are increasing. In North America the populations
of 8% species of waterbirds are stable, 62 are increasing and 68 are declining. Large
mammals in Africa are another well-studied group. Over 60 percent of their
populations are declining, while only 4 percent are increasing. Similarly large
population losses of amphibians {almost 71 percent) are occurring in species
Worldwideﬂ

Maintaining biological diversity

One of several goals of the following chapters is to show how to maintain or enhance
biodiversity at the landscape and municipal level through the use of green
infrastructure. Maintaining biodiversity is a challenge, since many species are negatively
impacted by human activity or require large territories. In fact, some species require
huge territories virtually undisturbed by hurmans in order to sustain viable populations
(Figure 3.11)). For example, grizzly bears occupy overlapping home ranges, but their
density in the Yellowstone ecosystem is about one bear per 34 square miled2] Other
species are extremely sensitive to human presence and activit). For these
species, a country residence in the forest can reduce the presence of these species
for as much as 600 feet into the fores

51


http://www.mbr-pwrc.usgs.gov/bbs/bbs.html

52

The hermit thrush
(Catharus guttatus) is a
forest interior species
and highly sensitive to
human presence and
activity. Its presence is
reduced around country
residences in the forest
for as much as 600
feet.
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In contrast, many species do adapt to the presence of people and the land-use
changes they establish. Some species seem to adapt to fragmentation of their habitat.
The scarlet tanager is an interior forest bird, but it seems to breed in forest fragments
less than 25 acres (10 ha) in size when its preferred interior habitat is diminished.'®
Some species, such as crows, are even considered completely urbanized and flourish
in cities even to the point of becoming pests, as is the case with rats and cockroaches.
Biological diversity within urban areas can be higher than it is within the surrounding,
more natural, ecosystems. This is explained by the many exotic or invasive species
that are encouraged or supported by human activities. Exotic plants, whose original
habitats are distributed across the globe, usually dominate the ornamental landscape
of urban centers and residential gardens. The biodiversity of native species is always
much lower within urban and suburban environments. However, the variety of native
species and the number of individuals supported in these environments can be
maximized through careful urban planning and design, as discussed in the following
chapters.

Invasive species

Non-indigenous species that become established within natural ecosystems threaten
the healthy function of the system. Invasive species in the US, such as kudzu, zebra
mussels, grass carp, starlings and nutria, have damaged ecosystem health] As for
biodiversity assessment, there is no national mapping and monitoring of all invasive
species and their impact, although for some areas and habitat types more information



is available. The assessment of the aquatic ecosysterns (soft-bottorn estuaries) along
the coast from northern California to Canada can serve as an indicator of the impact
of invasive species. A study of this region measured the abundance of benthic
{organisms living on the sediment or in sediment) invasive species. It revealed that
the invasive species had a higher negative impact on the ecosystem than sedimentation
or eutrophication, which are also anthropogenic in origin. About 15 percent of the
monitored sites within this region contained a greater number of invasive than native
organisms. Another 20 percent of the monitored sites were moderately invaded by
non-native speciesﬂ

Ecosystem resilience

Ecosystems are subject to shocks from natural and man-made catastrophes. Some
ecosysterns are quite vulnerable to perturbation. Some, such as fire-adapted
communities, even invite certain kinds of dramatic change. Other ecosystermns have
a greater capacity to adsorb shocks while maintaining ecosystem functions, but recover
slowly[J This variability of vulnerability and resilience leads to a regional landscape
of dynamic ecosystems. Thus regions are composed of disturbed, recovering and
mature ecosystems that form a landscape mosaic. The biological diversity present in
ecosysterns before perturbations occur is related to their resilience. Each species
extinction, whether local or glohal, represents a potential loss of ecosystem resilience.
Extinction of a functional group of species can be a severe impact to ecosystem
functions.

Resilience is the ability to return to the stable state after disturbance. If the
disturbance is severe, it can cause the ecosystem to change states and represents
long-term declines in species composition and ecosystem functions. Resilience can
be expressed as a measure of the time it takes the ecosystemn to return from the
stressed state to the original condition, or expressed as the return of the network of
species in the undisturbed system.

Climate influences ecosystem resilience, so climate change could increase or
decrease recovery rates. At the local scale, resilience is reduced if infiltration, soil
moisture and nutrient cycles diminish. Therefore, soils structurally resistant to change
contribute to high resiliencd?] Sustainable use and management of forest ecosystems
requires protection of soils and preservation of seed sources and the rapid migration
of seed into damaged landscapes. Since commercial forestry and damage associated
with climate change, such as fires and insect infestations, have large impacts on
expanses of forest, attention to the resilience of this ecosystem is urgent. Poorly
resilient ecosysterns that are damaged may require active management and restoration
by humans [(Figure 3.13), such as thinning stands, fuel load reduction, erosion
prevention and re-vegetation.

The resiliency of the ecosysterns damaged by hurricanes has been studied. Publicly
available remote-sensing data {moderate resolution imaging spectroradiometer,
MODIS) was used to monitor the recovery of the landscape after Hurricane Rita.
Rita came ashore on 24 September 2005 and caused considerable damage to
southwestern Louisiana towns, crops and natural ecosystems. This study established
a haseline of gross primary biomass production derived from data collected between
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A helicopter on a
recently burned forest
in Arizona drops a 900-
pound bale of straw to
control erosion and
flooding. One ton of
straw per acre was
placed over 25,000
acres seeded with
barley and other plants
to help restore damage
from the largest forest
fire in the history of
Arizoha.
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2000 and 2005. Gross primary production was measured for several ecosystern types
for the 12 manths following Hurricane Rita and this was compared to the baseline.
This study really traces the regeneration of the landscape, which is slightly different
from resilience since only one ecosystemn function is being measured. Nevertheless,
the study demonstrated that ecosystemn biomass recovery was surprisingly rapid for
coastal wetlands and several other ecosystems. The exception was evergreen forests,
which remained below the baseline for the entire year. The most resilient ecosystem
was the shrub/scrub type. As during Hurricane Katrina, it was resistant to storm
damag

The Louisiana study also demonstrated links between the resilience of the
ecosystemns and recovery of human systems. Businesses linked to ecosystern services,
such as fisheries, agriculture and forestry, were least resilient when tied to the least
resilient ecosystern types. Conversely, the resilient wetlands and croplands were linked
to higher business resiliencd 2]

Indicators

The study above used an indicator of ecosystem health, assuming that other aspects
would match the performance of the indicator. Ecosystem resilience is even more
complex to demonstrate and monitor than ecosystem health. To simplify the process,
reduce cost and communicate more clearly with citizens and decision makers, the
use of ecosystem indicators simplifies data collection, assessment and communication.
Many people are familiar with the concept of indicator species. The presence,
abundance and distribution of the indicator species are used as proxies for the whole
system. For example, the condition and number of plants of a native buckwheat
species has been used in California as an indicator of sustainable hurman recreational
use of a natural area hecause it is sensitive to trampling.



Ecosystem functions and health

Indicators are numerical values that define the state and trend of a system.
Generally, several indicators are necessary to describe complex systems or relationships.
The most critical and difficult task is establishing the set of indicators and testing
that they reliably describe the system. For example, a set of indicators was proposed
to define the health of the urban forest in and around Gainesville, Florida and its
provision of ecosystem services. Of course, the forest was mapped and data were
collected from sample plots. The data were entered into a widely used forest health
model (UFORE) that estimated ecosystem health, including the impact of pollution
levels. The model characterized the effects of various land uses. The result was an
understanding that the indicators of tree cover, soil pH and soil organic matter were
most useful for defining sustained provision of ecosystem services. Which ecosystem
services are prioritized will vary by region. In Florida, storm abatement was a very
important ecosystem benefit. Therefore, the ecosystem benefit is storm protection
and the indicator is forest structure. The quantifiable expression of the indicator is
tree density and percent coverage within designated sample plots. In a different region,
abatement of particulate pollution might be a more highly prioritized ecosystem service
benefit and a different indicator would be developed. These examples focus on
ecosystem services, but other indicators would target ecosystem health. Once the
indicators are validated they can be measured regularly at a low cost to communicate
ecosystem health in relation to changes in use, management or community goald%]
This approach to assuring continued ecosystem service is an alternative to the
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Ecosy:

economic assessment of value to humans, but is compatible and could be directly
tied to processes that estimate economic value.

In municipalities the creation of a green infrastructure will involve preservation of
existing habitat and corridors, but will also require newly designed or restored
landscapes. Existing habitat in the city will require management to mitigate the
impacts of pollution and human use, as well as controlling invasive species [Figurd
[3.14). New or restored landscapes can increase rare ecosystemns, such as wetlands,
and build the components that lead to healthy ecosystems, such as improvernents
to soil and vegetation structure. Resilient designed landscapes depend on a high
diversity of native plants, soil restoration, varied topography, a perennial water source,
microclimate situations and other measures appropriate to the climate, region and
native species. However, green infrastructure in the urban setting will require
monitoring and management. Guilds of indicator species should be identified and
monitored to measure the success of restored landscapes and the health of existing
habitat. Subsequent chapters address many of these planning and design issues, but
first a discovery of the services and benefits to humans provided by ecosystems is
covered in the next chapter.
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CHAPTER FOUR

Ecosystem services

Introduction

In contrast to the previous chapter, the sections below concentrate on the potential
ecosystem services and the actual benefits to man. When humans directly or indirectly
use the environment and products from it, they are receiving ecosystern services.
Examples of ecosystem products include clean water, food, lumber, minerals, fibers,
etc. [(Figure 4.1)). Non-product services include water purification, waste treatment
and intangible elements such as recreation and beauty. An ecosystem benefit is the
human valuation of an ecosystem servicel]

The Millennium Ecosystem Assessment divided ecosystem services that benefit
humans into four classes: (1) supporting; (2} regulating; (3} provisioning; and {4}
cultural. Supporting ecosystern services indirectly benefit humans but are fundamental
to the other three categories of services that are more directly enjoyed by peopld]
“Ecosystem services” is a deliberately anthropocentric phrase that frames the argument
for preservation of natural systems in the cost-benefit terminology of economics. It
is hoped that this language and demonstration of economic value will foster an
understanding of the true value of healthy ecosystems and lead to greater commit-
ment and investment in their conservation. This chapter provides many examples of
the economic valuation of ecosystem benefits.

Green infrastructure organizes several elements that provide human and ecosystem
benefits. This chapter establishes the typology of ecosystem services and benefits, as
well as threats to thern, in the context of green infrastructure at the municipal and
landscape scale. Components that are managed ecosystems for the explicit purpose
of maximizing certain ecosystem products, such as wastewater treatment, are the
subjects of later chapters. The eight functions and services identified in [Eigure 1.5]
interact with each other as discussed below. They are organized according to the
Millennium Ecosystern Assessment categories.

Human benefits from supporting ecosystem
functions

The provision of seafood, timber, fodder and other commonly traded natural products
are ecosystem services provided on a scale that is larger than generally associated
with green infrastructure. However, networks of corridors, spaces and habitat areas
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within the city and county have an impact on these more distantly derived products. [Figure 4.1

Community agriculture and forestry, and certainly residential and public landscapes,
depend on the maintenance of supporting ecosystem servicesE such as soil formation
and nutrient cycling. Habitat provision, water cycling and primary production are
three more examples of supporting ecosystem services tied to human activities at a
scale somewhat larger than cities but linked to them. Some of the topics in this
chapter will be familiar since they relate to ecosystem health as discussed in the
previous chapter, but this discussion approaches the topics from an anthropocentric
perspective.

Habitat for humans

In contrast to habitat definitions for animals and plants, it is surprisingly difficult to
define and understand what a human habitat is. We cannot use the same parameters
of temperature, food sources or associated species as we can for other organisms.
Of course, Homo sapiens evolved in a particular habitat, but the species long ago
exercised its ability to modify its environment to allow expansion of the population
into areas where excessive heat, cold, wind or the lack of supportive vegetation and
animals would normally limit habitation. Through the use of natural materials, and

Products, like lumber,
food and medicine, are
the most obvious of the
ecosystem benefits, but
there are many other
important services
including air and water
purification, waste
decomposition, soil and
nutrient cycling, climate
and radiation
regulation, habitat
provision, noise
pollution control,
aesthetic and cultural.
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later synthetic ones, man extended the range of environments that he could occupy
far beyond his evolutionary home.

Modification of the environment is not an activity peculiar to man. Most organisms
modify the environment to protect thernselves and to better support their offspring.
For example, over time redwood forests modify the soil chemistry, moisture and
temperature, humidity and amount of sunlight reaching the ground in ways that
support redwood trees and not others that might compete for space, light or
nutrients.

For man, environmental control is conscious and sometimes long term, wide rang-
ing and requiring continuous or occasional use of natural resources. This store of
resources and our ability to use themn to ameliorate hostile environments might be
regarded as man's contemporary habitat more correctly than any association with
native plant and animal groups or climatic conditions. Building materials, energy and
technology to modify the environment are globally available in the modern econormy.
Therefore, the location or origin of the resources do not define human habitat geo-
graphically. Nevertheless, some cities and towns are more desirable places for people
to live than others. Since all cities are artificial environments of human manufacture,
we can study why some are more benign. The keys to understanding optimurm human
habitat are the dimensions of human health. Many ecosystem services contribute to
human health and habitat, as discussed below.

Despite the enormous number of plant and animal species, man depends on
relatively few of them for food. In fact, a small set has been selected and maodified
through hybridization (and more recently genetic modification) to better serve our
needs. Dependence on this small group of plants and animals erroneously caused
us to behave as if only they are all that are required for human wellbeing. When
one or more of the basic set of plants or animals is diminished through flooding,
drought or disease, the result is often hardship or starvation. Similarly, if a basic
natural resource, such as oil, is ternporarily unavailable, this can cause great suffering,
especially in the extreme environments where man lives comfortably only through
the constant expenditure of the resource.

Human habitat, then, is increasingly the occupation of land locally incapable of
supporting the population without reliance on modified, anthropocentric plants and
animals, imported energy, and sometimes imported water, and other materials from
sources beyond the region. Man has committed himself to this model and, in terms
of population growth over the centuries, it has served the species. However, the
more reductionist the model becomes, as the store of resources declines due to their
unrenewable character or demand from an ever-growing population, then the more
vulnerable human societies become. Reducing our risk could come from popula-
tion reductions, increases in resources or both. We have used technology and fossil
fuel subsidies to increase resources and largely ignored the population side of the
equation.

More productive hybrids or genetically altered strains of commaodity plants and
animals, more herbicides, pesticides, artificial fertilizer and specialized farm equipment
and expanding the area dedicated to agriculture may enhance our ahility to produce
more food. However, it is apparent that this is an increasingly artificial system with
an ultimate capacity. More clear is the limit of fossil fuel reserves and the dramatically
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increasing global dermand for oil. Global commodity agriculture is increasingly
dependent on fossil fuel but will, presumably, be prioritized as the oil supply decreases.

Since human settlements are increasingly urban and require the support of regional
and even global resources for sustenance, huge areas for agriculture and forestland
are needed. These land areas, energy production and infrastructure, both nearby and
far away, should be included in the definition of human habitat. Although increasingly
modified, these systers ultimately are based in nature. Hybridized plants, which would
be unrecognizable to the humans that first cultivated the species, still require a soil
substrate, nutrients, reasonably pure water and light. We substitute naturally occurring
nutrients with artificial fertilizers, but these are also derived from natural resources.
The sections below remind us that indispensible materials and processes are provided
to humans by natural and managed ecosystemns.

Soil and nutrient cycling

Regulating the flow and availability of nutrients, gases and water by soil is an amazing
ecosystem service that is emphasized only rarely, but is evident in the control difficulties
when attempting hydroponic culture of plants. Consideration of simply physically
supporting vegetation hints at the magnitude of costs associated with soil destroyed
by pollution. The cost for physical support products used in hydroponic agriculture
is $22,000 per acre. Of course, soils have been damaged by human activities such
as pollution, compaction and erosion. In fact, soil damage by human activities is
widespread, impacting almost 20 percent of the vegetated land area of the plane(

Nutrient cycling is an ecosystern service to humans, especially in regard to the
huge amount of solid waste produced by humans. Waste arising from household
garbage, sewage, industry, agriculture and forestry constitute about one-third of the
143 billion tons of dead organic matter produced each year. Crganisms decompose
this organic waste in addition to soaps, detergents, pesticides, oil, acids and paper.
Some materials are detoxified, or the disease-causing bacteria, viruses and other
pathogens are removed by microbiotic activityﬂ This is certainly an ecosystem service
that we must preserve and one that we can make greater use of to reduce the cost
of maintaining a healthy city. The decomposition products are often materials like
nitrogen or mulch that can be reused for human benefit. For example, domestic
sewage can be “mined” to recover the large quantities of phosphorus it contains for
reuse in agriculture. Another emerging prospect is the development of bio-plastics
from treated sewage byproducts.

There are many ways to foster soil preservation or soil formation and the natural
cycling of nutrients in residential and public landscapes. Prevention of wind and water
erosion and the damage to soils during construction of buildings and landscapes is
an obvious opportunity. Reducing the use of artificial fertilizers and pesticides benefit
aquatic environments as well as soil fauna and flora. Using mulch and compost to
cover exposed soil reduces erosion and provides the carbon needed by scil organisms
to create fertile, healthy soil and nutrients for plants. Threats to natural soil formation
and nutrient cycling include deposition of heavy metals, acid rain, herbicides,
pesticides, soil compaction, erosion and eutrophication of water bodies.
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The tree plantations in
this image provide
multiple benefits. The
trees transpire the
water and, along with
soil organisms, remove
excess nutrients
(nitrogen and
phosphorus) from the
treated wastewater and
sludge that is sprayed
on the plantation. The
trees are suitable for
milling into molding or
as pulp for paper, and
can be harvested on a

short cycle.

Ecosystem services

Water cycling

Water is cycled through phase changes involving local, regional and global systems.
Water is concentrated, transported, purified and distributed to human settlements,
primarily through seven processes. Water evaporates from surfaces and transpires
[Eiqure 4.2) from plants to enter the atmosphere as clean water vapor. It condenses
on, or precipitates to, surfaces as relatively pure water. Some of the surface water
infiltrates into the soil and is available to plants, while another fraction percolates
to recharge aquifers or moves underground to sustain the base flow of streams and
rivers during the dry season.

We can increase the benefit of clean water for human use by encouraging
infiltration, percolation, groundwater recharge and base flow through many landscape
practices within green infrastructure. Large sedimentation and infiltration basins are
usually operated by counties, but small and numerous applications at each residence
or commercial building can significantly slow runoff of stormwater, reduce flooding,
reduce stream channelization and increase soil infiltration. Planting vegetation as a
primary component of green infrastructure has a positive impact on the movement
of water into and through the soil. Similarly, plants have a positive impact on the
movement of water through evapotranspiration. Plants slow the surface runoff rate
and velocity. The example of forest clearing illustrates the impacts of plants on runoff.
In a New Hampshire study, the average stream flow increased 40 percent and the
peak runoff was five times more than before a forest area was cleared]

Unfortunately, often the benefits of green infrastructure are needed to compensate
for damage caused by human activity elsewhere. We can anticipate the need for an
increase of green infrastructure to address changes to the water cycle caused by
global warming. In the UK, climate change will cause water cycle impacts. These
include higher rainfall intensity, which is expected to rise by 40 percent by 2080.
The cost of dealing with the associated flooding will be four to eight times the current
amount] New and retrofitted landscapes designed to detain or retain the increased
storm volumes can protect property and reduce the extent and frequency of flooding.




rstem services

Human benefits from regulating ecosystem
services

Wind, temperature and oxidation processes in the atmosphere provide a regulating
service through their capacities to clean the air and disperse pollution. Most trace
gases emitted into the air are removed through oxidation in a process that would
normally maintain the current composition of the atmosphere and climatic
characteristic{]

Climate and radiation

Climate regulation is an ecosystern service. The atmosphere provides four supporting
ecosystemn functions, including its natural warming. The density of the atmosphere
and the ozone layer protect us from radiation, plasma and meteors. It also redistributes
the water resources. Finally, the density pressure of the atmosphere allows direct use
for sound communication and transportation. Natural ecosystems respond to changes
in climate and may in turn moderate thern. For example, global warming increases
biomass production and decomposition rates. This could decrease or increase the
release of carbon dioxide. The importance of these buffering measures is uncertain
in the context of the emerging climate instability. It is clear that climate and ecosystems
are closely paired and that the stability of their interactions is importan{]

Green infrastructure can support the efforts to adapt to climate change or mitigate
its impacts through encouraging alternate transportation and the sequestration of
carbon. Although reduction in fossil fuel emissions is the most effective measure
leading to climate change mitigation, other measures support this effort. For example,
13 tons of carbon dioxide is removed from the atmosphere annually for each set of
100 large mature treed] Since the average per capita carbon emission in the US is
more than 17 tons per year, it's clear that planting trees in urban forests or
reforestation of public lands with millions of trees every vear is required to make a
significant contribution to climate change mitigation. However |Figure 4.2]illustrates
that there are opportunities to plant millions of trees to serve multiple purposes.
Clearly, reduction of CO, emissions must be tied to reduced use of fossil fuels and
to other mitigation efforts, including reforestation.

In Europe, where CO, emissions are much lower (9.6 tons per capita in Germany)
than in the US, carbon sequestration is a somewhat more hopeful measure. Urban
forestry associated with green infrastructure contributes to a more positive carbon
balance through the preservation of dense stands of trees or large-scale replanting
of deforested areas. High carbon storage in a district of leipzig, Germany

[23), which contains multi-story residential buildings adjacent to a forested riparian
corridor, demonstrates that high population density and high carbon storage can
occur in the same urban district. The average carbon storage for the city is 11 metric
tons of carbon per hectare, while for the district shown il Figure 4.3, itis 30.5 metric
tons of carbon per hectare}

In the past, regulations to reduce harmful emissions have been successful. For
example, the Montreal Protocol established the direct global regulation of ozone-
depleting chemicals used principally in refrigeration. The Antarctic and Arctic holes
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High carbon storage of
this urban forest in
Leipzig is associated
with high-density urban
living. The riparian
woodland also offers
many biological
diversity and cultural
services to the city.
Photo 51°19'35.41"N
12°21'43.30“E, 13
August 2012 (accessed
14 May 2013) by
Google Earth.

Ecosystem services

in the ozone layer have now stopped growing in size, but have not vet begun to

shrinkﬂ

Temperature

Consideration of the ecosystem services of the atmosphere shows that the natural
capture of heat by the atmosphere resulted in a 33°C shift from —18°C to an average
surface temperature of 15°C. This natural rise in the average temperature resulted
in a stable climate for the last 10,000 years and supported the evolution of existing
ecosystemsBE The climate today is less stable due to the effects of anthropogenic
emission of greenhouse gases. Climate change is compounded by the heat island
effect in cities and results in higher summer temperature for extended periods. Unless
mitigated with green infrastructure and other measures, this will decrease human
comfort, work productivity, water rescurces and wildlife. Increased mortality and
health problems requiring hospitalization will result. These were the impacts of a
heat wave in Europe in 2003. It was responsible for 30,000 more deaths than in
other summers. The 2003 conditions are expected to be the new normal for Europe
by 20508

The heatisland effect is the elevated temperature in cities and nearby areas caused
by urban materials and poor air circulation. The absorption and radiation of heat by
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metal, concrete and asphalt increase the average temperature in cities. Green
infrastructure reduces the impact of the heat island through shading surfaces, lower
absorption of radiation and transpiration of water.

The heat island increases the demand for energy to cool buildings. For example,
in Athens, Greece the heat island effect triples the amount of electricity demand for
cooling. In US cities, each 1°F increase in temperature causes 1.5-2 percent increase
in the peak electrical demand® The higher albedo (reflectance) and higher evap-
oration and transpiration of water through vegetation and soils from green roofs
and street trees reduce urban temperatures.

Studies show that green roofs reduce the maximum ambient temperature above
the roof. Direct measurements in one study, at 5p.m., revealed a maximum
temperature reduction of 7.6°F at 1" above the roof surface. If widely implemented
at the city scale, green roofs could reduce the average ambient temperatures by
between 0.5-5.4°F. Green roofs on tall buildings have little effect on the heat island
effectt Replacing asphalt, concrete and metal roofing with water-holding material,
such as permeable asphalt embedded with absorbent fibers, also significantly reduces
temperatures above roofs® The design and performance of green roofs is the topic

of[Chapter §.

Wind

Windbreaks and shelterbelts provide green infrastructure benefits for human comfort
and the protection of crops|(Figure 4.9). A dense windbreak can reduce wind velocity
for a distance as much as 30 times the height of the windbreak. There are additional
benefits to be gained: prevention of snowdrifts on highways and reduced heating
costs of buildings with well-placed windbreakd]
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Human activities have
overwhelmed the
atmosphere’s capacity
to provide a stable
climate or protect us
from harmful ozone
depletion.
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Green infrastructure, in
the form of windbreaks,
protects the crops in
the windy Columbia
River basin while the
ridgeline turbines create
energy from this
ecosystem service.

Ecosystem services

The increasing investment in wind energy projects worldwide highlights the
ecosystem benefit of this natural phenomenon to humans. Competing demands for
highly productive locations for wind farms sometimes place recreation, agriculture
and wildlife in conflict, in both terrestrial and marine settings. Wind also benefits us
in cities, where it disperses air pollutants, and in agriculture, where it pollinates crops
such as corn and wheat. Of course, wind is sometimes also an ecosystem disservice,
associated with hurricane and tornado storm damage to human settlements and
wildlife habitats. In this case, forests and wetlands can mitigate the destructive force
of wind-driven storms.

Global wind patterns are created by temperature and moisture differences at
various latitudes. Global temperature changes due to climate change and the melting
of polar ice are likely to cause a change in wind patterns. These changes will impact
marine systems due to nutrient upwelling, as well as impacting terrestrial and human
ecosystems.

Humidity

Changes in humidity impact both humans and natural ecosystems. A human comfort
zone can be described as an interaction of temperature and humidity. Mortality rates
increase due to stress on cardiovascular and respiratory systems, during periods of
extreme temperature and humidity. Very low humidity is more problematic than high
humidity[

Plants and animals are also affected by changes in humidity. Climate change
predictions include precipitation, temperature and humidity differences. For example,



rstem services

in Northern Furope an increase in air temperature of 7.3-4.5°C and an increase in
precipitation of 5-30 percent will probably occur by 2100. The increase in precipitation
will be accompanied by an increase of cloud cover and frequency of days with rain
or snow, resulting in higher humidity. Warmer temperatures will also increase the
water-holding capacity of the air. A study of the impact of an increase in humidity
of 7 percent on fast-growing trees (aspen and birch} revealed considerable changes
in tree respiration rates, photosynthesis, water-use efficiency, biomass allocation,
growth, sap flow and other measures. These findings suggest that increased humidity
due to global warming will change the functions of forest ecosysterns. Adaptation
to a new climatic condition may require revision of the usual planting palette in the
green infrastructure of cities. Climate models have predicted the temperature and
precipitation impacts on various regions. This will allow us to make long-term
adaptation plans, which may include planting species to replace those that will die
due to an altered climate.

Disease and pest regulation

Pests and disease occur in cycles that are dampened in healthy ecosystems but
sometimes exacerbated in stressed ones. The example of the mountain pine beetle
{Dendroctonus ponderosae) in the US and Canada illustrates an interaction of insects
and their host population that seems to be out of equilibrium. The beetle is native
and formally the number of trees it attacked and killed was limited. However, the
current outbreak, which began in the middle of the 1990s, has affected an area ten
times larger than any other infestation on record. The beetle infestations have killed
huge tracts of forest ). For example, 34.6 million acres (14 million hectares})
have been affected in British Columbia. Cold temperatures in winter and cool
temperatures in summer previously limited the range of the mountain pine beetle.
Winter extremes of —40°C limit the population. Lodgepole pines (Pinus conforta) are
the principal host trees, but other species of pine are also susceptible to attack. Once
they are attacked, the trees defend themselves by increasing pitch flow, but trees
that are stressed from drought or other causes are particularly susceptible and
overwhelmed by swarms of the insects. The changing climate seems to be involved
in this ecosystem change. The natural range of the beetle is expanding due to warmer
temperatures, and the pines are more susceptible to attack because they are exposed
to more severe drought conditions™ The natural ecosystern functions that limited
the impact of the beetle have been compromised by human-caused changes to the
climate.

Substantial ecosystem benefit can still be obtained from the beetle-killed forest
tracts without compromising the regeneration of the forest. Since the insects attack
mature stands, a great amount of merchantable timber can be harvested. While
these salvage operations reduce the number of emerging seedlings, their numbers
are sufficient for stand regeneration. The harvest of the dead trees generates biomass
in the form of tree tops and branches, just as it does during the harvest of healthy
stands. If left in place, the woody material could foster ground fires that would kill
the saplingd] However, the harvest slash can be the source of additional human
benefits, since the woody biomass can be collected and used to make isobutanol or
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This photo shows the
harvesting of trees
killed by mountain pine
beetle along roads in
the Beaverhead-
Deerlodge National
Forest of Montana.

made into chips or pellets to fuel furnaces or wood stoves. Retention of some vertical
snags and large trunks or branches on the ground preserves habitat niches within
the recovering forest after the salvage operation is complete.

While the outbreak of the mountain pine beetle is, in some ways, an ecosystem
disservice to humans, insects more often play a positive role. Natural enemies regulate
95 percent of the 100,000 arthropod (invertebrate animals with an exoskeleton)
species that can be pests in the world’s agriculture and forestland. The ecosystem
benefits of biological pest control can be readily calculated. Each year the value of
the biological control of pests in global agriculture is $400 billor] In contrast, there
are also significant ecosystem disservices in relationship to agriculture. Either before
or after harvest, insects and other organisms destroy 25-50 percent of the world’s
crops. Similarly, human attempts to manage the ecosystem for food production are
constrained when weeds compete alongside planted crops for water, sunlight and
nutrientsﬂ

Water regulation and purification

In the past when we have pursued economic gain, without the long-term goal of
sustained productivity, we have damaged the ecosystem to our detriment. Defores-
tation is one of the most extensive examples of this shortsighted approach to human
wellbeing. Flooding, soil erosion, siltation of reservoirs, streams and canals, and some-
times even the loss of the capacity of the forest to regenerate, disrupt the regulation
of the water cycle and deprive us of clean water and other resources of economic
valueﬂ

Only about 1 percent of the water on the planet is available for human use. The
remainder is seawater, ice, clouds and vapor in the air. About 70 percent of the
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available freshwater is used in agriculture. The water used directly by people is very
valuable and the value can be easily calculated. In Britain, the cost of a cubic meter
of fresh water is about $1.55 (£1). The cost of bottled water is much higher at about
$1,086 (£700) per cubic meter. Even at the lower rate, the value of global precipitation
is $776 billion (£500 billion). The cost of freshwater is expected to rise in response
to global warming to a cost of $1 trillion per year by 2024

The experience of New York City water agency illustrates the economic and
ecosystem benefits of green infrastructure to city residents. Today the city provides
about one billion gallons of potable water to residents and visitors each day from
its Catskill watershed [Figure 4.7). During the 1990s the potable water supply source
for New York City was becoming increasingly polluted due to agriculture, urbanization
and the discharge of effluent from wastewater treatment plants within the watershed.
Faced with the choice of constructing a filtration plant to treat the increasingly polluted
water, the city embarked on a watershed protection alternative instead. The city
allocated $300 million for land acquisition and purchase of conservation easements
in 1997. An additional $241 million was dedicated to this purpose in 2007 to fund
activities through 2017. Since 1997, the city has added 121,000 acres (49,000 ha)
to the 45,000 acres (18,000 ha) it already owned around the drinking water reservoirs.
The state owns an additional 200,000 acres (81,000 ha) of protected watershed in
the city catchment aread”] An official from the US Environmental Protection Agency
estimated that the watershed investments by the city avoided the cost of building a
$6-8 billion filtration plant, and hundreds of millions of dollars of operating cost,
to clean polluted water flowing from an unprotected watershed™

The Catskill-Delaware system (upper left) and the Croton watershed (lower right) are the watersheds that supply New
York City with its drinking water. Together the two watersheds cover over 2,000 square miles. Photo base

41°26'47.73" N 73°36'10.42" W (accessed 14 March 2013), Google Earth.
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Assessment of septic tanks and drain fields and the construction of 70 stormwater
management facilities contributed to sustained water quality excellence within the
watershed. Secondary ecosystemn benefits are biodiversity protection and the pro-
vision of 75,000 acres {30,350 ha) of public land available for diverse recreational
pursuit{T] Investments in the watershed environment were the best way to ensure
a long-term source of pure water for New York City and acquire additional ecosystem
benefits.

Humans consume the greatest amount of water indirectly (70 percent is
agriculture). Irrigated agriculture occupies about 18 percent of the agricultural land
area and accounts for 40 percent of its economic value. The supply of water for
agriculture, and its purity, is an ecosystem service of enormous value. However, it is
very susceptible to reduction due to global warmind] Therefore, aquifer recharge,
as well as measures to purify and reuse water, is a strategy to sustain this ecosystem
service benefit.

Protection from storm hazards

Green infrastructure can provide substantial protection from flooding hazard. The
case of New Orleans before and after 1930 is an instructive example. When New
Orleans was founded, extensive forested swamps and wetlands of various types
protected it from the devastating storm surges of hurricanes and tropical storms. A
storm surge is a bulge of water that is several feet higher than mean sea level. This
wall of water is driven inland by high winds. However, storm surges attenuate as
they pass over wetlands. The reduction of the height of the storm surge is variable
due to differences in storm characteristics, route and wetland characteristics, but a
conservative estimate is that five miles of wetlands reduce the height of the storm
surge by one fooT] The shortest distance from New Crleans to the Gulf of Mexico
is about 30 miles. Therefore, a healthy wetland buffer would produce a six-foot
reduction in a storm surge. levees contain the Mississippi River since it annually
flows at 14 feet (4.3 m) above sea level through New Crleans, which is at or below
sea level [Fgure 4.8}. In this situation, reducing storm surges by six feet or more is
a critical component of the city's flood protection system. The storm surge delivered
by Hurricane Katrina was estimated at 10-20 feet.

Unfortunately, the Louisiana wetlands that previously buffered the city had been
either eliminated or were unhealthy when Hurricane Katrina struck in 2005. It is really
the loss of wetlands due to human alteration and management of the Mississippi
River and its delta that caused the city to be overwhelmed.

While it is true that all of the engineered flood protection measures, including
the levees, flood walls and drainage pumps failed during Hurricane Katrina, the tragic
loss of property and 1,500 lives can be assighed to the loss of 1,800 square miles
(39 square miles per year) of wetlands due to man’s activity since the 1930{Z% The
wetland loss was caused by oil and gas exploration and extraction, levee construction
resulting in loss of annual sediment supplied to the wetlands, land subsidence and
more recently sea-level rise due to global warming. Construction of drainage canals
for decades converted swamps and wetlands for agriculture and urbanization. Then
levees to protect the dewatered land from flooding deprived other wetlands of the
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annual sediment that built and sustained them. Today, the sediment is captured
behind dams on the Mississippi or settles to the bottom of the thickening riverbed
or is discharged beyond the continental shelf in the Gulf of Mexico. Historically, the
distribution of river sediment more than compensated for the natural subsidence
of the river delta. Without it, salt marshes became seawater coves connected to the
gulf, while more inland freshwater ponds and lakes expanded and new ponds sub-
merged previous wetlands. Furthermore, storms pushed saltwater farther inland,
damaging the remaining freshwater wetlands. Wide and deep navigation channels
connecting the gulf to the city funneled undiminished storm surges into New Orleans.

There are also natural causes of wetland loss. Hurricanes Katrina and Rita in 2005
destroyed nearly 140,000 acres (56,656 ha) of wetlands, although these are quite
resilient. Marshes are also damaged by invasive species. The nutria (native to south
America) has caused substantial damage by feeding on marsh vegetatio These
impacts also need to be mitigated to maintain the landscape infrastructure,

Calculations of the economic value of wetlands as a flood protection measure for
New Crleans are reliable because we know that annual maintenance of flood control
structures is $461,000 per yea and that the federal government estimated the
damage caused by the 2005 Hurricanes Katrina and Rita and pledged $100 billion
to rebuild the gulf coast region around New Orleand?]

There are other human benefits to be gained from the restoration of the Louisiana
wetlands[[Eiqure 4.9) as well. The biologically dead zone in the Gulf of Mexico, caused
primarily by nitrogen-rich runoff from agriculture that is discharged by the channelized
Mississippi River, is nearly 8,000 square miles (20,720 km?) in sizq?] Reducing the
nitrogen levels by discharging water into the delta wetlands and other upstream
measures would reduce the nitrogen concentration and restore the once prolific fishery
in this oxygen-depleted zone.

The freshwater marshes are much less productive in the contemporary delta than
marshes elsewhere that have river inputs [Fiqure 4.9). The Mississippi delta net
primary production will be only half of its potential by 2050. This loss of productivity
is a significant economic and food security issue for humans. The productivity of a
healthy wetland ecosystem is illustrated by the saltwater marsh near Galveston,
Texas. The 1,080-acre (437 ha) saltwater marsh produces 16 million brown shrimp,
15.5 million white shrimp and 11.3 milliecn blue crab each yea The Mississippi
delta represents the largest fishery and most important bird migration flyway in the

The Mississippi River
and the City of New
Orleans.
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| Figure 4.9

Coastal wetlands have large economic benefits derived from
storm protection and food production and other ecosystem
benefits. Louisiana is estimated to have lost 1.2 million
acres (485,623 ha) of coastal wetlands during the 100 years
between 1900 and 200q7]

US due to its 9,650 square mile (24,993 km?) size and its productivity potential. Just
three coastal ecosystem services — (1) abundant fish and wildlife, (2} high capacity
to treat polluted water and (3) high storm protection value — illustrate the wealth
contained in the Louisiana wetlands.

The flood control and other ecosystem service values of Louisiana wetlands are
calculated to be $5,200 per acre per year. Therefore, restoring or recreating the
1,800 square miles (4,662 km?) of wetland lost in the area since 1930 would yield
$6 billion of value to humans each yea2] A similar case can be made for the
restoration of the barrier islands near the Louisiana coast. There is also an amenity
economic benefit to wetland restoration. Four case studies in the Mississippi river
delta demonstrated amenity values of $2.95 per acre. This means that every one-
acre increase in wetland areas close to residences (within the census block) increases
the housing value by $2.95. This value per acre declines as distance between the
home and the wetland increasedZ]

Today, subsidence in the Mississippi delta is about 0.5" per yea and sea-level
rise due to global warming adds another 0.5" per year to the problem. Within the
next 50-100 years, the relative sea-level rise anticipated at the Louisiana coast is
0.5-1 Clearly, corrective measures need to be taken, especially given the vulner-
ability of the man-made flood control structures and devices. Fortunately, efforts are
underway to re-establish lost wetlands and enhance damaged ones. The US Army
Corps of Engineers is implementing a plan to restore and protect 58,861 acres
(23,820 ha) of wetlands east of New Orleans. The cost will be $2.9 billion for con-
struction, not including engineering and design costs, and real estate acquisition.

Pollination

Pollination is one of those ecosystem services that is critical to human wellbeing but
often taken for granted. It is important because about 75 percent of the plant species
that humans consume require insect pollinators, although some commodity crops
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Figure 4.10

This pollen-covered bee is a reminder of the enormous
economic benefit of pollinators to commercial agriculture
and ecosystem functions.

(wheat, rice and maize) do not require insect pollinatio The economic value to
the production of the 30 percent of crops that require pollination is almost 10 percent
of the value of world agricultural outpu§q Another assessment of the economic
value of pollination is illustrated by beekeeping businesses. In Switzerland, raising
bees generates $213 million of economic benefit each year. One hive of bees ensured
$1,050 worth of fruit and berries, in addition to the $215 value of its honey, beeswax
and pollen it produces in a single yea

Thoughtful conservation of natural habitat and the planting of green infrastructure
in urban areas can support bees and the other 100,000 species of pollinators. Threats
to pollinators are habitat loss and environmental pollutants. A parasitic mite (Varroa
destructor) has reduced the unmanaged honey bee colonies in Europe and the UJq
The damage caused by the mite is thought to be associated with poor hive health
due to the impact of pesticides. Another threat to honeybees in the US is the aggres-
sive African honeybee, which was accidentally released in Brazil in 1956. Through
competition and hybridization the African strain threatens the species of honeybee
in North America, which was introduced from Europeﬂ

The natural ecosystem viability is also dependent on pollinators, since over 90
percent of plant species require animal species, such as bats, bees, beetles, birds,
butterflies and flies, for pollination and successful reproduction. Species of natural
pollinators from at least 60 genera are threatened, endangered or extincf Planning
for the availability of a wide range of habitat types for the food, breeding and other
requirements of pollinators will yield significant benefits to humans.

Water treatment

The potential to use green infrastructure for the treatment of polluted water is tre-
mendous since human settlements generate enormous amounts of stormwater and
wastewater. Shifting the approach to treatment of these polluted waters to dis-
tributed, biological methods, within green infrastructure, has the potential to generate
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Land application of
treated wastewater to
reduce phosphorus is
an economic alternative
and provides additional
green infrastructure
benefits.

substantial savings and many secondary ecosystem benefits. For example, a conven-
tional sewage treatment plant in Oregon faced the prospect of upgrading the facility
in order to comply with higher standards that limited the amount of phosphorus,
nitrogen and temperature of the outflow. Instead, the organization implemented a
landscape solution [Figure 4.11)).

In a great example of forward thinking, the wastewater authority had purchased
340 acres (137 ha) of former agricultural land, including degraded wetlands and
upland oak/grassland vegetation on valley slopes years earlier for eventual use as a
biological treatment component). Water, which already meets secondary
water quality standards, is pumped from the wastewater treatment plant and is
contained in a newly constructed 2-acre (0.8 ha) wetland for a day. Then the water
is distributed over 258 acres (104 ha), including 60 acres (24 ha) of restored native
wetlands and 23 acres (9 ha) of created Wetland

The project cost about $10 million, compared to an estimated $100 million for
upgrading the conventional plant. The savings were probably even greater since a
comparable plant upgrade project in another municipality resulted in a final cost of
approximately $150 million. The public debt repayment period for the project is three
to five yearsIE The amazing economic benefit of this green infrastructure project is
matched by the habitat and biodiversity aspects. Land, which would have been
developed for suburban housing according to the existing pattern of habitat
fragmentation and decreasing connectivity, preserves rare habitats and connects to
regional habitats along the adjacent river corridor. The potential to add recreation
facilities as the city expands in the future is high.
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The multifunctionality of landscapes created to treat polluted stormwater runoff
offer opportunities similar to those in the wastewater treatment project discussed
above. Trees, plants and soil organisms have the capacity to clean stormwater and
influence its flow. Mature trees of selected species can absorb as much as the first
0.5" of rainfall. When multiplied by many trees the effect is substantial. In the US
Pacific Northwest 100 trees capture about 54,900 gallons of rainwater, thereby
reducing municipal infrastructure cost{]

Waste decomposition

Solid waste management consumes a significant portion of the budget of every city
and town. Separation of waste into streams with different treatment requirements
and econormic values supports the opportunities to recover and reuse the resources.
Construction and demolition and other sources of wood waste provide opportunities
to create biofuels or bioplastics. Even the managed biological processes of high-rate
composting provide materials that improve fertility, soil structure and biodiversity
when applied to farmland or degraded sites.

Human benefits from provisioning ecosystem services

food

Community agriculture is an emerging and valuable part of green infrastructure in
cities. To avoid conflicts with adjacent residential use and to respond to an alternative
market, farmers within and adjacent to the city limits often adopt organic horticultural
methods. Avoiding the use of chemical herbicides, pesticides and artificial fertilizers
establishes a sustainable practice that supports ecosystem health on the farm and
in the neighborhood. Community agriculture including community gardens and
small-scale farms supplement the global food network and increase local food security
(Figure 4. 1), Having residents with farming skills increases the social capacity of the
city while the local sale and purchase of products supports the local economy to a
greater degree than sales in the global economy. Most communities have the capacity
to greatly expand the proportion of high-value products such as fresh vegetables
that are produced and consumed locally. This may require the adjustment of zoning
lawes, and the creation of new networks of food producers, processers and distribution
systerns.[Chapter 10]addresses community agriculture in more detail.

Beyond the city the production impacts of agriculture determine whether the
provision of food is an ecosystem service or threat. New concepts of ecological agri-
culture promote sustainable soil structure and fertility, water quality and biodiversity
of pollinators, birds and animals. Production and harvest of crops, fruit, fungi, nuts,
livestock, fish and shellfish is an ecosystemn service even when there are artificial inputs
of energy and chemicals, but long-term damage to the environment compromises
the ecosystern service eventually. Instead, all agriculture needs to achieve multiple
functions. Biological diversity, recreation, education and aesthetics are compatible
with profitable agriculture. The use of hedgerows and shelterbelts and a mosaic of
habitat patches, within a matrix of fields, supports biodiversity and recreation.
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This one-acre organic
farm produces 45
varieties of vegetables
and salad greens for
sale in the local farmers
market.

Constructed wetlands that remove excess nitrogen from agricultural tailwater are
another example of an ecosystem health measure that can be implemented without
reducing growing area while supporting wildlife. Subsurface wetlands using wood
chips as the bed media are very effective for the removal of nitrates from water that
runs off field{Z]

Because machinery, artificial fertilizer, pesticides and irrigation artificially support
so much of agriculture, we tend to ignore the fundamental ecosystem functions
that continue to make food production possible. The free ecosystems services provided
for the 1.4 billion acres (566,559,900 ha) of global cropland include filtered solar
radiation, precipitation, nitrogen, natural global warming and pollination. Basic pro-
vision of water, carbon dioxide and oxygen make photosynthesis and respiration
possible. As noted earlier, soil and nutrient cycles are important even in the production
of agricultural commoditied™] It is hard to imagine that humans are capable of
disrupting such fundamental natural process, but the decline of some of the systems
that provide these services are well documented.

Addressing agriculture is important because it affects a large portion of the
primary production, which is the basis of food and energy flows through ecosystems.
In fact, humans harvest about 30 percent of the net primary production of the planet.
Livestock grazes about one-third of this and the production of livestock is expected
to double by 2050. Marine fisheries are another major protein source, as they provide
nearly half of the human population with a significant portion of its protein. Marine
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fisheries are entirely dependent on natural ecosystern services. About one-quarter of
the total supply of fish now comes from inland fisheries and aquaculture. Like other
domestic livestock operations, aquaculture requires artificial inputs of food, pesticides
and antibiotics to support high-volume, commercial production. As in other agri-
culture, the treatment of wastes from these operations is required as part of a larger
effort to maintain ecosystem health. This is as critical to the future capacity to meet
growing demand for food as improved strains of seeds, efficient irrigation or other
production enhancementd 1§

Preservation of plant biodiversity is necessary for future ecosystem benefits to
hurnans. Existing biodiversity is a source of genetic material that could be of great
importance in the future for breeding of crop varieties to improve resistance to
drought, disease and insect damagd 1§

Land-use changes have ecosystem benefit implications for humans. Conversion
of forest and other habitat into pasture or other agriculture provides food businesses,
but they can also involve large negative impacts, especially in the tropics. An example
is the loss of tropical forest due to conversion to grassland for cattle grazing. The
biodiversity impact is significant and the loss of carbon sequestration is a deficit that
can’'t be accommodated in the current climate change situation. Similarly, the
conversion of prime agricultural land to suburban development is a foolish reduction
in our capacity to produce necessary food.

Conflicts over water resources are common in the semiarid and arid portions of
the US. Hydroelectric power generation, water demand for agriculture and preserving
minimum flows necessary to support ecosystem functions produce complex chal-
lenges. More efficient power generators, less water consumptive irrigation technol-
ogies, new crop varieties, runoff controls and reclamation and reuse of water are
ways to meet some of these challenges.

Increasing land area for agriculture, plant hybrids and dependence on artificial
inputs has led to amazing increases in agricultural productivity since 1950. Worldwide,
25 percent of the land area is in cultivation, but the demand for food will increase
by as much as 50 percent by 2030. In fact, the demand for food products has
increased faster than the population. Qver the course of history, about 6,000 species
of plants have been cultivated for food, but today only 30 crops comprise 95 percent
of the world’s food calories. This dependency on only a few species is really even
greater since wheat, rice and corn account for 50 percent of the calorie intake.
Similarly, only 14 species of livestock provide 90 percent of global productio In
the future we will need to continue the use of artificial fertilizer and monoculture
of crops to produce the necessary food. However, it is important to understand that
this is primarily an artificially supported system that has significant environmental
impacts. It can be managed better to serve multiple functions and to mitigate the
impact of unsustainable practices.

Fnergy

Fossil fuels are, of course, ecosystern benefits even if the geologic time scale is involved.
While fossil fuels are our primary source, other energy sources are also increasingly
important. Even biomass is globally important since it provides about 15 percent of
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the world’s energy supply and as much as 40 percent of the energy resources in
developing countriedd Surprisingly, biomass is the fastest-growing sector of renewable
energy sources in the US. New technologies are likely to increase its importance.

The development of the process for creating ethancl and, more recently, isobutanol
from plant and wood material represents another significant link between the
ecosystemn and energy. Isobutanol is a very high-quality energy liquid that can be
used as jet fuel. It represents a carbon-neutral energy supply for military and
commercial aircraft that will be available in the near future. The feedstock for the
production of isobutanol is woody biomass that is currently piled and burned after
commercial forest harvest operations. The biomass can also be generated from fuel
reduction operations to reduce wildfires, from thinning forest stands to improve forest
health, and from harvesting of millions of acres of trees killed by beetle{?]

The direct use of wood as a cooking and heating fuel has been discouraged
because of its inefficiency and the particulate air pollution it creates. In the US there
are 12 million residential fireplaces and wood stoves. As many as nine million of
these are outdated designs that are very inefficient and emit high levels of particulates,
polycyclic aromatic hydrocarbons (PAH} and other pollutants. For example, old wood
stoves produce 30 grams or more of particulate pollutants per hour (about the same
rate as diesel trucks). This is a significant air pollution contribution in cities. In fact,
wood burning is the primary source of urban particulate pollution in winter.
Contemporary pellet stoves produce the least particulate pollution and are about 80
percent efficient. The best-performing pellet stoves produce about 1 g of particulate
pollution per hour. Modern wood stove designs, with and without a catalytic
converter, often approach the performance of pellet stoves. Electrostatic precipitators
seem to offer the most promise for secondary pollution control, but the technology
is expensive and systems are still being developed for the residential marke(Z]

Advances in the design of pellet stoves make the prospect of using renewal biomass
fuel as the primary heat source acceptable. Using biomass directly, rather than using
it to create liquid fuel or electricity, is cost efficient. If the biomass is derived from
a sustainable growth and harvest systemn, then the energy is carbon neutral, which
reduces climate change impacts. Using efficient pellet stoves reduces the per capita
CO, emissions by 10-20 percent for Americans. This finding is supported by an
Austrian study demonstrating that wood pellet stoves reduce annual heusehold €O,
emission by as much as 11 tons compared to other fossil fuels. The improved
performance of stoves, furnaces and boilers burning woody biomass suggests that
community forestry programs might increase the local supply of energy resources
and mitigate climate change trends, especially in non-metropolitan counties. Using
woody biomass left after commercial timber harvest to make pellets for stoves
provides an additional benefit, since this slash is generally burned, creating large
amounts of particulate pollution and emitting CG,. Cil and gas furnaces produce
less particulate pollution compared to the best-performing pellet stoves, but oil and
natural gas both produce €O, and exacerbate the climate change problem.

Live vegetation, rather than harvested biomass, also contributes to reduced energy
consumption and reductions in CO, emissions. The positive impact of trees and green
roofs on the heat island effect and the temperature of cities have associated energy
benefits. Landscape measures reduce energy demands for heating and cooling



Ecosystem services

buildings. In the residential setting in the US northwest, a single large tree placed
on the west or south side of the building reduces home air-conditioning cost by an
average of $7 each year ($16 per year in the south)]

Creation of carbon-neutral fuels from biomass derived from the culture of algae
is an experimental technology. It is an attractive area of research because seawater
and wastewater can be used to produce the crop instead of freshwater. Currently,
high capital costs limit the commercial applicability of the biofuels, but within a
decade or two the technology and lower cost are expected to allow competition
with traditional fossil fuels. An atmospheric provisioning service comes from the direct
use of wind and waves for power generation. In 2007 the value of global energy
created by wind-powered generators was $37 billion. In the same year, $50.2 billion
was invested in the technology. With the addition of two million new wind turbines,
wind power could provide about 20 percent of world energy requirement by 205([9

Fibers

The ecosystern provides resources that are the basis of several industries, including
pulp for paper, cotton for textiles and lumber for building construction. The residential
and commercial building industry is a significant portion of the national economy
fueled for two centuries by the harvest of forests in a rapid and unsustainable march
across the US. The largest annual harvest of timber in the US for all products was
in 1989 {18.8 billion cubic feet). Since this peak, harvested amounts have gradually
declined over the last two decades. Only the southern regions of the nation increased
harvest volumes during the last decade. By 2002, slightly more than 15 billion cubic
feet were being harvested annually. Only 1.5 billion cubic feet of this came from
publicly owned land in 2002, compared to about four billion cubic feet in 1989. The
timber harvest figures, above, represent all wood products, including fuelwood and
pulpwood].

Forest health, measured as forest cover, has recovered one-third of the loss from
previous rapid deforestation of the US. Today, forests occupy 31.2 percent (641 million
acres) of the US and dominate the landscape of the northeast, New England, rnid-
Atlantic, southeast and northwest regions of the countny2] More recent concepts of
sustainable harvest levels and the management of forests for multiple benefits,
including recreation, water supply and wildlife, have reduced forest harvest amounts
on public land dramatically compared to the widespread clear-cutting practices of
the 1980s. Sustainable harvest on public land combined with private commercial
forest operations can easily supply the demand for lumber in the future. This is evident
since excess lumber is still being exported. Log and lumber exports from the west
coast of the US amounted to almost five million cubic feet during the first quarter

of 201233

Biochernical

Nature is the source of material for new products and the inspiration for others. The
extraction of oxygen, nitrogen, argon and other gases from the atmosphere is a
thriving global industry. Most drugs are based on natural sources such as plants,
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Crystal nanostructures
on the wings of the
emerald-patched
cattleheart butterfly
(enlarged 20 times).

fungi and bacteria. Pharmaceuticals are the obvious examples of important bio-
chemical ecosystem services, but there is also a long history of study and invention
based on natural elements. For example, scientists at the Argonne National Laboratory
are attempting to manufacture crystals that are environmentally benign for use in
paints, fiber optics and solar cells. The inspiration for this work is the emerald-patched
cattleheart butterﬂy. shows the crystal nanostructures on the butterfly’s
wings that selectively reflect green colors.

Genetic material from wild plants is being used to increase productivity of crops
by conferring resistance to disease, drought, pests and other limitations. Biodiversity
is the storehouse of this material and will probably have even greater importance as
we try to adapt agricultural production to the new circumstances that global climate
change will establish. Already, the use of genetic modifications to adjust crop
resistance to perturbation is adding about 1 percent to crop productivity and one
billion dollars of value to agricultural production annually. We will certainly need the
thousands of varieties of mold and rice that were researched to derive commercial
quantities of penicillin and a rice variety resistant to the grassy stunt virus, as new
diseases and agriculture challenges arisf] These brief examples suggest that
preservation of biodiversity serves us and that efforts to save species from extinction
are worthwhile investments in our future wellbeing.
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Air purification

Vegetation within a green infrastructure improves air quality either directly or indirectly
to benefit humans. Nitrogen dioxide and sulfur dioxide are absorbed through leaf
surfaces, while particulate matter is intercepted by the leaves and then deposited
when leaves are washed by rain or fall to the ground. Pollution is particularly
problematic where high densities of tall buildings create urban canyons where
pollutants can concentrate. Recent research indicates that increasing the planting of
these canyon spaces with green roofs, green walls and trees would increase the rapid
and sustained deposition of nitrogen oxides and particulates. The ecosystem benefit
is a reduction of these pollutants by as much as 40 percent for nitrogen oxides and
60 percent for particulated>]

Reduced temperature due to transpiration and shading reduce ozone levels.
Similarly, air quality is indirectly improved when vegetation shades buildings in the
summer and prevents heat loss in the winter and, therefore, lowers pollution
generated by energy production (especially energy from coal-fired power plants). An
assessment of the ecosystem service benefit of sets of 100 trees in the urban ecosystem
reveals that pollutants (123 |b in the Pacific northwest, 137 Ib in the south) are
removed from the human environmentﬂ

Human benefits from cultural ecosystem
services

Aesthetic and spirittal

People respond to landscape beauty and scale. We love the textures, colors, variety
and harmony found in the landscape and even images of the landscape. We want
to experience the majesty of the Grand Canyon and the mystery of the microscopic
landscape. We want to engage all of our faculties to touch, smell and listen to pristine
nature. We want to engage our minds and muscles in the experience of a special
landscape or a common and familiar bit of nature.

The image of the Santiam River in[Eiqure 4.14 suggests the sound and dynamic
pattern of the rushing water. We can almost bathe in the cool, green color of the
forest and draw in the fragrant, humid air. The landscape is unified by the dominance
of the enclosing forest, but we can find a variety of evergreen and deciducus plants.
There is the energizing suggestion of danger in swift whitewater and deep pools. A
mystery to be solved is presented in the turn of the river beyond our view. We are
drawn to explore the gravel bank with its tenacious young tree, to lift the stones to
find the mayfly larva in their traveling homes of cemented sand. Surely there are
polished pebbles from miles upstream that are captured here. There is also a stone
ruin of a man-made structure that hints at the story of a people who lived near this
place long ago. The experiential use of the image and, better, a heightened experience
in the physical landscape, is healthy and satisfying. We want the green infrastructure
network to lead us from where we live to places like the Santiam River in the Niagara
County Park.

81



82

The riparian scene
along the Santiam
River.
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Human components of the urban landscape can have effects as powerful as those
we experience in natural settings, such as along the Santiam River. There are astound-
ing achievements in architecture and engineering that are beautiful and amazing.
They are testaments to our ability to create and to build. Some of these artifacts of
human history are contemporary, while others carry the heritage of our civilization.
A great building is a frozen bit of social, political, economic or religious history.
Seeing and using them should make us want to understand that cultural history
better. Historic districts provide an even more complete and varied history of human
habitation and endeavor. We want the green infrastructure to lead us to great
buildings and through the cultural landscape.

Art and religion abound with reference to natural ecosystems as a source of
wonderment, inspiration, peace and rejuvenation. Activities drawing on this source
of fulfillment include ecotourism, hiking and camping, bird watching, photography,
boating, fishing and hunting[(Figure 4.13). More domestic examples of this ecosystem
service are pets, feeding birds and gardening. The cultural category of ecosystem
services applies to we humans who experience the natural world with our senses
and interpret or appreciate it with our minds. Visual perception dominates our suite
of sensory experiences and nature rewards us with daily stimulation.
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Health and recreation

The landscape provides an opportunity for the physical activity that, as the chapter
on human health illustrated, is inadequate in the lives of most people living in
industrialized counties. When the landscape encourages physical activity it imparts
a valuable human benefit. The economic value of physical activity is high. In England,
the annual cost of a sedentary lifestyle is over $12 billion (£8 billion) annually.
Inactivity due to obesity adds a burden of another $3.8 billion (£2.5 billion) per year.
If adult residents of the UK would increase their physical activity by a modest 10
percent, it would save the nation more than $761 million (£500 million) per yearJ

This economic understanding doesn’t capture the full value of open space and
recreation in cities, but these are clearly not frivolous amenities to be avoided in the
pursuit of acreage for commercial or residential development. Instead they are critical
to our physical and psychological health. A second British study found that, in areas
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where levels of greenery are high, people were three times more active and 40 percent

less obese. The positive contribution of the landscape to physical health was con-
firmed by a study in Scotland. The evidence revealed a strong relationship between
access to open space and improvements in mental health and lessening symptoms
of chronic diseasd]

Nature photography (of
a heron in this case) is
a joyful example of a
cultural ecosystem
service.
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[Eigure 4.14

Citizens use recreation
centers, playgrounds
(like this one at
Stapleton), trails and
sports fields provided
and maintained by the
city and avoid the cost
of purchasing these
opportunities in the
marketplace.

Ecosystem services

Parks are public resources that citizens use instead of purchasing these oppor-
tunities in the private sector. A study of Denver showed that the value of using public
recreation facilities[(Fiqure 4.18) by citizens is $452 million per year. The health benefits
of public parks calculated for Denver confirms the economic importance that the
British study found. The physical activity opportunities in parks can be expressed as
the value of avoided medical costs. For Denver this amounts to $65 million per yea*]
The question of how much land a city should provide as recreation and open space

is the topic of[Chapter 7

Education

Although urban areas express human values primarily, there is an overlap between
the presence of other species and people that is especially important in cities. People
are most likely to have experiences with nature if it is present near where they live
and work. Here is where daily pleasure, restoration and even education about the
natural environment and native species can occur. The city of Austin, Texas capitalizes
on the twilight flight of 1.5 million free-tailed bats (Tadarida brasiliensis), and the
100,000 visitors that they attract annually, to provide education as well as foster
tourism and civic pride[[Figure 4.17). A local environmental group provides literature
and interpretive programs about the ecology of bats and the service that they provide
to humans. Riverboat tours and an annual festival organized around seeing and
celebrating bats has extended to a bat mascot for a sport team and even a statue
of a bat as a expression of sense-of-place and civic pride[3]
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That the bats have a constituency that understands their needs bodes well for
the animals. Environmental education of the type we see in Austin can be extended.
Citizens can engage in science projects gathering data on the presence of species
and their numbers. The annual breeding bird count is a long-term example of citizen
science in the US. There are many other environmental monitoring opportunities,
such as the regular review of American rivers by the citizen group River Watchers.
More direct activities include ecosystem restoration of streams, wetlands and forests.
Examples of these activities are abundant in Chicago and the Chesapeake Bay
watershed [Figure 4.18}. In and near Chicago, thousands of volunteers engage in
the Chicago Wilderness Habitat Project| (www.habitatproject.org). The skills and
interests of the volunteers are matched to programs that monitor populations of
birds, dragonflies, butterflies, frogs and native plants. Volunteers working with pro-
fessional scientists and resource managers collect seeds, restore habitats and eradicate
invasive plants.

Tourism

Global tourism was valued at $856 billion in 2007. Not all of this is related to the
natural environment, but a large portion of both winter and summer tourism for
skiing or adventures in a warmer climate are economic benefits of a green
infrastructure.® Even tourism at a municipal scale is economically important. Tourists
often dedicate part of their travel to visiting high-quality parks and recreation facilities.
This is illustrated by Central Park in New York City. It attracts 40 million visitors each
year and is a top tourist destination.

The Trust for Public Land was commissioned by the city and county of Denver to
estimate the economic value of the 6,200 acres (2,509 ha) of parkland and recreation
assets within their jurisdictions. Economic benefit accrues from property tax, direct
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Crowds gather to view
the Congress Avenue
Bridge flight of bats in
Austin, Texas.


http://www.habitatproject.org

86

Volunteers work to
restore habitat within
the Chesapeake Bay
Watershed.

Ecosystem services

use, tourism, clean air, clean water, human health and the social environment. The
increased property tax, generated by an increase in value of residences because of
their proximity to parks, amounts to more than $4 million annually. Sales tax revenue
from non-residents visiting to use city facilities is over $3 million per year. The value
of property owned by city residents increased by $30.7 million due to park effects.
Similarly, residents receive $18 million in net income from tourist spending. The costs
of stormwater treatment ($804,000) and air quality improvement ($129,000) were
saved by the city due to the effects of park vegetation and soil infiltration. “Friends
of” groups are organizations of citizens that improve parks and neighborhoods at a
very low cost to the city. These groups provide services that are socially and eco-
nomically valuable. For example, reductions in antisocial behavior and degraded
public facilities reduce city costs by an estimated $2.7 million. The park system of
Denver thus has an economic benefit of approximately $569 milliorn%

Economic value of ecosystem services

Economic development and vitality are cultural factors that can be supported or
diminished by the use of land. The traditional view is that only industrial or commercial
developments add economic value to a city. This chapter illustrates that the ecosystem
directly provides much of the economic value to society and indirectly supports many
economic activities. Existing healthy ecosystems provide humans with a great range
of products of economic value. Restoring degraded landscapes can also be justified
by the economic value of the ecosystem services that they provide. The example of
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the new National Forest in the UK confirms this observation. The National Forest
is a 200 square mile (518 km?) region of central England. It is being transformed
from a degraded landscape into a multifunctional green infrastructure with com-
mercial forestry, tourism and other benefits. The total project cost $54.5 million
(€41,974,755). Maintenance and management costs about $7 million (€5,391,253)
per year. This investment has created or secured many new jobs in forestry (333
jobs), tourism and service sectors in a region that was economically depressed.
Millions of visitors now come to the area every day, establishing a $432 million (€321
million) tourism benefit, based on an analysis of the period from 1991 to 2010. The
value of recreation during this period is estimated to be $845 million (€628 million)
and lumber products are valued at $15 million (€11 million). Carbon sequestration
$281 million (€209 million), biodiversity $75 million (€56 million) and landscape
restoration and enhancement $154 million (€114 million); these represent a total
value of $510 million (€379 million). In total, the economic value of the ecosystems
services provided by the restored ecosystem is estimated to be $1.35 billion (£1.005
billion), with a benefits to cost ratio of 4.8 to 1. For the period 1990 to 2010 the
benefit—cost ratio is 2.6 to 1[2] For a discussion of recreation and biodiversity in the

National Forest, see| Chapter 7.
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An early study of the relationship of open space and residential property has been

confirmed many times. The city of Boulder, Colorado purchased thousands of acres
of open space [Figure 4.19) using funds from a 0.4 percent city sales tax adopted
by the voters. Sales of residential property within 3,200 feet of the newly acquired

Investments in open
space have an economic
benefit far greater than
their initial cost.
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greenbelt were analyzed. The study revealed that the average value of properties
adjacent to the greenbelt were 32 percent higher than those 3,700 feet away. The
value of residential property decreased $4.20 (1975} with every foot from the green-
belt. In addition to the free public resource that open space offers all residents, private
landowners are willing to pay a premium for proximity to the resource, just as they
are willing to pay more for a home with more square footage.?®

The increase in property value increases property tax revenue. Since the value of
all the homes within the study area rose, property taxes reflect this increase. In fact,
if taxes were collected in relationship to this increased value it would result in enough
revenue to repay the cost of acquiring the greenbelt land within just three years.
Assessment of property value for taxing purposes sometimes doesn’t properly reflect
causes for value increases, but it could certainly be organized to reflect the effect of
proximity to publicly provided resourced*] The Boulder assessment of property values
associated with proximity to the greenbelt is confirmed by similar studies in Europe.
A 2004 study in the Netherlands found that a view of a park raised house prices by
% percent, and having a park nearby raised house prices by 6 perceni%}

At the scale of the residence, green infrastructure also provides economic benefits
that vary by region according to environmental conditions, energy costs and property
values. For example, a single large tree in the urban Pacific northwest is worth $2,820
($4,240 in the south) in property value, energy and environmental benefits over its
lifetime. This value represents a benefit to cost ratio ranging from 3:1 to 4:1. Qver
an average lifespan of 40 years, 100 trees in the northwest provide an ecosystem
benefit worth $190,320 ($316,120 in the Southﬂ

Itis paradoxical that we energetically calculate the economic cost of environmental
and weather disasters, while ignoring the value of ecosystem services. For example,
the cost of the Hurricane Katrina disaster is estimated at $90 billion. Weather-related
damage costs in the US average $23 hillion per year. However, the less visible cost
of climate change is much higher. The estimated cost of damage caused by global
warming is anticipated to be $250 billion per year by 2050. The total economic
impact of global warming is estimated at $3 trillion to $12 trillion. Clearly, the
economic value of the services that maintain a stable climate is many times greater
than the losses caused by unusual weather events, but sustaining these services is
often ignored by decision makers at all levels of government. Overall, ecosystem
services are estimated to be about twice the value of the gross world product (GWP;
$18 trillion), while the total economic value of atmospheric services is between 100
and 1000 times the GWH

Sustaining ecosystem services

The ecosystern in general, and specifically the green infrastructure of the city and
countryside, provides a host of benefits to people. Sustaining those benefits means
attending to the health of the ecosystems that provide them. This chapter outlined
services that are important but sometimes indirect and undervalued by society. In
particular, supporting ecosystern functions are less visible and often taken for granted.
In fact, the climate change controversy illustrates that we have difficulty even believing
that the damage we cause to these less tangible aspects of ecosystem health can be
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caused by man and affect him so directly and dramatically. Ecosystems that provide
economically traded products have a built-in indicator of system health. Gradual
reductions in the numbers of oysters harvested, for example, signal an ecosystem
health problern. But green infrastructure used for recreation isn’t traded, so its value
is sometimes discounted. This is why physical and psychological benefits and avoided-
cost economic studies serve to remind us of the essential nature of green infrastructure
for recreation.

The more obvious ecosystem benefits, such as sustained harvests of timber, crops
or seafood, are more clearly linked to human wellbeing but are subject to pressure
from huran population growth, economic and political interests. Enumerating the
species that provide products to man would create an overwhelming list. In turn,
each of these species is embedded in an ecosystem that must be sustained for
continued productivity. This exercise reminds us that we are sustained by the natural
world]

Cur quality of life is, similarly, enhanced by the social and cultural opportunities
presented to us in the urban setting. Celebrations of historical and contemporary
civilization and technological innovation enrich us. Yet we need physical activity,
recreation and natural areas that present the wonders of nature to enhance the quality
of our lives. Actually, the enjoyment of nature for health and aesthetic purposes, or
the cultural understanding and education opportunities of historic monuments, and
even economic products probably now depend on human access to managed
ecosystems. Sustained natural biodiversity may also require some degree of human
management. These resources (recreational, aesthetic, historic, biological and eco-
nomic) need to be distributed throughout our communities and metropolitan regions.
Subsequent chapters will explore how to plan, design, engineer and locate green
infrastructure components to sustain economic, social and environmental benefits.
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CHAPTER FIVE

Planning and design processes

Introduction

To be functional, politically viable and economically feasible, green infrastructure needs
to offer many benefits. To acquire diverse benefits the landscape infrastructure must
be championed by citizens and by a range of interest groups that typically focus on
single issues. This coalition of constituencies is vitally important to apply the political
pressure to complete planning, secure the commitment of the elected officials and
dedicate funds to implement a long-term plan. Planning and design professionals in
the past have generally failed to program for the full range of benefits possible from
green infrastructure due to single-use approaches to funding or piecemeal planning
and design processes.

The creation of teams composed of citizens, business representatives, elected
officials, municipal department heads and disciplinary experts is key to meeting the
full planning potential. The discipline experts from finance, planning, ecology and
landscape architecture should be participants charged with resolving the technical
issues involved with planning, locating and funding. Since there is a host of green
infrastructure demands to be simultaneously planned for, the process is similar to
comprehensive planning at the municipal and county scale. The outcome of compre-
hensive planning docurments is usually a set of articulated values, visions, goals and
sometimes strategies to meet stated objectives. However, since green infrastructure
is a structural and continuous network, it must be geographically located and imple-
mented with the support of growth limit boundaries, conservation easernents, transfer
of development rights programs, subdivision ordinances, stormwater management
requirements, rights-of-way agreements, land purchases or other planning measures.
While development of a vision and goals are important first steps, creation of master
plans supported by zoning, subdivision and developrment ordinances move the vision
toward realization. The entire process is a long-term endeavor. To be economically,
socially and environmentally viable, green infrastructure must be planned years,
sometimes decades, in advance of development pressures.

Participatory planning: Stapleton case study

Participatory planning is a civic model that improves upon the common pattern in
the US, where citizens react to private development proposals instead of articulating
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policy and physical planning goals in advance of private market objectives. The
Stapleton redevelopment project in Denver, Colorado (introduced in[Chapter 1)) is a
model of comprehensive planning processes in advance of planning proposals. The
public had a particularly prominent role in establishing the vision, guidelines and
conceptual plan for Stapleton, since the property was publically owned. In Stapleton
a 35-person citizen group managed a two-year community planning process called
Stapleton Tomorrow, beginning in 1989. In June 1991 they completed a concept
plan for the redevelopment of Stapleton, which was incorporated into Denver’s
Comprehensive Plar(]

In order to create a detailed physical and financial development plan for Stapleton,
several new entities were created to build on the Stapleton Tomorrow plan. The City
of Denver joined with the Stapleton Redevelopment Foundation in 1993 to begin
the development process. In the same year, Mayor Wellington Webb appointed a
Citizens Advisory Board. It was established to work with the Stapleton Redevelop-
ment Foundation. The Citizens Advisory Board was a partner in the preparation and
publication of the Green Book (The Stapleton Redevelopment Plan). Mayor Webb
created a second organization in 1995. This was a private, non-profit group called
the Stapleton Development Corporation. The Citizens Advisory Board was advisory
to the Stapleton Development Corporation and placed a member on its board

More than 100 public events were incorporated into the public planning process
for Stapleton. In 1995 the two groups published the Green Book with the assistance
of a number of technical consultants, including engineers, planners, architects and
landscape architects. The Green Book continues to provide the parameters for the
development of Stapletor[d
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established the open
space requirements for
the redevelopment of
the Stapleton property.
The disciplinary
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recreation, habitat and
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The Green Book allocated over 1,600 acres to parks, trails, recreation facilities
and natural areas, including the restoration of Westerly Creek and a 365-acre Prairie
Park in the northern portion of the site|{Figure 5.1}. Commercial and industrial use
was allocated 1,200 acres of developable land. The residential density was specified
to meet 12 units per acre in order to support public transportation systems. Neighbor-
hood centers were planned with higher residential density to provide the population
needed for neighborhood commercial and transit centerd]

The Stapleton Development Corporation is responsible for receiving parcels from
the Denver International Airport (the public owner} after demolition and remediation
of any toxic substances. The development-ready parcels are sold to the developer,
Forest City, after covenants are added to the deeds. The covenants are measures that
assure that the land is developed according to the Green Book master plan. Other
reviews by the Stapleton Development Corporation during detailed planning and
construction also align the outcome with the master plan.

Not all of the goals of the Green Book have been realized. For example, the devel-
opment is less diverse in terms of economic strata of residents than the Green Book
envisioned, and the 1,660-acre open space was reduced slightly. The community is
also overwhelmingly auto-oriented rather than transit-oriented. However, a transit-
oriented neighborhood has been planned around a future light rail station that will
connect Stapleton to Denver city center and the international airport by 2015. The
rail station will include an adjacent 16-bay bus transfer facility. The 0.5-mile radius
area around the station will be the focus of high-density mixed-use development
that Stapleton has failed to provide, except in a tentative way around the 29th Avenue
Founders Park. There will be 45 acres of parkland within the half-mile radius of the
transit station, providing an unusual mixture of high-density residential and com-
mercial use and open space access.

The green infrastructure network at Stapleton was a structural element of the
master plan. It was conceived as having multiple purposes ranging from separating
and focusing the highest density development [figure 5.4), to the restoration of
habitat and connecting it to regional preserves and corridors. This arientation was
the result of proactive planning by citizens, the city and economic development,
environmental and social interest groups.

Activist planning

The activist character of the Stapleton planning process is as admirable and effective
as it is unusual. What fostered this process at Stapleton and what impedes the
application of this model elsewhere? There are at least two factors. First the Stapleton
property was publicly owned and contained areas where toxic substances, such as
solvents and hydrocarbons, required removal or remediation. Both of these attributes
prevented the usual pattern of purchase and development of relatively small parcels
of land by private developers without the benefit of a physical design (master
planning). The second factor was the need to replace habitat completely destroyed
by the previous land use. The presence of a nearby creek and an adjacent wildlife
refuge encouraged planning for native biodiversity, habitat and connectivity within
the city limits. Elsewhere, piecemeal development of smaller, privately owned parcels
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and the absence of a regional vision (and physical master plan) result in reactionary
planning processes, unintended cumulative impacts and poor-quality built environ-
ments.

The ability of the city of Denver to prepare parcels for development, attach devel-
opment requirements and transfer the property to a developer guaranteed that the
green infrastructure was implemented according to the binding development plan.
Other cities should develop physical master plans for green infrastructure for the
entire municipal area. County planning of green infrastructure will have somewhat
different priorities but should be conducted in concert with the municipal effort for
the necessary integration of planning scales. The cities should prioritize and then
purchase the key parcels and transfer these to the private sector with development
covenants where commercial and residential development can frame the open space
at densities higher than typical of suburban development. This strategy limits the
land area consumed by the built environment, supports public transportation and
rewards residents, developers and business owners willing to occupy higher-density
areas.

History shows us that citizen participation and commitment is necessary for the
implementation of citywide open-space networks. The examples of Stapleton and
Boulder, Colorado illustrate that consistent and long-term planning, funding and
implementation results in high-quality urban environments). These places
perform well economically, environmentally and socially. In a later chapter the case
study of Stockholm, Sweden reinforces the process and development lessons learned
in the Colorado examples.
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(Eigure 5.3

Green infrastructure
linking urban and
natural spaces provides
social and
environmental benefits
in Boulder, Colorado.

Planning tools in support of green infrastructure

While it seems clear that land acquisition is the most effective way to implement
green infrastructure and establish an urban structure for a growing city (or shrinking
city, for that matter), other planning tools should also be utilized. Acquiring
conservation easements and the purchase or transfer of development rights are
somewhat effective tools for the preservation of ranch and farmland. They can be
effective for the conservation of biodiversity if ecological principles are required
during the continued economic use of the properties. These techniques are less
expensive than land acquisition.

Transfer of development rights programs

A city and county can cooperate to establish a market for the sale of development
rights and their transfer to other properties. The purpose is two-fold. First, the density
of residential or commercial development is intended to increase within the city limits.
Second, within the county, farming, ranching, forestry, water supply, recreation and
habitat are intended for protection from speculative suburban and exurban residential
development. A transfer of development rights program establishes a sending area
(in the county) and a receiving area (in the city). Then the city establishes an artificially
low density requirement for the receiving area, with density increases permitted when
development rights are transferred from the sending area. The program is market-
based and has property value and property tax implications that serve both developers
of city property and owners of large parcels of county land3
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Comprehensive planning, zoning and ordinances

Zoning is generally ineffective as a sustainability planning tool in the long term since
it really protects existing uses rather than establishing future ones. Zoning is highly
susceptible to political and economic manipulation and has a planning horizon that
is generally too short to serve the creation of a system-wide green infrastructure.
However, zoning that is the result of physical planning establishes real expectations
of future land use. This planning tool is sometimes called a future land use plan. It
is more effective than zoning that establishes temporary zones in anticipation of
unspecified future development. For example, urban farming should be zoned as a
use-by-right instead of a temporary or conditional use occupying land intended for
suburban expansion. In this way, community agriculture can be located where it
supports the local economy, contributes to the green infrastructure system and where
it can be provided with the appropriate infrastructure. This method helps avoid
conflicts with other land-uses and establishes the land value for taxation according
to its agricultural use, not according to its speculative value as future suburban hous-
ing. Purchase or transfer of development rights would support this community
agriculture zoning and make permanent local food production a component of the
civic economy and social capital.

Comprehensive plans are positive first steps but lack the authority to implement
the green infrastructure values and goals expressed there. Subdivision and develop-
ment ordinances that are established to implement green infrastructure goals articu-
lated in a comprehensive plan or future land-use plan are more effective tools for
creating long-term results. Without these, comprehensive plans and general zoning
plans are often simply exercises of wishful thinking.

Resource protection and conservation subdivision
ordinances

Natural resource protection ordinances are really development restrictions that could
be reflected in the development or subdivision ordinances. Nevertheless, they can
support a green infrastructure plan if the protected riparian areas, steep slopes,
wetlands or other landscapes contribute to a continuous network of spaces and
corridors. Conservation subdivision ordinances are useful if the conserved open space
is required to be consistent with a green infrastructure plan established by the city
or county. Clustering residential and commercial structures and preserving open space
or habitat can decrease the impact of exurban residences on native species. However,
if the subdivision open space is too small or isolated from ecological corridors and
habitat fragments, it may offer little more biodiversity value than low-density suburban
development.

Incentives and technical assistance

Tax incentives and technical assistance for private landowners are often valuable tools
to encourage an expansion of the efforts that land acquisition and purchase of
easements or developments rights put in place. University Extension Agents have
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served owners of agricultural land with technical assistance for many decades in the
US, and this program could be expanded to provide technical support in other aspects
of sustainability. Similarly, payment to landowners for the preservation of habitat,
landscape restoration or ecological agricultural practices that support biodiversity are
new tools that may become more common and effective in the U4}

Planning for biodiversity

Planning for biodiversity is certainly not a separate process from green infrastructure
or municipal comprehensive planning, but the effort dedicated to it and the planning
processes involved are of particular interest. Surveys of 84 municipal, county and
tribal planning directors in Washington, lowa and North Carolina demonstrate that
almost all planning activity is related to development of the built environment, such
as processing permits, and economic and housing development. The majority of the
directors within the three regions noted that their staff dedicated less than 5 percent
of their time to conservation or biodiversity issues. Only 14-28 percent of the
jurisdictions surveyed in the three regions had an inventory of native plants or animals
in their comprehensive plans and only 9-33 percent of the plans set specific goals
to conserve native species. Within the three regions, 25 percent, 81 percent and 87
percent of the jurisdictions had comprehensive plans encouraging open space focused
on habitat protection. In general, ordinances supported the comprehensive plan goals
to a lesser degree, suggesting that the goals were not always coupled to enforceable
measures. In contrast to focused biodiversity efforts, 52-86 percent of the jurisdictions
created parks and open space with multiple functions that included biodiversity
support. Similarly, 48 to 73 percent of the jurisdictions called for greenways that
included recreation and biodiversity aspects. This study suggests that multifunctional
green infrastructure is a higher priority than species or habitat conservation among
planners at the municipal and county scale, but that the conservation measures taken
are general rather than species specifid] Therefore, it is unclear whether meaningful
biodiversity conservation is accomplished.

The nearly complete focus on development issues is not surprising since it is
projected that the developed areas of cities and towns is expected to increase 79
percent in the US during the next 20 year{] Of course, the impacts of that
development should also merit concern and mitigation activity. The development
emphasis suggests that building green infrastructure that has transportation,
recreation and urban form elements (support for commercial and residential structures)
are important bases on which to add corridors and habitat areas for biodiversity.

Some regions of the US, and many more in European and Asian countries, have
been densely settled for generations. In this setting, establishing green infrastructure
that includes biodiversity support is especially difficult. A planning model for the
analysis and promotion of biodiversity in regions where urbanization and human
activity has permanently altered the original ecosystems is offered by Chiba City, Japan.
This city near Tokyo engaged in a planning process that began by determining the
species and their distribution in relation to four current land-use zones, in order to
establish a sustainable development plan that includes conservation of species and
restoration of habitat. The city has a population of nearly one million and a land
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area of 105.05 square miles (272.08 km?) that was transformed by filling Tokyo Bay [Figure 5.4

to create industrial land, which eliminated almost all of the salt marshes and tidal
wetlands habitat and[5.93.

Inland the landscape is dominated by rice agriculture in fairly small plots. A
comprehensive survey identified the flora (1,553 species) and fauna (2,838 species)
of which 80 plant species and 62 animal species were classified as endangered. An
additional 69 plant and 35 animal species were classified as threatened. A number
of plant species (22) and animal species (17) were already locally extinct. The surprising
diversity of species in this human-dominated landscape is due largely to the traditional
rice agriculture in poorly drained paddies within narrow valleys surrounded by forest
remnants of evergreen and broad-leaved trees, such as chinkapin (Castanopsis
cuspidata), laurel (Machilus thunbergii) and live oaks (Quercus myrsinaefolia, Q. acuta,
Q. glauca) [Figure 5.904

The distribution of 165 endangered and threatened plant and animal species
was mapped and then the numbers of these species occurring within 1-km? cells
were noted and compared to the city’s four land-use classifications (urbanization
promotion; parkland; agriculture and urbanization control; and agricultural pro-
motion) and the percentage of green cover. The analysis revealed many cells with

Formal waterfront park
constructed on
reclaimed land in Chiba,
Japan.
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[Figure 5.5

Chiba has transformed
its coast for industrial
and residential use.
Photo 35°34'26.50" N
140°08'55.09" E, 25
October 2012 (accessed
14 March 2013), by
Google Earth.

The inland valleys
support small-scale
agriculture and
ecological corridors
connecting small
fragments of forest
habitat. Photo
35°28'34.28" N
140°09'36.08" E,
28 March 2012
(accessed 14 March
2013) by Google Earth.




more than ten endangered species; the top-ranking cell had 36 species present. The
land-use zone with the greatest number of endangered species was the agriculture
and urbanization control zone, which is land awaiting more intensive development.
Cells with more that 50 percent green cover (and more than 25 percent of this as
forest) contained the greatest number of endangered species. City parkland contained
few threatened species, indicating opportunities for improvement

The biodiversity analysis clearly supports a green infrastructure solution for sus-
taining ecosystern services and biodiversity. Core areas (at least 250 acres in size) of
the narrowv valleys need protected status and require ecological corridor connections.
The urban parks need to be re-vegetated to restore some habitat value and foster
education and human-wildlife interactions within the neighborhoods. The restoration
of coastal mud flats and marshes is possible in some areas and is necessary to mitigate
past damage. Finally, traditional rice farming practices that support biodiversity need
to be subsidized and the worst practices of more modern agriculture {dredging,
channelization, seasonal draining and removal of stream and canal vegetation) need
to be prohibited, mitigated or adapted to better support biodiversit[]

Statewide GIS planning

In contrast to the Chiba example, it is the federal and state governments that are
most involved in the protection of species and habitat in the US. Cities and counties
depend on state and federal ecologists and conservation biologists for data and
technical informatior] To support this process a statewide biodiversity map for
Arizona was prepared using a geographic information system (GIS) and a process
similar to that used in Chiba. Endangered and threatened avian species (101),
mammals (61), reptiles {49), fish {35}, crustaceans and mollusks {30} and amphibians
{17} were identified and their potential habitat modeled according to actual
occurrence based on field surveys and habitat requirements, according to the
judgment of species experts. As in Chiba, cells (30 x 30 m) covering the state were
coded for the presence of each target species to create a biological diversity map.
Threats to each species were also considered and mapped. Therefore, each cell
contained the degree of biclogical diversity and species threats. The interactions of
these characteristics were ranked on a 16-point scalef(Table 5.J ). In the ranking system,
1 represents high biodiversity and low threat, while 11 represents high biodiversity
and high stress. A score of 16 represents low biodiversity and high threat. The 16
categories can be grouped into four sets (see the quadrants in[Table 5.1} to simplify
the map for statewide or regional planning. Geographic areas characterized as
low in diversity and high in threats are optimal zones for development. Species scores

Table 5.1 Habitat ranking syster]

Low Threat Moderate-Low | Moderate-High | High Threat

High Biodiversity 1 3 9 11
Moderate-High 2 4 10 12
Moderate-Low 5 6 13 15
Low Biodiversity 7 8 14 16
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were weighted to emphasize the importance of the most endangered species, such
as those under the protection of the US Endangered Species Ac]

Having a statewide GIS with much higher resolution than the Chiba map allows
cities and counties, without conservation biologists on staff, to include biodiversity
data and location when reviewing development proposals for planned unit develop-
ments, transportation infrastructure or especially a green infrastructure network of
trails, parks, open space, recreation facilities, farm and forest protection, ecological
corridors and habitat patches.

Using GIS for habitat conservation planning

The Arizona example emphasizes species indicators and identifies areas most suitable
for preservation and other areas most suitable for development. It doesn’t link species
and habitat in a detailed way; presumably this activity was reserved for planning at
the municipal scale. Planning for the conservation of habitat requires high-quality
GIS data at the planning scale and field verification that the proposed habitat contains
breeding pairs of the target species. In addition, a model must be developed, tested
and applied to predict valuable habitat that might be preserved. The simplest model
uses habitat area only, but more sophisticated models incorporate structural and
functional corridors, the shape of habitat patches and seasonal factors. A demographic
model considers factors influencing species population dynamics, especially territory
and dispersal.

The use of a single species as a proxy for others of conservation interest is an
efficient planning approach, but requires careful study to determine the correlation
of other species’ needs with those of the surrogate. This approach was taken in the
creation of a biodiversity conservation map in Poland. The white-backed woodpecker
(Figure 5.7) was selected as the umbrella species since it is sensitive to human activity
and requires a large territory (0.5-1.5 km? per breeding pair) of broad-leaf forest
with many standing dead trees. Its habitat needs correlate well with those of Eurasian
lynx, gray wolf, European bison and brown bear. The plan alternative based on a

The white-backed woodpecker (Dendrocopos
leucotos) is the indicator species for many
others of conservation interest.
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population model and forest areas of conservation value resulted in a better match
between predicted and actual presence of breeding pairs than a simple habitat area
model. In this planning effort the proposed conservation plan was verified by a second
source. The alternative GIS outputs of predicted high-quality habitat were compared
to actual occurrence of breeding pairs documented in a species atladj

When large and highly mobile mammals are chosen as indicator species the
technical aspect of determining their home territory location is more difficult. Often,
many individuals of the target species are captured and fitted with tracking collars.

This was done in northwest Montana as part of a recovery plan for the Canada lynx.

The movements of the animals were recorded over the course of a year using radio

and global positioning technology. This established migration routes, winter versus $75
summer ranges and potential conflicts with road corridors or other barriers and :
hazards. Separated populations were then determined. Preferred habitat and mini-
mum size was determined and mapped from the data, along with the necessary
ecological corridor locations and widths. The road crossing and mortality data
influenced the selection of corridor routes and consideration of other management
measures, such as fencing and wildlife overpassed] For the lynx and other highly
mobile species, it is clear that habitat preserves and less protected multiple-use land
and private property will all play a role in sustaining the specied]

Large-scale planning studies map habitat based primarily on vegetation cover.
This is cost effective and offers enough detail for state and regional planning. The
initial planning information is collected by the US government using satellite sensors
and is available at no cost[Figure 5.8 shows a small portion of a diverse landscape
captured by Landsat 7 using the Normalized Difference Vegetation Index (NDVI). This
image type renders vegetation differences in enough detail to map the most valuable
habitat areas. The habitat maps derived from satellite imagery are combined with
models that consider additional data, including scientific field studies to predict the
presence, number and sometimes the variety of species. At the national and regional
scale this process and the 30 x 30 m resolution guides biodiversity planning efforts
effectively[Figure 5.9 illustrates another NDVI Landsat image of Everett, Washington
along with its hinterland. Urbanization, agriculture, wetlands, forest and other
vegetation and land uses are easily distinguished. The image is certainly valuable for
understanding the existing pattern of urban and suburban settlement and the habitat
fragments and ecological corridors. A conceptual green infrastructure could be
effectively developed using an enlargement of this image as a base.

However, for planning at smaller scales, finer resolution is necessary to capture
the detail needed for conservation of endangered and threatened species, as well as
the potential parks and recreation facilities connected by corridors. In this case light
detection and ranging (LIDAR) imagery and aerial photographs would provide
additional detail [Eigure 5.10). LIDAR images can be derived from satellite sensors
or from aircraft. The technical processes required for working with LIDAR data are
more complex than those used to create the Landsat images
since a bare earth terrain is created to depict the topography
and then the height of vegetation is added using other data i

) ) range of vegetation types that can be
sensors. However, the output is useful for several different distinguished using multiple sensors that collect
purposes. LIDAR data is particularly valuable when mapping different infrared and other wavelengths.

This NDVI image from NASA illustrates the wide



This Landsat image is
an NDVI output with
good definition of
urban, agricultural and
natural elements.

[Eigure 5.1d

This image is derived
from a 1 m pixel
resolution NASA LIDAR
combined with other
map data. This map
distinguishes 19
different land and
vegetation classes for a
barrier island off the
coast of Virginia. Note
the docks in the lower
left corner.

Planning and design processes




ing and design prc

biomass density and aquatic vegetation, especially where an estimate of water depth
is necessary. The resolution of LIDAR images from aircraft is 1 nf], which is very effective
for detailed habitat mapping.

Although conservation research at the municipal scale often uses a single species
as the indicator of habitat for other species, this approach may not be valid for the
most detailed planning scale. When habitat is highly fragmented and when
conservation of very different taxa is the planning goal, then different methods may
provide more accurate results. An lIsraeli study demonstrated that micro changes
within areas of continuous habitat type were more important than the habitat
classification for predicting the presence of some species. For example, the roughness
of the topography, presence of leaf litter and stones were important predictors of
some organisms, especially ones that were locally rare 1]

Detailed design and planning information for habitat, corridors, open space,
stormwater, wastewater, community agriculture and green roofs is presented in the
following chapters.
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CHAPTER SIX

Habitat and ecological corridors

Introduction

A municipal green infrastructure is composed of diverse elements that must be
planned simultaneously. However, the requirements of habitat and ecological corridors
are somewhat more dermanding than many of the man-made aspects of the system.
This is because the system needs to be a continuous, and ideally complex, network
of the highest value ecosystems. Other elements, such as recreation trails, stormwater
management areas and playfields, can be attached to the habitat and corridor
alignment, or form additional strands or spaces in the network. Therefore, habitat
and corridors are presented first and separately from open space as a matter of
convenience, but not to minimize the need for comprehensive planning.

Habitat

The introductory chapter and the chapter on ecosystern health presented the startling
rate of species extinctio] and its primary cause, habitat loss. Urbanization is joined
by the expansion of agricultural production and timber harvest to form a triumvirate
of habitat loss agents. To mitigate their impacts, an ecosystern approach is adopted
to prevent species extinctions ).

Some land areas provide the conditions for the evolution of robust ecosystems,
some of which are quite rare. These precious ecosystems are gems of our natural
heritage and merit concerted conservation effort [Hqure 6.2). Other ecosysterns are
more common, often extending across hundreds of thousands of acres. Both the
rare and the extensive ecosystems must be preserved as continuous entities large
enough to ensure the viability of species populations, including the prospect of per-
turbations and catastrophes. To be viable, the regional preserves must be connected
to others like them to provide for migration, distribution of offspring and exchange
of genes. Therefore, these ecological connectors must be accommodated through,
or at the edges of, cities.

The previous chapter introduced regional planning processes; more detail about
ecosystem planning and wildlife conservation at the regional scale is beyond the
scope of this book, but the connectors between the regional preserves are not. These
ecological corridors can mitigate the fragmentation and loss of habita(d Regional
corridors are even more important with the prospect of ecosystem adjustments to a
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changing climate. It will cause many species to shift their territories northward (in  [Figure 6.1

the northern hemisphere). In fact, this is already occurring based on studies showing
a 40-mile northward migration by some species. This adaptation to climate change
by wildlife is only possible if favorable routes to new habitat exist. In Europe, where
roads, settlements and agriculture have fragmented habitat more than anywhere else
in the world, an ecological network of habitat patches and linking corridors is critical.

At the regional scale identification and conservation of large mammals, birds of
prey and habitat specialists are the focus of ecologists as a strategy to preserve the
increasingly large number of threatened specied] When this fails, the focus expands
to address the critical needs of endangered species, such as the Canada lynx discussed
in the previous chapter.

At the municipal scale, the habitat requirements of all native species can’t be met,
but access between regional habitats can be provided. A municipal network of spaces
and corridors can reduce the loss of many native species. This, of course, buffers
them from extinction pressures. Urban biodiversity also has a critical human
component. Near home is where most urban residents have frequent opportunities
to encounter native and other species |(Figure 6.3). The interaction and educational
opportunities this provides may translate into an appreciation for the value of nature
and a willingness to support its preservation outside the city, where the resident visits
less frequently.

Of course, there are species and habitat areas that benefit from the shared
attention of landscape and urban biodiversity planners. Some ecosystems are not

In this image of the
Italian landscape, the
corridors and habitat
are woven through the
agricultural enterprise.
The woodland provides
wildlife habitat while
serving the human
residents with erosion
protection, forest
products and pure
water.
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This round-leaved
sundew (Drosera
rotundifolia) is an
example of the
exquisite beauty and
fascinating biology that
is part of our natural
heritage. The plant
grows in a bog
ecosystem, which is rare
and vulnerable to
damage.

[Eigure 6.3

This pure water and
habitat is the result of
wetlands restored to a
site previously used as a
military base and
landfill. Today it treats
urban stormwater
runoff and supports
wildlife and provides
beauty in a public
landscape in a densely
settled urban area.
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Ae®




Habitat and ecological corridors 109

extensive and can be accommodated within or near cities. For example, freshwater
habitat in England is among several key ecosystem types that are at risk] and can be
fostered in urban areas [Fiqure 6.3). When, as in Europe, almost half of the wildlife
species are declining in population and important ecosystems are unhealthy, then the
role of habitat and corridors within the cities becomes more critical. As urgent as the
needs of some habitat types and species are, ecologists believe that with planning
and design, biodiversity loss can be arrested and reversed by as early as 2020.

The context of urban habitat

Worldwide, but especially in the US, where the average density is 4.2 dwelling units
per acre, it is population growth coupled with housing choice that results in rapid
conversion of land to urban use . If land in the US continues to be
consumed for development at the same rate as between 1982 and 2007, then an
additional loss of 64 million acres (26 million hectares) of farm, forest and habitat
will occur during the next 40 yeard]

Given the already compromised habitat and the populations of native species that
it supports, further loss of land to suburban development is especially damaging.
Reducing human population growth rates is necessary everywhere, but especially
in many developing countries, where population growth has been unsustainable
for decades. Similarly, the conversion of existing urban land to higher-density use is
the responsible course, despite the opposition that this strategy will surely generate
among business sectors seeking to develop pristine land to acquire a maximum profit.
Development of greenfield sites (agriculture, forest or habitat areas) may be required
to accommodate population growth, but it should be permitted only after infill,
redevelopment and brownfield options are exhausted. Furthermore, identification
of marginal forestland, poor agricultural soils and areas of low biodiversity as suit-
able places for urban development would minimize the adverse impact of urban
development.

| Figure 6.4

This image illustrates
the loss of forest
habitat and connectivity
due to fragmentation
by roads, reduction of
habitat due to exurban
housing development
and complete loss of
ecosystem values due to
low-density suburban
development. Photo
48°01'55.46" N,
122°04'46.88" W by
Google Earth (accessed
15 May 2013).
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Figure 6.5

The landscape of this
town, Keswick, England,
is knit together by
hedgerows connecting
habitat fragments to
regional habitat. In
contrast to most towns
in the US, even this
small town has quite
high residential
densities.

Habitat and ecological corridors

The economic value of land for urban development exceeds the value of the
land for agriculture, forestry and habitat. The lack of land-use controls to protect
these uses beyond the boundaries of incorporated cities and towns, and the American
aversion to such controls, has led to the constant erosion of all but urban land use.
Human, and especially economic, interests usually dominate planning efforts since
the process is anthropocentricﬂ The promotion of higher-density residential and
commercial districts through the development of new mixed-use and housing products
has had little impact over the last 20 years. In fact, the planning discussions and
economic pressures are often focused on suburban versus exurban options rather
than on urban densities. For example, a recent study in Indiana revealed that most
residents and planners opposed developers and realtors regarding exurban residen-
tial developments. Residents and planners favored lower dwelling unit densities and
requirements for open-space dedications. Real-estate agents and developers advocated
suburban densities (four units per acre) and no requirements for common open spacd.]

Exurban housing impact of biodiversity

The sense that exurban densities preserve biodiversity is not consistent with the results
of ecological studies. Measurements of biodiversity dip precipitously downward at
densities of more that one residence per 40 acres (16 hectares). The presence of a
road network, people and dogs combined with removal of native vegetation cause
reductions in wildlife numbers and species around exurban dwellings. The low
biodiversity associated with exurban development is confirmed by a study demon-
strating that native bird species are detected around exurban residences at the same
diminished rates as in suburban subdivisions. Similarly, urbanized birds are more
present around exurban homes than in the natural landscape nearby[

Therefore, for the purpose of preserving biodiversity, county land use plans and
ordinances should prohibit residential subdivisions at densities of 1 unit per 40 acres
(16 hectares) and greater. An alternative is to require clustering of homes into higher-
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density hamlets with protected habitats and corridors separating them, as is common

in Europe [Figure 6.9).

Types and uses of ecological corridors

Since urban development fragments habitat and creates a hostile environment
between the remnant patches, movement of individuals and populations of species
becomes difficult, even impossible and fatal. Movement through corridors between
habitat patches is necessary for organisms to acquire food, disperse offspring, assure
genetic diversity and adapt to natural perturbations.

The use of corridors is a very commaon pattern in undisturbed natural areas, where
organisms use them to move within their home range or between habitats as they
search for food. Evident even in birds, this instinctive activity is thought to reduce
competition between groups. The need for an ecological corridor is greater if the
urban matrix is hostile. If the area an organism needs to cross is in great contrast
to its habitat, then the corridor is more valuable. In order to reduce predation, or
other danger, organisms tend to cross more quickly when crossing a hostile matrix
than when moving through a corridor. Similarly, the time spent moving through
corridors of low quality is shorter than the movement time through high-quality
corridors. An ecotone can be established to make ecological corridors more multi-
functional. An ecotone is a transitional area that can serve as either a
filter or a barrier to separate human uses from habita{]

The studies cited below illustrate the value of corridors for wildlife. A study of
wolves in the US identified habitat fragmented by a golf course. Wolves traveled
around the development at a higher elevation, on steep slopes where prey was scarce,
rather than through the golf course, where prey was abundant. A corridor averaging
330 meters wide was established through the golf course. In the first two years after
construction, wolf tracking showed that 81 percentand 51 percent of the movement
between habitat areas was through the golf course, compared to only 1 percent
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A newly restored
stream corridor in
Stapleton. There is an
ecotone between the
riparian and prairie
habitat and a visual
barrier between people
and habitat that could
be extended.

before the corridor was created. The area within the corridor did not serve as habitat
for wolves, but as a link between two high-quality habitat aread’] Similarly, coyotes
in an urbanizing area of southern California follow corridors along ridgelines, fences,
road rights-of-way, railroad beds and storm draind]

A Dutch study of butterfly species with good and moderate dispersal characteristics
found that they would colonize a neighborhood area from a natural source area.
Well-connected patches and road parkways were preferred routes. The implications
of the study are that urban development impacts can be mitigated by preservation
of core habitat at the edge of the neighborhood and routes through it. The presence
of butterflies and other species with moderate or better dispersal characteristics, such
as amphibians, reptiles, most flying insects, most small mammals and some bird
species, can be further enhanced by creating habitat corridors and patches within
the neighborhoods and varying the characteristics of the green spaces within the
neighborhood. The study demonstrated that, for butterflies specifically, flowering
shrubs and trees within the suburban and urban environment could be more valuable
than the core habitat at certain life staged™

Deforestation in England in the eighteenth and nineteenth centuries left red
squirrels (Sciurus vulgaris) isolated in islands of trees. Furthermore, competition from
the larger American gray squirrel reduced their numbers until they were endangered.
Reforestation allowed red squirrels to migrate from one patch of forest to the next.
The results of genetic tests show that red squirrels did travel between habitat islands
up to about 1.5 km apa This study demonstrates that ecological corridors and
closely spaced patch remnants do lead to the dispersal of species and to the increase
in biodiversity.

Although many animals make use of corridors when they are available, many
species, including most plants and others that are not very mobile, will not benefit
from corridors between habitat area In this case protection of critical habitat is
necessary.
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Based on the studies cited above and other research, a typology of ecological
corridors can be established. Corridors can be differentiated by function and habitat
type. Commuting, migration and dispersal corridors differ by function. The wolf study
identified a commuting corridor used for daily movement between foraging areas.
Dispersal corridors are of two types. COne allows offspring to migrate between two
habitat preserves. A second type connects large habitat preserves but is too long to
allow dispersal of organisms in one step. Instead, organisms colonize habitat
fragments where they breed. Their offspring disperse further along the corridor to
the next habitat fragment and so on until the distance between the preserves is
bridged. The red squirrel study described this corridor type. Migration corridors are
the final functional type. Bird and fish migration between breeding and wintering
sites are well-known exampled™] The habitat type (riparian, forest, grassland, etc.)
further distinguishes the corridor type.

Planning background

The concept of linking regional habitat preserves with corridors and providing a
network of corridors through small- and large-scale agriculture was formulated and
applied by Russian geographer Boris Rodorman. This systern was designed to restore
ecosystemn functions destroyed by collectivization of farms in the former Soviet
Bloc countried™] This concept can be extended to neighborhoods and cities for the
preservation of biodiversity, since urban development can be as destructive to
biodiversity as agriculture.

Urban planners and landscape architects need ecological information to plan for
the location, spacing and dimensions of corridors. Techniques for mitigating corridor
breaks due to road crossings are explained in a later section, but several hypothetical
and constructed examples are available. Complicating corridor planning is the need
for paths, stormwater treatment and other ecosystem services within some corridors.
Planning the network of corridors and remnant patches, well in advance of urban
development, yields better connectivity, optimum corridor lengths, less habitat frag-
mentation, better links to regional preserves and better control of patch size and
shap In contrast to this preferred model, the example of the Cameron Run water-
shed near Washington, DC is similar to the majority of the urban watersheds in the
US KEigure 6.2y, A study of the watershed showed that a lack of comprehensive plan-
ning was evident within, and between, counties and cities. This led to the progressive,
and perhaps irreversible, loss of biodiversity due to insufficient corridors and remnant
habitat aread™] The watershed management plan for Cameron Run is comprised of
many projects that attempt to mitigate the darnage to the water quality and habitat
caused by poorly planned large-lot residential development.

To avoid the poor result illustrated by Cameron Run, comprehensive planning that
directs development and protects the ecosystem services is necessary. The entire
watershed should be planned as a system with water quality and habitat safeguards
established early. This would have avoided the cumulative impacts that polluted the
waterways and destroyed virtually all of the habitat and corridors in Cameron Run.
Planning for biodiversity preservation requires a longer time frame (decades) than
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The 42 square mile
Cameron Run
watershed is outlined in
red. Washington, DC is
at the upper right.
Photo 38°5109.44" N,
77°09'32.92" W by
Google Earth (accessed
16 June 2013).

the typical planning cycle (1-5 years[1} Nevertheless, when planning for biodiversity
improvements that need to occur quickly, within a highly fragmented urban area,
ecological principles and spatial guidelines are needed to make informed decisions.
In each planning and design phase an ecologist is a valued consultant but ecological
assessments are expensive and time-consuming operations that are generally not
supported in preliminary planning phases. For preliminary planning some guidance
can come from previous ecological studies of the disturbance of species by human
activity and species habituation to humand] However, preservation of urban bio-
diversity requires long-term assessment by ecologists of the effectiveness of planning
requirements, such as stream setback distances, habitat patch sizes, etc. This dialogue
between ecologists, planners and landscape architects is necessary to adapt principles
to local situations.

Regional corridors

Regional corridors and habitat areas should connect to the municipal green
infrastructure system to encourage the maximum diversity and numbers of native
species in the city area. A regional corridor plan for species preservation may lack
some of the elements of the municipal green infrastructure in order to achieve
biodiversity goals. Similarly, elements of the municipal system will primarily express
human values. Elements such as stormwater management areas are appropriate for
regional and municipal scales.

The corridor plan shown inlEigure 6.8] connects three large blocks of preserved
ecosystem (outlined in red). One of these is a small fragment (5,000 acres) isolated
from other habitat areas. Wildlife movement between these areas is compromised
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by suburban development from five rapidly growing towns and the city of Tucson.
The urban area (shown as gray) has eliminated the possibility of corridor linkages
throughout mast of the region, but a few viable routes (outlined in green) remairZ]

The corridor planners began by selecting 12 reptile and amphibian, 1 bird and 8
mammal species native to the region and sensitive to habitat loss and fragmentation.
This group serves as the surrogate for all other species in the ecosysterns. Using data
oh habitat needs and movement characteristics, the most viable corridor for each
species was mapped using GIS. The species corridors were aggregated to create the
network proposal?]

A minimum of 0.62 miles (1 km) was established as the minimum corridor width.
This was necessary to accommodate the needs of all of the target species and to
respond to several future threats. As urban development surrounds the corridor it
will bring negative impacts with it. Two are the remaval of native vegetation and
the introduction of invasive species. Predation by pets and disturbance from artificial
lighting and noise are other impacts that require a transition space. A buffer from
these impacts is necessary to avoid an excessive reduction in the effective corridor
Widt

The potential for man-made or natural perturbations of the corridor, especially
fire, require a corridor width in excess of the minirmum needed by the species. If a
network of alternate routes were possible, as it is in two places in the proposed
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Proposed wildlife
corridors outlined in
green connect hahitat
preserves (outlined in
red) near Tucson
Arizona. Photo hase
32°23/01.25" N,
110°51/30.78" W, 8
Octoher 2012 {accessed
25 April 2013) by
Google Earth, Adapted
from Beier et al.,
20084
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design, then the corridor width can be reduced somewhat. Climate change is another
anticipated future impact that will change the vegetation and cause organisms to
shift their territories in ways that we can’t predict yet. A wider corridor is necessary
due to this uncertainty. The wide corridor also anticipates the demand for trails for
people to use as the human population in the region growd]

The eastern portion of the network contains several barriers or impediments. These
were evaluated in the field to determine mitigation measures. Since roads, an inter-
state highway, power lines, ditches and vegetation loss compromise even the best
corridor alternative, there is an urgent need to secure the 14 mile (23 km) length of
the corridor and implement the mitigation measures before the corridor opportunity
is permanently lost.

This corridor proposal is one of 16 planning projects carried out in Arizona since
2006, That year 100 participants, including non-profit groups and several state
and federal agencies, identified corridors that are needed to preserve biodiversity
across the state. The necessary corridors were prioritized and planning for these
was initiated. State, federal and private conservation land already dedicated to wild-
life preservation and improvements to them represent a substantial public investrment
in ecosystern preservation. The proposed corridors protect this investmen{?] The
absence of an ecological corridor along the river that runs through Tucson {visible
in the lower portion of the image and along the interstate highway, shown as a
black line} illustrates a lost opportunity for urban biodiversity and other ecosystem
benefits.

Response to disturbance

Whether in the urban area or the regional landscape, human activity impacts almost
all species. Disturbance is often expressed as the flushing distance {the horizontal
dimension between an approaching person and a bird or animal that causes it to
fleg), or the alert distance (the dimension that causes the species to become wary
and stop foraging).

The species studied for flushing distance are predominately birds, partly because
they are somewhat easier to study than other animals. Some of the flushing distances
are so long, such as 820 feet for the bald eagle[[figure 6.9), that a corridor around
{as proposed for Tucson} rather than through a town or city is indicated. This
conclusion leads to consideration of a spatial hierarchy of corridors in order to accom-
modate both sensitive and human-adapted species. Two studies demonstrated that
as the size of the bird increased, so did the flushing distance and the distance the
bird flew in response to disturbancd 213

Some species exhibit a great deal of habituation toward human activity, which
explains the flushing distances of 1,312 feet (400 m) and 29 feet (9 m) reported for
elk. Many researchers have identified that the amount of vegetative cover or visibility
has a significant impact on flushing distances. For example, an endangered grouse
in Europe flushed at 75 feet (23 m) when visibility was 25-50 percent, compared to
29.5 feet (9 m) when it was 76-100 percentd] This finding has important implications
for the design of ecological corridors, as well as for the design of urban parks.
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Ferruginous hawk h, n
Bald eagle i, n I
Elk m, p
Whooper swans f, o i
Bald eagle j, o
Golden eagle g, n I
Rough-legged hawk g, n
Prairie falcon g, n |
Mule deer k, p
Elkl,p
Merlin g, n
Ferruginous hawk g, n I
Capercaillie, Hazel grouse, Woodcock b, o
American kestrel g, p i
Chiguanco thrush ¢, o I

Species

Mule deer d, o

Great blue heron a, n i

Wesiern meadowlark d, o

Black-crowned night heron a, n
Double-crested cormorant a, n

Rufus-collared sparrow, Golden-billed saltator ¢, o i
Bay-winged cowbird, Spot-winged pigeon ¢, o
Magpie e, 0 |

Woodpigeon e, o

American robin d, o

Vesper sparrow d, o

Blackbird e, 0

House sparrow e, 0 I

Yellow-bellied mamots d, o

0 200 400 600 800
Meters

Average flushing distances. a, Rodgers and Smith, 199 h, Thiel, 200 ¢, Fernandez-
Juricic et al. 2004 d, Ward et af., 198E]Miller, S; Knight, R; Miller, C. 20017
e, Fernandez-Juricic et af., 2001 f, Rees ot af, 200 g, Holmes et al. 1993
h, Keeley and Bechard, 201 i, Fraser et al., 198@ j. Stalmaster et af,, 198

k, Freddy et af., 1986Ward et al., 198 I, Schultz and Bailey, 197 m, Cassirer et al.,
199141 n, peaple walking directly toward nest; a, persan walking directly toward animal ar
bird; p, persan walking toward animal or bird in winter.

Corridor dimensions

The data presented i is useful but limited by the small number of species
represented and the paucity of data on habituation to human activity. However, one
can conclude that 30-90 feet (10-30m) wide corridors are sufficient for species
moderately or highly adapted to human activity. The variability of the animal species,
climate, vegetation and topography of different cities may require adjustments to
these minimum dimensions. Corridors as narrow as 66 feet (Z0 m) can serve as home
range habitat for some rodent and snake species. Fencerow corridors only a few
meters wide reduce the probability of extinction within woodland habitat patches
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Figure 6.10

Each species listed in Figure 6.9 and shown here has a different flushing distance characteristic. The rough-legged
hawk flushes at a great distance from approaching people, while the capercaillie and especially the marmot tolerate
people quite close to them once they are habituated.

for white-footed mice. Two California native birds use corridors only one meter wide
and three native chaparral bird species use habitat strips only 30 feet widd] This
understanding emphasizes that all connectivity is beneficial, but increasing width
increases the number of native species.

Ecologists, geographers and designers in the Czech Republic developed and
applied a system of planning standards calibrated to the local (see|Figure 6.12)) and
regional (see|Figure 6.13) context. Based on scientific study and the realities of a
fragmented and urbanizing landscape, their system is intended to restore damaged
ecosystems and connect remnant habitat patches with ecological corridors to improve
viability of species populations within a cultural contexf2] A study of birds in urban
parks in Spain confirms the Czech neighborhood corridor standard. In the Spanish
study, the average flushing distance of four species studied was 23-36 feet (7—11 m)
equivalent to a suggested corridor width of 46-72 feet (14-22 m).
This method of determining a minimum urban corridor results in a width that is only
slightly more than the 30-60 feet (10-20 m) minimum recommended by the Czech
standards. In addition, the bird flushing distances suggest a 72 feet (22 m) minimum
spacing between pathways in urban parks to allow multiple use by birds, humans
and a number of other animals.

A Tucson, Arizona study of bird biodiversity within a range of natural and human-
dominated residential settings resulted in three planning recommendations. The
study investigated 334 plots along 33 transects with housing densities ranging from
zero to eight dwelling units per acre. The first recommendation of the study was to
retain native vegetation as the housing density increases. This is the opposite of the
typical pattern, where increasing housing density is accompanied by more exotic and
ornamental plantings. Six of the native bird species studied could not survive in areas
dominated by exotic plants. Second, riparian and other native vegetation corridors
must be intact and undisturbed, especially within high-density housing areas. The
study results showed that these remnant landscapes sustained the species richness
of native birds and depressed non-native species. Third, retention of 2.5 acre
(1 hectare) patches that are distributed not more that 1,650 feet (500 m) apart would
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Corridors for
biodiversity can include
other uses. This
stormwater
management area is
incorporated into a
restored riparian
corridor in Stapleton.

sustain bird species sensitive to human development where the patches were not
connected by ecological corridord®]This distance confirms the maximum separation
of habitat patches proposed by the Czech recommendations (sed Figure 6.12)29 Parks
and other areas landscaped with non-native plants did not support these sensitive
specied]

A study of breeding pairs of birds in corridors with recreation trails was con-
ducted in North Carolina. The study identified 48 species and documented their
presence in corridors of varying width. Most of the species were present in corridors
at least 164 feet (50 m) wide, but three species were found only in corridors greater
than 164 feet, while two more were present only in corridors greater than 328 feet
(100 m) and one species was present only in corridors greater than 984 feet (300 m)
widd?] In the Czech standards a 164 feet wide corridor is at the top of the scale
for the rural setting. However, it should be noted that the North Carolina study
focused on breeding birds. The corridors at the widths reported served not only as
movement corridors between patches, but as habitat itself. Nevertheless, the findings
suggest that for planners a hierarchy of corridor widths is indicated to achieve urban
biodiversity and preservation of species sensitive to human activity.

Applying corridor and patch standards

Neighborhood scale

The set of Czech standards recognize that the width and length of an ecological cor-
ridor are related. Therefore, the maximum distance between even connected patches
is limited. At the neighborhood scale the recommended maximum length of
3,270-6,335 feet (1,000-2,000 m) is paired with a minimum width of 33-66 feet
(10-20 m) [Fiqure 6.17). At the rural scale[(Figure 6.13) the recommended maximum
length of 1,300-6,335 feet (400-1,000 m) is paired with a minimum width of
66-164 feet (20-50 m{Z
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Urban remnant habitat patches and corridors organized to promote biodiversity. Austin,
2011, A, commercial and residential development; B, 164 feet (50 m) community petimeter
and ecological corridor (city limit); C, neighborhood habitat remnant 1.2-12.4 acres

(0.5-5 ha) minimum; D, 66 feet (20 m) wide ecological corridor with 3,270-6,335 feet
(1,000-2,000 m) maximum length; E, commeraal or residential plazas; F, future urban
neighborhoods; G, 1,640 feet (500 m) wide river corridar or wildlife migration route
(connection to regional preserve); H, cammeraal agriculture or forestry. Graphic by authaor

for standards reported by Kubei, 199

The schematic neighborhood plan, drawn to scale, shown in|Figure 6.17] is a
graphic representation of a biodiversity plan based on the Czech standards. The 66
feet wide ecological corridors {item D) form the edges of neighborhoods or internal
greenways within them. Additional width and buffering would be added to the eco-
logical corridor dimensions shown where recreational pathways are desirable. The
neighborhoods are conceptualized as having mixed uses and mixed housing densities.

The element marked "E” on the plan represents parks, community agriculture or
plazas with low ecological values. The element marked “C" on the plan represents
patches of remnant habitat that link the neighborhoods. A recent Australian study
suggests that if the urban matrix is low-density residential, then the vegetation in
private gardens and street trees provide for biodiversity levels equivalent to that of
patches four acres (1.6 ha} and smaller in size. Patches 12.3-24.7 acres (5-10 ha}
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bridged the gap between suburban biodiversity levels and those in continuous
fores{Z] Another study found diversity of native bird species grew as habitat size
increased above five acres (2 ha)T] Space would be added to the habitat fragments
(item C) to accommodate stormwater management areas (see|Figure 6.11), sports
fields, mown turf picnicking areas, etc.

Item B on the plan represents the ecological corridor (164 feet wide) along the
city limit, but a wider corridor should be planned for the area of impact (sphere of

influence) boundary [(Figure 6.12).

Rural scale

The schematic plan in[Figure 6.13 also uses the hierarchical system of Czech stand-
ards to estimate ecosystem benefits and development impacts that include rural

Schematic biodiversity plan with connections to regional habitat, Austin 2011. A, urban
development within city limit; B, 164 feet (50 m) wide local corridors of remnant vegetation;
C, 1,000 feet (304 m) outer ring corridor (urban growth limit); D, community agriculture; E,
future urban development in area of impact; F, 124 acres (50 ha) patches of remnant habitat
spaced 6,335 feet (2,000 m) apart maximum; G, 1,640 feet (500 m) wide riparian corridor;

H, commodity agriculture. Graphic by author for standards reported by Kubei, 199
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components. More optimum patch and corridor sizes are suggested at the urban
edge, where providing the space for the species more sensitive to human activity is
spatially and economically feasible ). Connections to the regional habitat
and a corridor network are key components, since many species do not adapt to
living in proximity to humans. For example, only somewhat more than 25 percent
of North American bird species are defined as urbanized or urbanizing[Z] The plan
includes three corridor types. The regional connection, such as a riparian corridor, is
1,640 feet (500 m) wide, the outer ring corridor is 1,000 feet (304 m) wide and the
interior corridors around the city limit and separating the neighborhoods is 164 feet
(50 m) wide. The perimeter habitat patches (item F) are 124 acres (50 hectares) and
are connected by substantial corridors.

Roads

Roads fragment habitat and present barriers to movement of wildlife, in addition to
generating a very high mortality rate for animals attempting to cross. A four-year
study of a two-lane road in Arizona’s Organ Pipe Cactus National Monument revealed
that at least 36 snakes were killed by vehicles per mile per yeaf]

Overpasses or underpasses may be required to increase the effectiveness of
ecological corridors. They are becoming common features of urban and rural
landscapes in Europe and North America. Even in urban centers, parks
that have been fragmented by roads can be knit together with raised wildlife crossings.
The Mile End Park in East London features a bridge that spans five traffic lanes. This
75 feet wide corridor links parkland and collects rainfall that is reused to irrigate the
plantings on the bridge. Both humans and animals use the bridge to access pieces
of the 90 acre (36 ha) par

Ecological corridors and compact growth

A planning concern is that ecological corridors are inconsistent with the need for
higher urban density to make residential areas more sustainable. The exercise

Wildlife crossings that
bridge highways
remove barriers and
hazards from ecological
corridors.
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presented here demonstrates that densities much higher than the American average
and higher than required to sustain public light rail or bus transportation can be
achieved while adopting ecological corridors based on the standards discussed above.
An ecological network of corridors and remnant habitat patches within cities is possible
if residential densities are moderate. For the plan in[Figure 6.13] the total area of
impact (exclusive of the perimeter corridor) is about 9,500 acres (3,845 ha). If a gross
density target of seven dwelling units per acre is accepted to achieve a gross density
of 19 people per acre (47.5 per hectare), then the total number of units equals
66,500. If 30 percent of the city area is reserved for habitat and multi-use corridors,
and if roads and other infrastructure consume another 15 percent, then 5,225 acres
(2,114 ha) are available for urban development. Maintaining the target of 66,500
units for the reduced development area would cause the average density to rise to
12.7 units per acre. This density is three times more compact than typical suburban
developments. The density of 12.7 units per acre is easily achieved with a mixture
of single-family residential housing on small lots, duplexes, row housing[(Eigure 6.19)
and multistory condominiums and apartments (see[Figure 6.16 for a block-scale
density example). Of course, a range of housing options within the city would be
offered at various densities. Residential buildings with 30-50 units per acre in the
neighborhood and city centers would allow lower densities elsewhere. A view of
permanent open space and immediate access encourages people to live at higher
residential densitied]

A population density of at least 19 persons per acre is required to make light rail
transportation economically viable in residential districts. In mixed-use areas a
combination of residents and jobs equaling 19 per acre is sufficient for feasible light
rail systemd2] Therefore, high-density neighborhood and city centers with many jobs
and residents could subsidize somewhat lower residential densities elsewhere if this

were desirable.

neighborhood is
composed of public
housing. The density is
several times higher
than single-family
detached housing
achieves. This density
allows for public open
space for recreation and
biodiversity as well as
public transportation.
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Ecological corridor
separating housing
blocks. This image
illustrates a 66 feet
wide corridor in a
moderate-density
residential
neighborhood.

The perspective view i shows a proposed ecological corridor between
and at the rear of row house units, such as those shown ifFigure 6.19. The corridor
is in the local category (33-66 feet/10-20 m wide) and in this illustration a 66 feet
wide vegetated corridor is illustrated. The homeowner's access to the rear of the
units is separated from the wildlife area with a continuous hedge (preferably of a
native species). The perspective view in illustrates that compact growth
and urban biodiversity can be achieved with careful planning. Two-story single-family
homes attached at the garage can achieve 900-2,200 square feet (84-204 m?) with
a small private outdoor space. Separated by a 66 feet wide ecological corridor at
the rear of the property, this configuration achieves 8.7 net dwelling units per acre
and a population density of 23.5. Row housing densities would be about 20 units
per acre. The resulting block width is 360 feet.

Dense urban mixed-use development is desirable, since it consumes less land, but
it is not the preferred residential situation for the great majority of Americans.
Nevertheless, these high-density cores should be provided and improved to attract
more residents as part of a set of sustainable strategies. Other housing choices and
densities must also be provided, but these lower densities should be calibrated to
foster public transit systems and urban biodiversity. Wider ecological corridors and
larger habitat preserves should be combined with the most damaging residential
densities (four units per acre to one unit per 40 acres).

Urban corridor design details

Planting design, material specification and stormwater measures must support the
location and width standards to achieve the highest biodiversity benefit. The planting
design should include a visual and physical barrier made of native shrubs at the
corridor edge. The corridor is best as a remnant of native habitat. Therefore, location
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of the corridor and the native plants and a preservation plan to protect them during
construction will be necessary. If the site is a redevelopment project then re-vegetation
of the corridors with primarily native plants would be necessary to create the required
vegetative cover and habitat structure. A mixture of deciduous and evergreen trees
in a range of heights will maximize species diversity. An understory of deciduous and
evergreen shrubs will also expand the number of habitat niches. Trees should be
composed in groves, and thickets of shrubs will be beneficial. COpenings with
herbaceous plants will add to the heterogeneity of the habitat. Native trees should
be specified in adjacent private yards to extend or buffer the habitat. Invasive exotic
plants should be removed from the corridor. Lighting should be limited to ground-
level path lights. The corridor should be used to hold and clean stormwater runoff
from roofs and impervious surfaces and create water basins. Permanent pools of
water are desirable.

Materials and plants for ecological corridors

Attention to planting design in urban parks can reduce flushing distances. The pre-
sence of shrubs and deciduous and evergreen trees {with some very tall} improves
the capacity of the landscape to serve both birds and peopldZ] One study found
that the presence of shrubs (habitat diversity) and extensive tree canopy even in
properties adjacent to a greenway resulted in higher biodiversity within iZ]

On brownfields [Figures 6.6 and|6.11) or former agricultural land the corridor
should be planted to approximate the pattern of dominant and subordinate species
of nearby ecosystemns. The planting design should be reconsidered for each functional
group of species to assure that fruit, nectar, seed and shelter resources are available
in each season.

Leaf litter and humus salvaged from other construction sites should be used to
inoculate the new planting areas with the native bacteria, fungi and seed. Breaks in
the forested corridor should include shrub and grass associations to encourage a full
range of species, such as pollinators and butterflies. Vertical snags and felled logs with
holes and hollow sections will encourage bird nests and ground-dwelling animals and
birds. Natural depressions should be exploited and enhanced to create bio-retention
basins for water-quality treatment of road and parking lot runoff in particular. Mercury
vapor lighting should be avoided and all lighting should be only bright enough to
provide safety, with motion activation preferable to continuous lighting.
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CHAPTER SEVEN

Green infrastructure network

Introduction

The previous chapters established the need for green infrastructure to support both
ecosystem health and human physical and psychological health. Rather than green
infrastructure focused on preservation of native species and ecosysterns, this chapter
focuses on the planning and implementation of open-space networks primarily
expressing human values. Often the open-space elements and networks are not
planned. They are created piecerneal as parcels are developed rather than in a
systeratic way that optimizes space according to size, location, character and
connectivity. In many cases green infrastructure elements with a dominant human
focus can and should be attached to the edges of ecological corridors and habitat
fragments. However, sometimes there is cause to separate the ecosystern and human
values into dedicated spaces. Urban plazas and boulevards are two examples of open-
space components where human values define the design and materials [Figure 7.1)).

The charter of the Congress of New Urbanism neglects the issue of urban
biodiversity and one of its founders claims that green infrastructure will
lead to the ruralization of cities and town{] This chapter demonstrates that multi-
functional corridors at the urban scale are compatible with compact growth while
offering a number of important ecosystem benefits to urban residents.

The development of green infrastructure in America

The first planned and implemented multifunctional corridor in the US was the Emerald
Necklace in Boston. Designed by Frederick Law Olmsted in the 1880s, the Emerald
Necklace is a 1,100-acre (445-hectare), seven-mile-long sequence of waterways and
six parks, including Franklin Park and the Arnold Arboretum. In contrast to isolated,
urban parks, such as Central Park in New York and Prospect Park in Brooklyn, the
Boston sequence focuses on connectivity of natural open space, recreation and flood
control within the urban contex{I] Charles Eliot expanded the system in the 1890s
to form a regional open space system. Several other cities followed, with plans for
public open spaces linked by linear parks.

As American cities grew into metropolitan areas, access to natural open space
was eroded. Urban expansion also fragmented natural landscapes into increasingly
smaller and isolated remnants. The loss of open space and concern for the health
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of Americans led to the President’s Commission on Americans Outdoors by the Lyndon  [Eigure 7.1
Johnson administration in 1987[] The commission report advocated a national ~Human values dominate
. . . . o this neighborhood
network of corridors connecting residential districts to rural and natural landscapes. . tar at stapletan.
lts multi-purpose focus was popularized by Greenways for America in 19904
The pursuit of opportunities offered by the abandonment of railroad rights-of-way
resulted in more than 10,000 miles of greenwaE focusing primarily on pedestrian
and bicycle access, but sometimes serving as wildlife corridors between habitat areas.
In contrast, European nations and cities have focused on the biodiversity aspect of
ecological corridors, particularly after the 1992 United Nations Convention on Bio-
logical Diversity[]
Multifunctional urban green infrastructure includes trails, stormwater management,
community gardens, recreation fields, utility easements, dog parks, wildlife habitat
and potentially other features. This chapter investigates the spatial, material and
functional characteristics of open space designed by landscape architects and others.
Traditional planning and development in most cities and towns has considered
neither urban nor naturalistic open space as a system to structure human settlement
patterns. Instead, vehicular transportation routes and, more recently, transit-oriented
development with light rail establish the scale and pattern of urban growth. In the
first case, linear strip commercial and auto-dependent (pedestrian-hostile) environ-
ments are the result. In the case of transit-oriented development, a more sustainable
pattern of high-density commercial and residential nodes is established, but open
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Mixed-use development
often focuses on high
residential density as a
sustainability measure
but often neglects the
multifunctional green
infrastructure that
contributes to a high
quality of life. Juanita
Bay Village in Kirkland,
Washington.

space is often not used to structure the pattern of development.[Figure 7 3 illustrates
an exception to the common development pattern by using an urban open space
to focus social and civic life while multistory, mixed-use buildings frame the space.

If green infrastructure, including spaces like urban plazas and boulevards

), were planned with a multifunctional and network motivation, we would find
that commercial, institutional and residential buildings would occur at higher densities
and frame urban and naturalistic open spaces. This is a formula for environments
that are more sustainable, and that provide a higher quality of life than the traditional
paradigm, where cities sacrifice social and environmental qualities. The physical
footprint of buildings and paved surfaces can be reduced, while the magnitude of
the ecosystem services provided to citizens can increase with the adoption of green
infrastructure as a structural planning method.

The physical activity, health and wellbeing of citizens in the urban setting can be
fostered through planning and physical design. Open-space standards have long been
the primary measure of the sufficiency of parks and paths and a metric comparing
the desirability of living in one city or another. However, user satisfaction and levels
of use of provided open space resources are more complicated ways of considering
open space.

There are 12 factors that influence use of urban open space. These are: (1) park
access and quality; (2) recreation facility location and variety; (3) the mix of land uses
and desirable destinations; (4) residential density; (5) street connectivity; (6) ease of
pedestrian transportation; (7) walking and biking facilities; (8) traffic speed and
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Planned and serendipitous meetings at the neighborhood center are part of the civic experience.

Row houses frame a beautiful boulevard space in Stapleton.
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volume; (9) pedestrian safety elerments; (10} the degree of neighborhood civility or
order; (11} threat of crime; (12) presence of vegetatior[] This chapter will illustrate
positive applications of these factors to form high-quality open-space systems, using
Stapleton as a primary example. At the metropolitan scale open space systems provide
regional connectivity for humans and wildlife.

Green belts and community definition

As mentioned in the first chapter, the garden city concept and its implementation
in the early 1900s is an expression of green infrastructure to influence the character
of urban settlernent. Greenbelts of productive agriculture, nature parks and landscape
malls, boulevards and promenades were implemented in England for
the towns of Letchworth and Welwyn. Both towns integrated a systematic open-
space system with a transit focus on the railroad station. The greenbelts separated
the town from adjacent communities, preserving a separate identity and sense of
place while assuring local access to agricultural products. These communities are
terrifically successful examples of comprehensive urban and open space planning.
Applying the lessons from these places to the planning for new neighborhoods would
result in urban and residential districts with a balance of moderate density and
outstanding landscape amenities [Figure 7.6, If rebuilt today, we would incorporate
higher development density, construct buildings with better energy performance,
substitute light rail for the heavy rail line and perhaps adjust the programming of
the open-space systermn, but at nearly 100 years old these towns continue to offer a
higher quality of life than the vast majority of American towns and neighborhoods.

Beginning in the 1930s, the UK began designating greenbelts to curb suburban
expansion and they now account for 13 percent of the land area in the country.
They have added to the density of urban areas, but sometimes this increase was not
planned or implemented in a sustainable way. Nevertheless, greenbelts in England
are multifunctional and have the potential for an expanded set of uses and values
that have not yet been realizec[]

A more recent and ambitious green infrastructure project is the 200 square mile
{518 km?) UK National Forest in central England. This project focuses on an entire
region that includes urban development. The original forest had been clear-cut and
replaced by coal and clay mines, quarries and agriculture. When the government
established the forest boundary in 1990, only & percent of the forested land remained.
Because of the natural resource and agricultural heritage and the presence of about
200,000 people living in towns within the new forest boundary, the project goal is
to establish a multifunctional landscape that supports economic development, social
benefits and environmental restoration of brownfields, forests and other habitat types.
Urban dwellers, farmers and other land owners partner with public agencies to plant
trees and other native vegetation. Land acquisition, grants and planning and technical
services support the restoration of large and small parcels even within the urbanized
area

In addition, future commercial forestry and enhanced biodiversity are project
goals articulated in action plans that guide the creation or restoration of 16 habitat
types, including heath, wetlands and meadows. Biodiversity improvements are
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The mall in Welwyn, England established the primary axis of the town linking the college, commercial center, park and
agricultural greenbelt. The commercial center cross axis is punctuated by the fountain in the distance.

[Eigure 7.6

A promenade extends from the Letchworth railroad station through the town center and into the recreation space. The
city hall is on the right.
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Existing forest habitat is preserved and managed, while degraded forest is restored and new
tree plantations expand patches until they meet nearby patches. This image shows new tree
plantations and restored forest parcels connecting existing forest. Two results are increased
interior habitat and future commercial forestry. Photo 52°42'31.03” N 1°13'53.67” W, 2 July
2006 (accessed 25 April 2013) by Google Earth.

Existing forest habitat fragments are being connected functionally by nearby patches or
directly by ecological corridors and hedgerows. Species movement between patches,
dispersal routes and recreation benefits are three results. Photo 52°46'56.68” N
1°28’52.63” W, 31 December 2009 (accessed 25 April 2013) by Google Earth.
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measured by the number of acres of habitat planted and managed and by tracking
the population and distribution of nine protected species: otter, bat, adder, bluebell,
black poplar, rudder darter dragonfly, water vole, redstart and barn ow([} The restora-
tion strategy is to enlarge isolated habitat fragments and connect them with others
nearby[Figure 7.4}. This will create a landscape mosaic where agriculture will remain
the dominant land use, but with a much higher permeability for both people and
wildlife. Ecological corridors, hedgerows and pedestrian and bicycle greenways will
establish a continuous network [Eigure 7.d). A secondary benefit is the sequestration
of approximately 66,000 tons of carbor{]

Substantial progress has been made on National Forest enhancement since 1990,
Over 15,000 acres (6,229 ha) of new woodland have been created through the
planting of eight million trees. There are 55 miles (86 km) of new bicycle paths and
45 new sport and recreation facilities supporting residents and visitors. There are an
additional 20 new tourism attractions that take advantage of the new green infra-
structure and draw 8,686,500 visitors per year. The forest project is widely supported
(84 percent approval) by the local citizenn]] The substantial economic benefits of
this project were discussed in

Physical infrastructure for promotion of health

Parks

Naturalistic open space provides the urban dweller with a broad range of services,
including scenic, psychological, social, educational and scientific, as well as the oppor-
tunity to experience nature. Private development rarely provides public open spaces
unless compelled by government. This is because the services listed above are health
and quality of life interests that are often beyond the economic calculation of develop-
ment products and profits. This is to say that developers are not held accountable
for the costs of dangerous or unhealthy neighborhoods. Nevertheless, the impacts
of these disservices are borne by individuals and the community. Since the free market
fails to provide public open space, the public sector acts in the citizens’ interest.
When we consider that healthy ecosystems are also in the citizens’ interest, then the
preservation of biodiversity, flood protection and other services, such as open space,
are justifiable planning and government concernd] Nevertheless, open space generally
follows an urban to rural gradient in respect to size and degree of human maodification.
This reflects land cost and the absence of systematic planning.

Although poorly distributed, open space is provided by public agencies including
municipalities, counties, park districts and state parks. These agencies maintain over
20 million acres of land in the US. The majority of this is managed as state parks,
but over six million acres is provided by municipal agencies. Two million acres of
the municipal land is managed as informal open space (51.8 percent), habitat
(34.3 percent) or preservation (4.9 percent[] It is clear that there is a substantial
commitment to both formal recreation space and more naturalistic open space. Of
course, the amount of formal parkland should not be reduced, but the acreage and
thus the proportion of natural parkland within municipalities will need to grow in
the future if urban biodiversity is valued.
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Although open space is usually unplanned or an opportunistic provision, there
are notable examples of deliberate open space systems that contain urban, as well
as ecologically valuable, open space. These examples provide us with some of the
most important demonstrations of the range and value of ecosystemn services provided
to urban residents.

Open space standards

Often open space in a city accumulates due to unplanned opportunities rather than
deliberate physical planning that factors minimum size, location, residential density,
connectivity or type of space. More often there is a piecerneal approach with a focus
on meeting standards. Although very simple, the disadvantages of this approach are
thatitdoesn’t respond to the characteristics of the community or the unique qualities
of the undeveloped landscape. Standards fail to account for opportunities for place
making, multiple use or creating economic and other benefits for citizens. Many of
these faults are due to an incremental rather than strategic approach.

Cpen-space standards reflect park acreage compared to city population. This simple
formula has evolved to include access or service areas, in addition to acreage. This
begins to address the unequal provision of open space by cities. In the UK, the first
accessibility standard for open space was introduced in the late 1500s and specified
that residents should be within three miles of open space. Several more recent
standards have been promoted, including the ANGSt recommendations adopted by
English Nature, a UK government agency. English Nature is promoting the adoption
of these standards [Table 7.1)) by all cities and towns. The standards specify at least
five acres (2 ha) of green space within 1,000 feet (300 m) of each residence and a
50-acre (20-ha) space within 1.25 miled]

In the US there are no national government requirements or guidelines for parks,
open space, natural areas or trails, but the National Recreation and Park Association
published guidelines in the early 1980s that set a standard of 6.25-10.5 acres per

Table 7.1 American and British open space recommendation{{]

Natichal Recreation and Park Asscciation Standards — United States

Park Type Service Radius {miles) |Size {(acres)

Mini-Park less than Va 0.06-1

Neighberhood Park Yoz 5-10

Community Park Ya—3 30-50

Large Urban Park One per city 50 minimum, 75+ acres preferred
Nature Preserve Mo recemmendation ne recommendaticn

Spoerts Complex Cne per city 25 minimum, 40—80 preferred

ANGSt Standards — United Kingdom

Park Type Service Radius Size (acres}
Neighborhood 1,000° (300 meters) 5(2 ha)
Community 1% miles (2 km) 50 (20 ha)
Large Urban Park 3 miles (5 km) 250 (100 ha)
Regional 6 miles (10km) 1,236 (500 ha)

Nature Preserve

2.5 (1 ha) for each 1,000 population increment
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1,000 population for urban areas and 15-20 acres for regional park{] The basis of
this recommendation was subjective but widely adopted. These guidelines were
revised in 1995 [Table 7.1). They suggest park types, sizes and service radii recom-
mendations that many communities have adopted. The recommendations are clearly
urban in orientation and there is no consideration of a networked system of parks.
Park trails are classified by the association as single purpose, multipurpose or nature
trails, but miles per 1,000 people or network density or other supply recommendations
are not provided. Similarly, connector trails that are multipurpose but with a trans-
portation focus are an identified trail type but, again, supply recommendations are
not provided[ Neither the British nor the American standards recognize the oppor-
tunity to structure urban growth or the green infrastructure network potentials.

Cities meet the recommended standards to varying degrees. Seattle, for example,
provides 4.8 acres per 1,000 population of developed parkland and 5.6 acres of natural
parkland per 1,000 residents. Philadelphia provides almost seven acres of parkland
per 1,000 peopldd Often, smaller cities provide more park space per resident than
large cities. For example, Boulder, Colorado, with a population of 103,600, provides
19 acres of urban parkland per 1,000 residents and 15 miles of greenway trails. Just
beyond the city limit, the city provides 146 miles of trails and owns an additional
45,000 acres of natural open space and habita{]

The Trust for Public Lands, a national non-profit organization in the US, developed
a method to assess the 40 largest American cities according to the provision of parks.
The organization combined several measures, which can serve as a guide for cities
and towns that are planning park systems within their jurisdictions. As in the British
method, both park acreage and access to it are important considerations. The study
measured total acres of parkland within the city, but also determined the acreage
as a percentage of the total city area. For the 40 cities, the range was 2.1 percent
(Fresno) to 22.8 percent (San Diego} of the city area, with a median of 9.1 percent.
The median park size ranged from 0.6 acres to 19.9, with a median size of 4.9
acres.'! Even the best-performing city achieves less than the 30 percent open-space
recommendation of this book for healthy human and ecosystem attainment. None
of the largest US cities approach the 40 percent land area dedicated to parks achieved
by Stockholm (see the case study in. This data suggest that American
cities fail to provide the recommended park acreage and that the percentage of land
area dedicated to open space is well below the amount necessary to provide for
both recreation and habitat needs.

The Trust for Public Land also assessed the subject cities according to the public
access to the parklands. They also distributed access according to economic
stratification of the population. Access was defined as a ten-minute walk (0.5 miles)
from the residence to the park entrance. The route needed to be free of obstacles,
such as interstate highwvays, rivers, etc. The percentage of the urban population with
this access ranged from 26 percent (Charlotte) to 98 percent (San Francisco), with
a median of 57 percen This data shows that more that 40 percent of Americans
do not have the recommended access to parkland.

The last measure considered by the Trust for Public Land is the level of service
and investment in parks provided by the cities. The service component used
playgrounds as a proxy since they reliably predict the provision of other park facilities.
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Playgrounds per 10,000 residents ranged between 1 and 5, with a median of 1.89.
Public investment ranged from $31 {El Paso) to $303 (Washington, DC), with a median
of $85 per residen{]

The cities ranked in the top ten for a combination of acreage, access and service
and investment were San Francisco, Sacramento, Boston, New York, Washington,
Portland, Virginia Beach, San Diego, Seattle and Philadelphia. Cities with higher
population density generally scored better on access but not necessarily on the service
and investment issue. Total population was also not a predictor of park score rank.
Several cities with low population density provided very large total park acreage but
didn’t qualify for top ranking due to access, service and investment problems. The
top ranked, San Francisco, received an outstanding score for access and scored very
high for investment ($291.66 per resident) and well above the median for percentage
of land area dedicated to parks (17.9 percent), even though total park acreage isn’t
the highes{T] Unfortunately, the Trust for Public Land doesn’t distinguish undeveloped
open space and habitat areas from developed parklands. Therefore, judging
biodiversity capacity of the cities isn’t possible. Larger expenditures per resident
probably resultin parklands that are better maintained and more highly programmed
with activities.

Programming increases the value of existing park acreage, as demonstrated by
the following research results. An analysis of 20 studies investigating the value of
open space defined a forested land situation (forest size = 24,500 acres; population
density = 87 people per square mile) and found that the open space value was $620
{2003) per acre per year. However, when the forest area increased above 24,500
acres, then the open space value per acre decreased, but total value did not decrease.
If recreational opportunities are provided, then the open space value increases by
322 percent. This means that programmed urban parkland has higher open-space
valuf] and the municipality is maximizing the benefit of its investment in parkland.

Systematic open space

A reasoned approach to open-space planning balances open-space standards with
an assessment of local and regional demand for various outdoor recreation pursuits,
the presence of outstanding visual character and local habitat. Comparison of existing
supply with demand and existing service levels in the municipality or county would
focus attention on where parks of various types are needed. Park and recreation
standards, as suggested in[Table 7.1, are a starting point for public participatory
planning events to tailor an open-space system to local desires and conditions.

Provision of open space at Stapleton

Large subdivision projects and planned unit developments in the US are often
required to provide a percentage of the site as public open space. The amount is
determined through direct negotiation of housing density, commercial space and
public amenities. This requirement often arises from a public participatory planning
process that is absent from the consideration of small-parcel development. As the
result of an extensive public planning process, the developer of Stapleton in Denver
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was required to dedicate 25 percent of the land area to parks, recreation and habitat
restoration.

The citizen planning effort at Stapleton established a range of open-space types.
The eight types are: (1) formal urban parks (about 175 acres); (2) nature parks (in
this case Sandhills Prairie park at about 365 acres and the Sand Bluff Nature Area);
(3) community parks (20-40 acres each); (4) neighborhood parks (up to ten acres
each); (5) parkways or greenways (planted medians, vegetated street edges or
landscape corridors with multiple functions, including stormwater management); (6)
sports complexes (107 acres); (7) golf courses; and (8) community vegetable gardens.
All of the open space shown in the master plan developed by the citizen planning
group comprised about 35 percent (1,680 acres) of the land area, but has been
reduced to about 25 percent or 1,200 acred™] This reduction had the greatest impact
on habitat and biodiversity. However, compared to the 6 percent that is dedicated
to parks for Denver as a whole, the case of Stapleton is a great improvement and
exceeds the best performance of the 40 largest US cities. Similarly, the provision of
a continuous green infrastructure that is multifunctional more efficiently delivers the
variety of ecosystem services, including wildlife habitat {Figure 7.9). Residents have
great access to spaces ranging from plazas, boulevards, greenways, active recreation
and nature areas. Upon completion of all development at Stapleton there will be 40
acres of open space for every 1,000 people, exceeding the recommended standards
by 400 percent. This also greatly exceeds the acreage provided by Seattle and
Philadelphia to their citizens, but is far less than the combined park and habitat area
provided by Boulder, Colorado.

Density and proximity

People value public open space more highly as population density increases. When
the population density increases by 10 percent the value of open space increases by
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This newly restored
stream corridor at
Stapleton once flowed
through box culverts
below airport runways.
Today the corridor is
valuable habitat
connected to a regional
preserve and other
corridors. Note the new
public recreation center
building at the upper
right.
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This neighborhood
park in a single-

family residential
neighborhood provides
lawn, ornamental
planting and a shade
structure. All of these
features are available in
most of the private
open space, which
reduces park use except
for neighborhood
events.

5 percen{] Poorly used neighborhood parks [Figure 7.10) are often located in single-
family residential areas where ample private open space reduces the demand for
public space except for neighborhood celebrations or events. Small urban lots within
single family, row house or townhouse neighborhoods are more acceptable to
residents if parks are nearb When planning higher-density neighborhoods where
multistory apartment, condominium or mixed-use buildings increase population
density to above 20 people per gross acre, adjacent public open space should be
prioritized to compensate for the absence of private open space and because these
residents are most likely to use the provided amenities.

When the open space is close to residences it increases their value. Studies
demonstrate that when considering properties an average distance (190 feet) from
open space, compared to those 30 feet closer to open space, there is about 0.1
percent increase in price for the closer property. The price increase effect grows with
each increment closer to the open spac

Recreation facilities

In the US the National Recreation and Park Association recommends recreation facility
standards just as they do for types of park acreage. From the green infrastructure
point of view these facilities need to be located where they can be linked to other
network resources and the residential and employment centers that might contribute
users. Again the proximity of the recreation opportunities will encourage public use.

Land-use mix and destinations

Greater use of public open space results when development types are varied. When
retail, employment and civic opportunities and residential areas are adjacent to each
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As residential and
employment density
increase, so does use of
public plazas,
promenades and formal
parks.

other and connected by pedestrian-friendly streets, then people are encouraged to
walk between use areas [Figure 7.11). Some destinations are anchors within a network
of pedestrian and bicycle routes and other uses. Schools, libraries, city administration,
shopping districts, civic plazas, waterfronts and many other elements can function
as anchors, drawing people along circulation routes. | restaurants, shops
and offices surround an urban park and plaza. These attract pedestrians from apart-
ments, condominiums, row houses and townhouses, and even regional shopping
and auto services that are all visible in this small section of Stapleton. The beautiful
promenade shown on the right side of the image and in[Figure 7.13]inspire evening

This image shows the 29th Avenue promenade (right) leading to the Founders Park and
urban plaza. The mixed-density neighborhood includes apartments, row houses, townhouses
and multistory mixed-use buildings. Photo 39°45'28.94" N 104°53'58.61" W, September 2011
(accessed 15 March 2013), by Google Earth.
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This wide median is a
wonderful place to walk
and is anchored by a
destination — the mixed-
use neighborhood
center and plaza on
29th Avenue. It is
Stapleton’s version of
the passeggiata.

Green infrastructure network

strolls and daily commuting on foot. The resulting concentration of people arriv-
ing for different purposes encourages other people to come to see the activity

(Figure 7.3).

Residential density

Low residential density results in lower pedestrian and bicycle activity and use of
public open space. Conversely, as residential density increases, privately owned open
space shrinks and the demand for public space and facilities increases. This is also
true for the size of the residential living area. In Italy, for example, the evening stroll
(passeggiata) is the opportunity to meet with friends, bump into playmates or eat
an ice cream or a meal. There is no reason not to window shop, discuss a bit of
business or study the latest fashion trends. There is no reason not to relax, get some
exercise and enjoy the beauty of the city. This is all possible when the civic realm is
nearby and well designed. It is possible even if the home or apartment is too small
to accommodate a crowd of friends. Visitors from the US are astounded at the
numbers of citizens of all ages who engage in the gregarious passeggiata, even in
chilly winter months. It requires more effort, but even in the US we can find inviting
urban spaces teeming with our neighbors and visitors (see[Figure 7.T6). Unfortunately,
in the US there are fewer of these settings because the residential density is so low
that the walk from the home to the public plaza is too far to become incorporated
into our daily lives, unless we drive and park, which are often inconvenient.



Neighborhood civility and safety

There are often neighborhood disincentives for walking, bicycling or making other
use of the public landscape. Planning and design can make public places safer, but
other efforts must be brought to bear when fear of becoming a victim of crime or
prejudice prevents people from using the streets, parks and trails. Tackling the
problems of poverty, limited education, racism, gangs or other examples of failing
community health is as important as it is difficult.

Walkability facilities and street connectivity

People walk or bicycle when the infrastructure encourages it. There is really a
fundamental level of service and a more robust infrastructure that is necessary as
the numbers of people walking and bicycling increase. Fundamental planning and
design measures include supportive street widths, street patterns and environmental
measures to reduce heat, glare and accidents, and to increase access. Streets need
to connect to other streets in a legible pattern that allows direct routes to community
destinations like civic buildings, open space, employment centers, schools, etc. Dead
ends and cul-de-sacs should be limited or have non-vehicular routes through them.
The systern of roads must incorporate the needs of all users, not only those of vehicle
operators. For example, short blocks (200-300 feet) encourage pedestrians, while
long ones (600 feet} discourage walking because routes become too indirect. Bicycle
paths need a minimum network density to allow reasonable routes through the city.
Walking requires smooth surfaces and separation from cars and trucks, as well as
ramps for wheelchair users and others.

When a fundamental and functional set of routes and surfaces have been provided
then planning and design should concentrate on quality improvermnents, as well as
system expansion [Figure 7.14). Walkability is as much about the satisfaction of
walking as the engineering aspects of routes and surfaces. What will make walking
a satistying experience?

There are facilities and amenities that will better support a journey. Frequent places
to stop for water, shade and seating improve the experience. Separation between
motorized vehicles, bicycles and walkers is necessary as the density of each increases.
The separation improves the experience and reduces conflicts and accidents. For
bicyclists, more frequent facilities to lock and store bicycles, and frequent stations
where there is air or supplies for bicycle tire maintenance and repair lead to ever
more participation in non-motorized transportation. An expanded range of bicycle
rental [Figure 7.19) and bicycle storage options, like covered shelters or lockers, serves
an expanded group of users. Public or workplace facilities to shower or change clothes
are beneficial.

Another group of pedestrian and bicycling amenities are less tangible or functional.
Walking and bicycle routes should be choreographed. They are, after all, spatial-
temporal environments where the experience can be punctuated, focused and
enriched by a variety of design elements. Bringing the concepts of nodes, districts
and thresholds to the recreation or transportation experiences of walking and bicycling
offer many opportunities for creative design. Changes in color and texture of the
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Special infrastructure is
needed to support high
levels of bicycle
ridership. This applies
to increased pedestrian
density as well.

paving and the character of the plantings or building types can enliven and structure
the experience. Manipulating the character of the enclosing edges and overhead
plane also changes the spatial experience and increases the variety and sense of place
in sections of the journey.

Cultural, educational or interpretive signage, sculpture and other site art add
meaning and place attachment. These elements distinguish one route, city or region
from another and increase the satisfaction of moving through the landscape. Cultural
and natural history interpretation can be combined with local building and plant
materials to create unique settings.

Traffic

High traffic speed and volume discourage use of urban sidewalks. Reducing these
factors within central business districts improves the pedestrian experience and
willingness to frequent local businesses. Increasing public transportation ridership
and creating disincentives for driving a private vehicle has been successful in many
US cities. Portland capped the number of parking lots and spaces within the city
center. In fact, since this regulation was enacted the number of parking spaces has
steadily declined as parking lots are converted to more profitable commercial or
residential uses. This has caused the price of daily parking to increase in private and
public lots and structures. Light rail and bus ridership for travel to and from the city
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As bicycle and pedestrian use increases, cities need to respond with additional support facilities, such as bike storage,
signage, rest areas, dedicated routes and bicycle rental programs. Additional facilities foster greater citizen participation.

[Eigure 7.1d

An autumn afternoon in Boulder, Colorado. This civic and commercial mall is a closed street refurbished with new
paving, seating, play areas, trees and outdoor cafes.
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has increased steadily. Short-term rental of automobiles within the city is growing
rapidly to serve the needs of commuters who have to make short trips within the
city during the workday. Rentals of publicly or privately provided bicycles satisfy the
same needs.

Slowing the speed of traffic on streets intended to serve pedestrians can be
accomplished by narrowing travel lanes slightly, by providing on-street parallel or
angled parking and by including planted medians and parkway tree plantings.

Pedestrian and bicycle safety structures

Of course, crosswalks and traffic signals need to be provided wherever pedestrian
or bicycle safety is a concern, but as pedestrians and bicyclists become a greater pro-
portion of the users of urban streets, additional safety measures can be implemented.
Mid-block crosswalks are safer crossing locations for pedestrians than busy inter-
sections, since many accidents involve turning vehicles. When the street is wide, curb
extensions and a median reduce the expanse of roadway the pedestrian must cross.

Bicycle signaling to
reduce conflicts with
turning automobiles.
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The median provides a refuge spot if the pedestrian can’t cross the street in a single
traffic cycle.

Copenhagen and other European cities have implemented traffic signals that
allow bicycles to cross intersections before autos begin moving or turning opera-
tions (Figure 7.17). This practice and the provision of an extensive network of bicycle
lanes and other amenities have dramatically increased commuting by bicycle. In
addition to increased safety, bicycle traffic signals increase the speed of travel for
cyclists, making them more competitive with private and public transit modes.
Incidentally, preferential traffic signals and other rules for public transit also increases
ridership by making it more time-competitive with the private automobile.

Vegetation

Vegetation is an open-space element that can have many benefits. Elsewhere street
tree amelioration of the urban heat island effect was noted, but street trees, hedges
and flowers are part of an enjoyable urban environment that encourages walking
and bicycling. The beauty, shade and rain protection all contribute to the pedestrian
environment [Figure 7.18), as does the real and suggested protection from nearby
motorized vehicles. Capture of particulate air pollution is a more direct health benefit
of urban vegetation. The presence of street trees and nearby green spaces has been
shown to improve physical activity as discussed in the chapter on human healtT17q]
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This comfortable park in
Stapleton is the focus
of enclosing office and
retail buildings. Its
appealing vegetation
offers many benefits.
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CHAPTER EIGHT

Stormwater management and
treatment systems

Introduction

The treatment of urban stormwater runoff by rain gardens and other landscape
measures is a terrific green infrastructure opportunity. This feature can support other
landscape functions, such as recreation and biodiversity. This chapter dermonstrates
how to size and construct high-performance stormwvater facilities for management
and water quality. In addition, the chapter presents techniques to maximize the
secondary benefits of stormwater landscapes.

There are two classes of issues when considering the impacts of stormwater runoff.
The first is generally called stormwater management. These impacts occur when land
use changes from a natural condition to one with less pervious surfaces. The addition
of roofs and paving to the landscape causes greater rainwater volumes to run off
the surface, to run off at a higher rate and to run off at higher velocity. An increase
in imperviousness of only 10 percent negatively impacts the receiving streams, lakes,
rivers and oceans. The result is flooding, channelization due to erosion [Figure 8.1
and sedimentation of streams and rivers. Since the width and depth of streams and
rivers were established in balance with the climate and natural retention of rainwater
in vegetated, friable soil and humus, the change in hydrological conditions because
of urban development overwhelms the capacity of the natural channels.

The second category of stormwater issues is water quality impacts that occur
when rainwater collects pollutants from the air or, more often, from land surfaces
and delivers them to the aquatic system. Toxic substances, such as heavy metals and
petroleum hydrocarbons, join excess nutrients (ammonia, nitrate and phosphorus)
and pathogenic bacteria to make urban stormwater a significant pollution problem.
Polluted stormwater runoff can be treated in managed landscapes to remove
contaminants and excess nutrients through several processes. Sequestration, filtering
or biological conversion of toxins or nutrients into less harmful substances can be
accomplished with managed natural systems [Figure 8.2).

Control and treatment of stormwater is increasingly regulated in developed
countries. Complying with government standards by using managed natural systems
is a cost-effective method that also contributes to a multifunctional green
infrastructure. Therefore, the location and character of these facilities should be
planned with the many other green infrastructure components within a continuous
network.
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This stream bank
erosion resulted from
urban development
upstream near
Springfield, MO. Over a
decade this seasonal
streambed has grown
steadily wider and
deeper as undermined
trees on the bank fell.

Bioretention Swale, in the High Point neighborhood of Seattle, WA. The check dam visible in
this photo holds a volume of stormwater for treatment and infiltration. Heavy metals,
suspended solids and hydrocarbons are effectively removed by these systems. This swale
contains a mixture of 65 percent gravely sand and 35 percent compost. The infiltration rate
is two to three times more than the two inches per hour predicted in the design phase.
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Stormwater management

There is almost always more impervious surface on land that has been developed
for human use compared to its predevelopment condition. State, county and city
governments regulate the rate of stormwater runoff from a site proposed for
development. This rate is generally limited to the runoff rate that exists in the pre-
developed condition. Therefore, if the predevelopment runoff rate was 10 cubic feet
per second (cfs), for example, and the postdevelopment rate is 15 cfs, then storage
of some stormwater on the developed site would be required. Water may continue
to drain from the site (after the storm has passed or abated) at the predevelopment
rate (10 cfs) until the temporary storage basin is empty. Therefore, stormwater water
is simply detained.

Of course, rainstorms occur at different intensities and durations. Therefore a
“design storm” is defined in the stormwater regulation. Often this is the 10-year and
25-year storm for residential and commercial property, respectively. This means that
the amount of water stored on-site and the permitted runoff rate is based on storms
of an intensity expected to occur once in ten years (a 10 percent chance of occurring
in any year) or once in 25 years (4 percent chance every year). Storms larger than
these would result in temporary flooding. The design storm is loosely related to the
value of the property being protected from flooding.

A depression that temporarily holds the stormwater on-site is called a detention
basin or dry pond. The use of detention basins protects the natural aquatic system
from excessive volume and velocity, but it doesn’t improve water quality much.
Furthermore, detention basins offer few secondary benefits to a green infrastructure
since they are often deep, include steep slopes, often require fencing to protect the
public from the drowning hazard and are often made of concrete). This
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Detention basins are
designed to control
runoff rate only. Their
single purpose fails to
contribute significantly
to a green infra-
structure network.
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| Figure 8.4

This retention basin in
High Point near Seattle
is the central feature of
the neighborhood park.
This basin receives
water that has already
been treated by
bioretention swales.

is really an outdated single-purpose technology that is being replaced with facilities
that are more attractive, improve water quality and serve as visual and recreation
amenities.

An improvement on the detention basin is the retention basin[{Fiqure 8.4). It
contains a permanent pool of water, but there is capacity to temporarily store the
required volume of stormwater just as the detention basin does. These basins tend
to be more attractive but don’t improve water quality sufficiently. Better solutions
are vegetated swales (bioswales), infiltration beds, bioretention basins (rain gardens)
and constructed wetlands, which are discussed in later sections.

The rational method and the TR-55 are engineering calculation procedures that
are commonly required to estimate predevelopment and postdevelopment runoff rates
and storage requirements. TR-55 is @ method developed by the US Natural Resource
Conservation Service that includes a public software program to simplify the calcu-
lations. For more information and to download the program, see fvww.nres.usda |
laow/wps/portal/nres/detailfull/national/water/? &cid =stelprdb 1042901 |

Stormwater runoff characteristics

It is necessary to understand the sources and level of contaminants in urban runoff
before introducing water quality improvement techniques. Some land uses con-
tribute high concentrations of contaminants . Most of the concentrations
of nutrients, bacteria and metals are far above EPA standards for surface water.


http://www.nrcs.usda.gov/wps/portal/nrcs/detailfull/national/water/?&cid=stelprdb1042901
http://www.nrcs.usda.gov/wps/portal/nrcs/detailfull/national/water/?&cid=stelprdb1042901

Stormwater runoff pollution concentration and land uses making
the greatest contributiond] All of the land uses listed in the table
contribute all of the pollutants listed, but the table displays only
pollutant concentrations for the land uses contributing the highest

levels

Contaminant| TSSa |E.colib|TNa |Pa |Copperc |Leadc |Zincc
Land use
Lawns 602 91 | 21
Commercial Streets 468
Auto Recyclers 335 103 182 520
Industrial Parking 228
Landscaping 94 000 94 182 263
Residential Streets 37, 000 0.55
Driveways 2.1 |0.56
Urban Highways 3 |0.32 54 400 329
Rural Highways 22
Industrial Roofs 62 43 1390
Heavy Industrial Land 148 280 1600
Water Quality Standard 30 126 0.05 15 65 120

Notes: a = mag/L, b = colony forming units per 100 mlL, ¢ = micrograms. TSS = total
suspended solids, TH = total nitrogen, P = phosphorus,

The table allows the designer to concentrate on the pollutants most problematic in
the drainage area. Total nitrogen includes organic nitrogen, ammonium, nitrite and
nitrate. While there are no water quality standards for total nitrogen, concentrations
of 0.2 mg/L (milligrams per liter) for nitrite and 1 mg/L for nitrate are generally
accepte

The level of pollution in stormwater indicated i is diluted when it enters
strearns and rivers, but research demonstrates that urban steams are highly degraded.
From 2003 to 2007 data were collected for more than 20 stream watersheds near
Atlanta, Georgia. The degree of watershed urbanization ranged from 69 to 93
percent. The data from the watersheds were compared to a small forest watershed
and a larger, lightly developed watershed as referenced]

The study indicates that urbanization impacts stream water quality, but this impact
is highly variable. Increased alkalinity and concentrations of calcium and magnesium
in urban streams were thought to be associated with the weathering of concrete.
High levels of chlorine were associated with combined storm and wastewater sewer
outflow treated with sodium hypochlorite, as well as drainage from swimming pools
and road deicing salts (CaCl.). The fecal coliform bacteria levels exceeded the EPA
standard for recreation uses in more than 90 percent of the test samples taken from
urban watershed streams. Nutrient levels in streams were high compared to streams
in natural areas, but lower than EPA standard{]

The first 25 percent of stormwater runoff from impervious surfaces (the first flush)
resulted in high concentrations of copper, lead and zinc. Copper and zinc in most
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Figure 8.5

This image of spring
rain runoff shows the
oil contaminants in the
runoff from a parking
lot. In addition to
hydrocarbons, this
runoff is likely to
contain elevated levels
of TSS, bacteria, lead,
copper and zinc. This
level of pollution was
present on the second
day of intermittent light
rain, rather than in the
first flush.

Stormwater management and treatment systems

of the streams exceeded Georgia’s chronic and acute standards (chronic levels damage
aquatic organisms when exposure exceeds four days, acute levels damage aquatic
organisms when exposure exceeds one hour). Lead was detected at chronic levels.
These metals are common in highway runoff. Vehicle tire particles and decayed metal
fittings used in building construction are common sources of these metal{]
Species of pathogenic bacteria, in addition to E. coli noted in are also
present in high concentrations. Fecal coliform, total coliform and E. coli bacteria
usually occur together and are associated with turbidity and suspended solid{3

Riparian buffers

Urban streams receive water from the landscape in several ways. Pipes discharge
untreated stormwater from stormwater sewers and treated water from wastewater
treatment plants. Water can also come from the groundwater (base flow), especially
after storms have passed. Finally, water can drain directly from overland sheet flow
or through a network of tributaries. Overland flow is contaminated by industrial, agri-
cultural or urban land use. Vegetation buffer strips can filter and treat some of the
pollutants from these areas before they enter streams and rivers ). Pollutants
of particular concern in the urban environment are heavy metals, hydrocarbons,
nitrates, phosphorus and total suspended solids. A study in lowa demonstrated that
riparian buffers ranging in width from 42 feet to 72 feet (13-22 m) reduced nitrates
from agricultural field levels of 9.3-13 mg/L to less than 0.3 mg/LE Between 80 and
100 percent of the sediment in stormwater is removed by vegetated buffers 15-30
feet (4.6-9.1 m) in width. Removal of total nitrogen is more variable, but 30 feet wide
buffers generally demonstrate reductions of 80 percent or greaterﬁ



Stormwater management and treatment systems 155

This restored urban
stream was re-
vegetated to improve
water quality, habitat
and as a public
amenity.

Urban stream buffers, required by government agencies, range from 20 feet to
200 feet (661 m) depending on the jurisdiction, but the typical width (from the
top of the stream bank) is 100 feet (30.5 m). The recommended minimum buffer is
100 feet and it should include three zones. The first zone is the stream ecological
area (15 feet minimum on each side of the stream). Next is the buffer core area. It
should be fully forested in temperate climates and express the typical riparian
vegetation elsewhere. This core zone can be managed for limited timber harvest and
other uses that don’t adversely impact the pollution prevention and habitat functions.
Finally, the buffer edge (25 feet) is the transition area for trails and other human
activity. The width of the stream buffer should be increased if necessary to include
the 100-year floodplain, and slopes steeper than 25 percent. For slopes above 5
percent, four feet of buffer width should be added for each 1 percent of steepness.
For example, a 10 percent slope would add 40 feet to the buffer for a total of 140
feet from the stream edge. The width of the stream buffer should also increase to
include all wetlands connected to the streamﬂ

The recommended widths for pollution control and stream health can be com-
pared to the ecological corridor needs of urban birds and other species discussed
earlier. Habitat, recreation and treatment of urban stormwater pollution are com-
patible uses of the green infrastructure along rivers and streams. These are biologically
rich corridors that connect other habitat and human use areas. In some cases, espe-
cially where there has been poor planning in advance of urban development pressure,
purchase of land or conservation easements may be required to establish stream
corridors. Other planning accommodations to secure support for riparian buffer
ordinances include density bonuses for developments adjacent to particularly wide
riparian buffers.
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Water quality storms

Regulatory agencies determine how much stormwater must be treated to improve
water quality. Often the amount is 1-1.5 inches of water covering the entire site
area. For example, a 10,000 square foot site area with 1 inch {(0.083 feet} of rainfall
would yield 833 cubic feet of water that would require treatment. Some agencies
recuire treatment of the two-year, 24-hour storm or use other procedures to
determine the water quality storm, but the results are similar. About 80 percent of
the stormwater from a site receives treatment when 1-1.5 inches of rainfall from
each storm is captured. In general, the design storm for water quality is smaller in
regions characterized by gentle rainfall, but will be larger in areas with more intense
storms.

Constructed wetlands for stormwater runoff treatment

Urban runoff can be effectively treated by shallow marsh wetlands {(free water surface,
FWS wetlands). It is correct to think of FWS wetlands as treating batches (the design
storm volume} of water. One batch remains in the wetland after the storm ends and
receives extensive treatment. The inflow from a new storm displaces the batch in the
wetland. However, if the storm is larger than the design storm then there will be a
flow-through period with very little treatment. If storms occur in rapid succession
then the treatment time is also limited. The best water-quality performance will result
from sizing the FWS wetland to contain the volume of more than one design storm.
An PWS wetland with the capacity to hold one hatch will result in pollution removal
of about 20 percent while a wetland that contains six batch volumes will remove
approximately 80 percent of the pollutant{]

Stormwater wetland case study

The example presented here shows the performance of an FWS wetland for water
quality improvement, hut also the potential for these facilities to provide recreation
opportunities for the community. In 2007 a 11.5-acre (4.7-ha) wetland and park
was constructed in Wilmington, North Carolina. The 3.4 acres (1.4 ha) of parkland
around the wetland includes park buildings, picnicking areas and a 0.75-mile {1.227-
km) pedestrian loop trail including a boardwalk across the wetland. The wetland
{including the upland recreation area) represents less than 1 percent of its drainage
area, but treats 47 percent of its potential runoff. The wetland was designed for a
1-inch {2.5-cm) water quality storm, but can contain and convey storms up to the
100-year, 24-hour rainfall [Egure 8 13

Fight storms ranging from 0.4 inches to 1.4 inches (1-3.5 cm) were monitored
for six-hour durations. The wetland dramatically reduced both the rate and volume
of the stormwater runoff. The wetland retained an average of 63 percent of the
storm inflow. The average inflow of 15,185 ft? (430 m?) per hour was reduced by
the wetland to an outflow of 4,944 ft¢ (140 m?) per hourd

The primary water quality deficit in the stormwater was pathogenic bacteria. High
bacteria levels had caused the closure of shellfish harvesting in the downstreamn tidal
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The Wilmington wetland treats stormwater from a suburban watershed and dramatically
improves the water quality of the receiving stream. It also provides recreation and habitat
benefits to the community. Photo 34°10739.96" N 77°52'40.43" W, 1 March 2013 (accessed
25 April 2013) by Google Earth.

stream reach. The stormwater wetland decreased the fecal coliform bacteria an
average of 99 percent. In the wetland outflow, coliform bacteria was less than the
200 cfu/100mL (cfu = colony forming units) standard for human contact. When
total suspended solids (TSS) concentrations were highest in the inflow, the wetland
removed 98.8 percent of TSSF]

The Wilmington wetland removed more than 90 percent of the ammonium and
orthophosphate, and 89 percent of the total phosphorus. Nitrate removal was very
high, especially in the warmer months. It is important to remove nitrate from storm-
water since it is toxic to aquatic organisms, causes algae blooms in lakes and the
ocean and is a human health risk in drinking water. The EPA drinking water standard
for nitrate is 1 mg/L, but it is harmful to newborn babies and can cause algae blooms
at much smaller concentrations. Total nitrogen removal ranged from 66 to 96
percent

The excellent performance of this stormwater wetland is the result of several design
factors. In[Figure 8.7 the two six-foot deep forebays are visible. These are necessary
to allow sediment to settle from the two stormwater inflow points. This wetland
also features a weir that distributes the stormwater inflow evenly across the wetland,
which is densely vegetated with a diversity of plant{d

Removal of bacteria pathogens in FWS and other wetland types is highly dependent
on residence time and internal flow patterns. Rotifers and protozoa are micro-
organisms that prey on bacteria. Rotifers are abundant in the outflow of treatment
wetlands. They are commonly present at 10 per milliliter. At this concentration
rotifers can disinfect stormwater detained for 1.2 hours in a marsh wetland]

A study of two detention basins, a retention pond, two wetlands and one
bioretention basin confirmed the effectiveness of FWS wetlands for bacteria removal.
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The detention basins actually increased the concentration of harmful bacteria while
one wetland met EPA recommendations for primary recreation contact for £. cofi
and fecal coliform. The bioretention bed met EPA recommendations for primary
recreation contact for £ cofi and nearly met the standard for fecal coliform concen-
trationEl

Stormwater wetland design

Stormwvater wetlands can be designed for both managing the runoff rate and volume,
as well as water quality improverents. The Wilmington wetland[(Eiqure 8 F) illustrates
the basic elements of a stormwater wetland. Water should enter the wetland at one
end and flow into a sedimentation basin. These are deep basins that may normally
be dry. The heaviest particles settle to the bottom of the sedimentation basin, carrying
bacteria and heavy metals attached to thern. The sedimentation basin or forebay
must be cleaned out after a few years for continued water quality performance of
the wetland.

Healthy, dense vegetation is a critical feature of a stormwater wetland. In the
Wilmington case, the groundwater is high enough that it provides a minimum level
of water for the wetland and low-flow channels through the wetland. The base flow
of groundwater keeps the wetland vegetation healthy during the dry periods.

The stormwater must be evenly distributed across the wetland. At Wilmington
this is done with notched weirs at the outlet of each sedimentation basin and along
a third weir that crosses the entire wetland. The water quality storm flow must be
shallow and move slowly through the wetland to receive maximum contact with the
stems of the wetland plants and bottom sediment. The microorganisms and bacteria
establish an ecosystem that utilizes the organic material, ammonium, nitrates,
phosphorus and even complex and toxic organic compounds such as petroleum
hydrocarbons. The wetland should be constructed with a flat or minimal slope {0.5-1
percent). The water flowing through the wetlands will seek preferential routes across
the wetland, which decreases the treatment effectiveness. Therefore, the shape of
the wetland should not be long and narrow, but roughly circular or square, as in
the Wilmington example. The water depth should vary from & inches to 18 inches
deep for the water quality storm. Sometimes deeper (4 feet) trenches are placed
across the flow path to encourage mixing and redistribution of water, and to provide
cooler water for fish habitat. In the Wilmington example, the sinuous route of the
low-flow channel extends the length of pathway through the wetland and crosses
the storm flow to encourage distributed flow through the vegetation.

There is a small pool at the outlet of the Wilmington wetland where an overflow
structure controls the normal depth of water in the wetland and the depth for storms
greater than the water quality storm. This structure releases water at the predevelop-
ment rate for the larger storms (10- or 25-year storms typically). Ideally, the stormwwater
wetland has an area large enough to hold the volume of several water quality storms
with a depth of 18 inches. The entire wetland is contained by a berm that prevents
stormwater from flowing into the basin.

Mosquitoes are potentially a problem in stormwater wetlands. However, highly
functioning wetland ecosystems significantly limit the population of mosquitoes.



High plant diversity leads to greater numbers and diversity of predatory insects, which
reduce the number of mosquito larva in marsh wetlands compared to open water
ponds without vegetation. Very shallow water and dense vegetation, such as cattail,
encourage the development of larva and reduce predation by fish and insects.
Mosquito fish and any other carnivorous or omnivorous small fish eat large numbers
of larva. The flying range of adult mosquitoes is 100-300 feet (although wind can
extend this distance, and some species have a longer flight range}, so placement of
the wetland in the watershed or buffers of recreation areas or upland habitat can
control the impact of mosquitoes on people in residential areas.

Bioretention basins

An alternative to a stormwater wetland is a bioretention basin (rain garden, infiltration
basin} [Fiqures 8.4 and 8.13). This was originally developed for stormwater manage-
ment and water quality improvement on individual parcels {low-impact development),
but it is valuable as a green infrastructure element at the neighborhood scale.
The stormwater flows into a forebay and then into a shallow basin, just as with the
stormwater wetland. However, the bioretention basin holds only 6-12 inches of water
that completely drains away within 24 to 48 hours {less time than required for
mosquito larva to become adults). Below the temporary pool is a four feet deep
basin filled with sandy soil. The water quality storm is held by the forebay, temporary
pool and soil reservoir.

H/.f//.f//#/#ia‘fﬁ/#//#/#//#//#// B
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Bioretention basin section. A, earth herm with spillway ar pipe averflow; B, 6-12-inch
panding depth; C, 4-inch cedar woodchips; D, sandy loam filter media; E, scarified basin
hottoam and sides; F, existing uncompacted subgrade with infiltration of at least 0.5 inches
per hour and twao feet minimum to the high water table surface.
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Bioretention basins for stormwater treatment

Vertical subsurface flow (VSF) constructed wetlands developed to treat domestic
sewage (see the discussion it Chapter 11} are the model for the design of bioretention
basins. Bioretention basins are similar to infiltration beds, but are vegetated and
deeper. Since bioretention basins treat stormwater and reduce runoff volume and
delay time of concentration (peak runoff}, the design of basins are complicated by
a range of possible goals that can expand to reducing runoff rate, recharging
groundwater, improving base flow and preventing sedimentation. Several states, such
as Maryland, Pennsylvania and North Carolina, have guidelines or regulations for
bioretention basins, but most do not. Some existing state design requirements do
not reflect the range uses and goals or the recent research demonstrating the design
and performance of bioretention basind]

Design criteria

Initially, design guidelines were established based on very little research data and a
limited set of goals. Monitoring of installed bioretention basins over the last 15 years
provides more reliable criteria, installation requirements and performance expecta-

tion

Pretreatment

The failure of bioretention basins is most often due to construction errors and clog-
ging of the filter media. Therefore, a sedimentation basin, swale or tank is recom-
mended to remove as much sediment and suspended organic material as possible
before water flows into the basin. It is recommended that the sedimentation pool
and the temporary pool above the bioretention basin are sized to contain 70-75
percent of the water quality storm volume. A vegetated filter strip should attenuate
any ovetland flow into a detention basin.

Basin

For initial planning and design purposes, the area of a bioretention basin is typically
5-8 percent of the catchment area, but the size varies with the pollutant load and
water quality goals [Figure 8.9). Suggested maximum width for bioretention basins
(25 feet) is based on the ability to excavate the basin with heavy equipment, located
outside the basin to avoid compaction of the bottom soil. The width could be
expanded with post-excavation measures such as ripping the soil, installing boreholes
or infiltration trenchedd The basin includes a portion above the surface to temporarily
pond 70-75 percent of the water quality storm. This can be reduced to as little as
25 percent if a sedimentation basin precedes the bioretention basin.

The maximum depth of ponding is a matter of some debate. Most states with
regulations set surface pond depth between & inches and 18 inches. If the filter
media and subsoil have a high infiltration rate or the basin has an under-drain, then
a deeper surface pond is acceptable. The depth of the surface pond should drop at
about 1 inch per hour due to infiltration into the subsoil.
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The one-acre catchment
area for the Villanova
bioretention basin
(blue) is about 50
percent impervious (red)
and vegetated (green).
Some pretreatment
occurs in a vegetated
swale in the parking
lot. Photo base
40°02'27.79" N,
75°20'45.25" W,

7 October 2011
(accessed 25 April
2013) by Google Earth
with overlay by author.

A 6-12-inch freeboard above the maximum water level is necessary. The surface
of the basin should be covered with 3—4 inches of wood chips or other mulch. This
appears to be particularly important if hydrocarbons are targeted for removal since
bacteria in mulch rapidly decompose absorbed hydrocarbons, such as toluene and
naphthalend ] The basin should be deep enough to contain 24-48 inches of sandy
filter media [Eigure 8.8). Underneath the filter media, a 6~16-inch depth of sand or
gravel is sometimes specified to improve infiltration. However, this is probably not
beneficial for a correctly designed and constructed basin. Metals and suspended solids
are reduced significantly in the top eight inches (20 cm) of the media, which is where
many of the pathogenic bacteria are removed also. However, removal of hydrocarbons,
total nitrogen and phosphorus seems to benefit by depths of at least 30 inched ]

When the subsoil has an infiltration rate below 0.5 inches per hour, an under-
drain in an eight-inch deep bed of coarse gravel (1-2 inches diameter) is recommended
[Eigure 8 10). As a transition layer to prevent media wash out, the coarse gravel
should be separated from the filter media by a 2-4-inch layer of 0.25-inch diameter
gravel (pea gravel). Some installations even include a coarse sand transition between
the filter media and the pea graveld

A bucket with teeth should excavate the final 12 inches of the basin in order to
limit compaction of the basin bottom. Research shows that infiltration into loamy
sand subsoil is 2.6 inches per hour when the basin is dug with a rake bucket
compared to 1.2 inches per hour for a basin dug with a flat-edged bucket. This
translates into a basin drawdown of 12 hours and 27 hours for the rake and flat-
edge bucket, respectively. Similarly, infiltration will be higher if the basin is dry when

dud



162

oAt B P b B B B A PR LL PSS B
P2 2 28 0 8 8 8 8 N

| e
— G
|
" y,
v ] /

Bioretention basin with under-drain. A, earth berm with spillway or pipe overflow;

B, 6-18-inch ponding depth; C, 4-inch woodchip mulch; D, 24-inch sandy loam filter media;
E, 2-inch coarse sand layer; F, 4-inch pea gravel layer; G, 24-inch layer of 2-inch diameter
drain rock with waterproof liner; H, 4-inch diameter PVC drain; |, 4-inch diameter perforated
PVC under-drain; J, existing subsoil.

Filter media

Originally bioretention basins were planted with a mixture of shrubs, ground cover
and trees to resemble a native forest[(Fiqure 8.1]}. Concern that coarse sand or
gravel, as in a vertical subsurface flow wetland, would be too infertile and dry too
quickly led to initial specifications for loam soil. This caused the bioretention basins
to clog quickly, as did the use of filter fabrics to separate the media layers in the
basild Most specifications today require 80-88 percent sand for the main filter
layer. Small amounts of shredded bark, mulch and loam soil are generally specified,
but fines (silt and clay) are limited to 7 percent. Compost should be used with caution
since it can increase the amount of nitrogen and phosphorus in the outfall.
Specifications should require that all gravel be triple-washed and that filter media
with a low phosphorus index should be used. A bioretention basin at Villanova Univer-
sity in Pennsylvania has been in operation for seven years with no reduction in the
infiltration rate . Its filter media is composed of 50 percent sand and 50
percent existing site soi
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Subsoil

Infiltration of water treated in a bioretention basin may be desirable for groundwater
recharge, to maintain base flow in the soil or to reduce stormwater runoff volumes.
Where groundwater recharge is implemented, high water quality should be achieved
before infiltration. Nitrates are often poorly removed from bioretention basins
constructed without a water impoundment below the media (see|Figure 8.1 for a
section of a basin with a flooded storage zone, F and G). Nitrates are also not held
in the soil and therefore are likely to drain into groundwater, especially if it is within
a few feet of the surface. In this case a waterproof liner, as shown in|Figure 8.10
prevents infiltration into the groundwater. Therefore, agricultural drainage areas,
brownfield or current industrial land uses are poor locations for bioretention basins
with infiltration due to elevated levels of nitrates or toxic chemicals.

If infiltration is desired [Figure 8.8), then the character of the soil below the
bioretention basin is important. Generally, a subsoil infiltration rate of 0.5 inches per
hour is required to drain the saturated basin. The saturated hydraulic conductivity
of loam is 0.52 inches per hour, while for silt loam and sandy loam it is 0.27 inches
per hour and 1.2 inches per hour, respectively. Hydrologic soil groups A and B, as
defined by the US Natural Resources Conservation Service, are most suitable for
infiltration basins, but a silt loam soil (type C) might be suitable under certain design
conditions. A silt loam soil below 13 inches of ponded water in a bioretention basin
will be eliminated in 48 hours, while in a loam soil this takes only 24 hours. A sandy
loam soil will draw down 24 inches of ponded water in 24 hours. It is important to
reduce the standing water in the bioretention basin rapidly so that there is capacity
available for storms occurring at short intervals. However, an excessive infiltration
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This lush planting of a
bioretention swale on
2nd Avenue NW in
Seattle establishes the
character of the
neighborhood.
Bioretention swales are
simply linear
bioretention basins.
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rate of more than three inches per hour is not desirable, since this reduces treatment
time and also indicates a soil unsuitable for most plants. If 0.5-1 inch of water from
every storm is infiltrated to recharge groundwater, this typically meets or exceeds
preconstruction infiltration rated]

Under-drains

Under-drains are used when the infiltration rate of the native soil is less than 0.5
inches per hour, or when the groundwater is seasonally within two feet of the
bioretention basin bottom. When there is limited infiltration, perforated pipe in a
coarse gravel drainage layer discharges the treated stormwater to the surface waters
or storm sewer.

Removal of contaminants

In bioretention basins, the stormwater filters vertically through a sandy substrate,
fully saturating the filter material before infiltrating into the subsoil or being drained
by pipes below the basin. Bioretention basins are intended to dry {and renew their
oxygen content) between storms. Therefore, treatment of pollutants occurs in an
oxygen-rich (aerobic) environment.

Filtration, chemical and biological processes all contribute to the removal of
contaminants in the stormwater. This full set of treatment processes makes bio-
retention basins much more effective in the removal of contaminants than detention
or retention stormwater basins. In fact, typical stormwater basins have little, or even
a negative, water quality improvement benefit. The soil media very effectively filters
suspended solids in stormwater (as high as 602 mg/L, according to[Table 8 17T
The removal of suspended solids is important since heavy metals and pathogenic
bacteria attach themselves to even very small particles. Beneficial bacteria in the soil
filter are responsible for the consumption of organic material and the conversion to
ammonia, nitrite and nitrate before removal as nitrogen gas. Soil bacteria are also
major agents in the removal of pathogens in stormwater. The soil media high in
calcium or other substances increase the removal of ammonium and phosphorus.

illustrates the water quality improvement data from a monitored bioretention
basin in Charlotte, North Carolina.

The bioretention basin was constructed at the Hal Marshall Municipal Services
Building in the City of Charlotte to treat 1 inch (25.4 mm) of rainfall (the two-vear,
24-hour storm is 3.36 inches). The bioretention cell received water from a 0.92-acre
{0.37 ha) parking lot. The surface of the infiltration bed was 2,480 ft2 (229 m?), which
represents 6 percent of the catchment area. The bed was composed of a 4 feet
(1.2 m} depth of loamy sand (silt/clay = 5.7 percent) with a 6-inch diameter corru-
gated under-drain. The subsoil permeability was 0.43 inches per hour and the basin
was planted with a variety of water-tolerant species. The bioretention bed reduced
contaminants significantly with one exception {Table 8.2). The low total nitrogen
removal was due to low organic matter in the runof{]

The increase in nitrite and nitrate to 0.43 mg/l indicates that the bed provides
aerchic conditions for the conversion of ammonium to nitrite and nitrate. However,



Table 8.2 Charlotte Bioretention basin performancg™

Pollutant Removal % |Pollutant Removal %
Total Nitrogen 32 Fecal Coliform Bacteria 69
Total Kjeldahl Nitrogen 44 E. coli 71
Ammonium i3 Zinc 77
Nitrite and Nitrate -5 Copper 54
Total Suspended Solids 60 Lead 31
Biclogical Oxygen Demand 63 Iron 330
Total Phosphorus a1

MNote: Total Kjeldahl nitrogen is organic nitrogen plus ammaenia.

the removal of nitrate requires an oxygen-depleted environment that is not a feature
of this design. A bioretention basin with an internal water storage feature [Eigure
[8.10) installed at Rocky Mount, North Carolina performed better with nitrate removal
at 58 percen

A University of New Hampshire bioretention basin featured total suspended solids
(TSS) removal of 99 percent and zinc removal of 99 percent, which is better

performance than the basin data shown in|Table 8 213

Nitrate removal

When the reduction of nitrate is an important goal, then a permanently saturated
24-inch deep layer of gravel is included below the main filter media. This creates an
anaerobic zone that encourages the growth of bacteria that use carbon instead of
oxygen as an energy source. In the process nitrate is converted to nitrogen gas that
escapes to the atmosphere. I{Figure 8.1d, the elevated discharge pipe, H, will cause
water to be retained in the gravel beds, F and G. Inflow from the subsequent
storm causes the retained water to be discharged. Therefore, a volume of water is
held for longer treatment. Within about one hour, oxygen in the retained water will
be depleted by organisms, creating anaerobic conditions that are suitable for denitrifi-
cation of nitrates by bacteria. This is the final step in a complex sequence including
organic matter = ammonification = nitrification to nitrite and nitrate > denitrification
to nitrogen gas. When nitrate reduction is an important goal, ideally the entire design
storm would be contained within the basin’s internal storage area.

Where organic matter, ammonium or nitrates are at high concentrations, such
as in agricultural runoff, solid carbon (woodchips) in a horizontal subsurface flow
bed has proven to be very effective for removal of nitratedT] A laboratory study
demonstrated an 87 percent reduction of nitrate when carbon was added to the
media of a saturated biofilte

The role of plants

Plants are an important part of the bioretention basin. They remove some nutrients
from the stormwater but also transpire water, while their roots help maintain the
porosity of the filter media. The soil media and the plants are important to treatrment
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Figure 8.12

This retention swale in Seattle illustrates the use of infiltration techniques for sloping sites.
This bioretention swale on 2nd Avenue NW reduced winter and spring runoff by 98 percent
compared to the conventional street design. Storms 0.75 inches (19 mm) and smaller are
completely retained and infiltrated. The infiltration swale reduces runoff from this
neighborhood to the local creek by 470 percent during the wet season, compared to a
conventional stormwater syste

performance, as demonstrated in an Australian study. The significant difference in
the best-performing biofilter was the presence of Carex appressa, which is charac-
terized by deep and fine roots. The bioretention column with the Carex removed
99 percent of TSS, 93 percent of ammonium, 85-96 percent of nitrite and nitrate,
71-79 percent of total nitrogen, 93-96 percent of total phosphorus and 87-98
percent of particulate phosphorus. The study demonstrated that sandy loam was the
best media and that compost or mulch in the media should be avoided, since this
increased total phosphorus in the effluent. Using plants that remove ammonia and
nitrate at accelerated rates seems to be important, but there has been little research
to identify these plants for various climate zoned 2 This study suggests that significant
improvements in water quality are possible as the design and construction of
bioretention basins are refined.
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Pathogenic bacteria

Bioretention basins reduce pathogenic bacteria significantly, as demonstrated by a
second study of the Charlotte bioretention basin described above. The study found
that fecal coliform bacteria were reduced (89 percent) and £. colf bacteria were
reduced {92 percent). The bioretention basin outflow met EPA recommendations for
primary recreation contact for £ colf and nearly met the standard for fecal coliform
bacteria concentration.!’ Part of the explanation for this good performance is that,
in bioretention basins, the soil often dries between storms, reducing pathogenic
bacteria. Since drainage through the soil media is rapid, high oxygen levels return
to the soil volume quickly and drying is due to evaporation and transpiration in
addition to infiltration into the subsoil of the bioretention basin[Z]

Phosphorus removal

Phosphorus removal in bioretention basins is highly variable due to differences in the
filter media. Some basins removed only 5-30 percent of the phosphorous. Mulch
and sand high in phosphorus in the filter media cause low remaval rates, or sometimes
an increase in phosphorus in the outflow. Sedimentation and adsorption are the
primary removal mechanisms for phosphorus. Therefore, using media with high levels
of calcium or magnesium results in good removal of phosphorus. Even with the
correct filter media, the adsorption sites will be filled eventually and removal rates
will drop, but this can take decades. Reducing the source of the phosphorus, such
as artificial fertilizers with high phosphorous content, is perhaps more effective than
treating highly polluted water.

Other contaminants

There are a host of toxic substances that find their way into urban stormwater runoff.
Wetlands and bioretention basins also reduce many of these. A laboratory-scale study
demonstrated 84-100 percent removal of the common pesticide atrazine in
bioretention systems with and without an anaerobic stagd] The New Hampshire
basin, noted above, achieved total hydrocarbon removal of nearly 60 percent for a
30-inch deep filter bed and 99 percent for a 48-inch deep bed 3

Stormwater management with bioretention basins

The Charlotte, North Carolina bioretention basin, described above, was designed to
capture storms of 1 inch or less. However, for storm volumes of 1.65 inches (42 mm)
the peak storm outflow was decreased by 96 percent, even though the entire catch-
ment area was impervioud] This performance is confirmed by a study of a bio-
retention basin constructed at Villanova University in Pennsylvania {Eigure 8 9] Its
catchment area is 50,000 square feet and is 52 percent impervious. The 4-feet deep
infiltration basin consistently removes 50-60 percent of the storm runoff. In fact, for
storms 1.95 inches and under there was rarely any outflow from the basin at all.
This is partly because there is infiltration into the subsoil during the entire storm.
Even during a 6-inch storm the retention basin reduced the storm peal{}
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Like the Villanova
example, this attractive
infiltration basin at the
Mt. Tabor School in
Portland, Oregon
receives water from the
adjacent parking lot.

A University of New Hampshire bioretention basin, comprising a 30-inch depth
of sandy media and a 16-inch depth of gravel below the media, achieved an 82
percent reduction in peak stormwater flow and a 92-minute delay in the storm pea

Base flow and groundwater

Interest in the recharge of groundwater by local agencies may add requirements that
some postdevelopment runoff is to be infiltrated to meet predevelopment conditions.
Bioretention basins respond to this concern. For example, a wooded site slated for
low-density residential development might typically have a predevelopment curve
number of 55. Runoff curve numbers are based on the US Natural Resources
Conservation Service method of estimating the percentage of stormwater runoff and
are influenced by soil type, land use, vegetation and land management practices. If,
after development, the wooded site had a curve number of 70, then 15 percent
more water is expected to runoff. An infiltration of 0.22 inches of runoff volume
from the developed site would be required to match predevelopment conditions for
a storm with a 2-inch rainfall depth. Over a half-acre site this would equal
approximately 400 cubic feet for a 2-inch storm and could be accommodated in a
20 x 20 feet bioretention basi
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Secondary benefits

Even higher stormwater treatment performance might be achieved if a sequence
of treatment stages is implemented?] For example, bioswales within ecological cor-
ridors might collect runoff from residential housing and streets and feed water to
bioretention basins for attenuation of storm volumes and reduction of heavy metals,
hydrocarbons, phosphorus and nitrates. The bioretention basins could in turn feed
water to stormwater wetlands for additional treatment and habitat enhancements.

Multiple functions

Lenexa, Kansas in an example of a city (population of 45,000) that developed a
regional stormwater management plan to reduce flooding, improve water quality
and provide environmental, open space, recreation and education benefits
[814)and8.19). They made stormwater lakes the central feature of their park system,
but the lakes are intended to receive pretreated water from stormwater management
techniques like bioretention basins and pervious paving.

The multiple-use design of the stormwater landscape enhanced the park. Instead
of focusing only on engineering functions, the stormwater basin design includes
aesthetic treatment of the basin edges and dam. The adjacent recreation facilities
encourage fishing, boating and many other kinds of recreation. The use of the lake
and adjacent landscape for civic celebrations and festivals indicates that this space
engenders a sense of place and civic pride. These social values are rarely associated

Lake Lenexa is the 35-acre focus of community festivals and daily recreation. This stormwater
basin features an elaborate dam (right), which includes cascading pools and a fountain. The
park is 240-acres and includes three wetlands, trails, docks, a boat ramp, picnic areas and
boardwalks. Photo 38°57'53.18" N, 94°50'19.08” W, 2 September 2012, (accessed 15 April
2013) by Google Earth.
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Lake Lenexa and park
during the 2011
Spinach Festival. Photo
by Leonard Rosen, city
of Lenexa.

[Figure 8.1d

Bioretention basin
planting design in the
High Point
neighborhood of
Seattle. This stormwater
facility reduces
stormwater runoff and
improves its water
quality while creating a
beautiful park setting.

with stormwater infrastructure, but they demonstrate the value of creating a green
infrastructure that serves many purposes simultaneously .

Lenexa found that a landscape approach to treating stormwater costs about 25
percent less than traditional storm sewer infrastructure. Nevertheless, the cost of
municipal treatment of stormwater was estimated to be $0.504 per square foot of
impervious surface of new development. To recover a portion of this cost the city
charges an impact fee of $850 per dwelling unit for new construction. Developers
can reduce this fee by implementing on-site measures to reduce runoff, such as
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reducing the amount of impervious surfaces, or treating the stormwater in infiltration
swvales or bioretention basins. The city found that there was little or no reduction in
the development area as a consequence of the landscape stormwater requirements
it implemented. The costs to the developer were the same or less to install the
landscape approaches compared to conventional development and the fiscal impact
on the taxpayer was neutral.
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CHAPTER NINE

Green roofs

Introduction

When green roofs are located in, or adjacent to, open space they can contribute
significantly to a green infrastructure network. The Academy of Sciences building in
San Francisco, designed by architect Renzo Piano, was completed in 2008 and
features a 2.5-acre green roof. The roof includes several distinctive mounds and
undulations [Figure 9.1}. It is an example of a landscape that does contribute to the
broader landscape since it is located in a large park. Generally, green roofs are
marginally part of the green infrastructure, as defined in this book, since they are
disconnected from each other and often from the larger landscape. Subsurface
drainage pipes usually connect them with the adjacent landscape only tenuously.
However, sometimes green roofs do connect to a green infrastructure through
ground-level landscaping and surface drainage, or they are close enough together
that they are functionally connected habitat patches.

Types of green roofs

Green roofs are generally divided into two categories. The extensive green roof has
a soil depth of less than three inches {150 mm} and is entirely vegetated with
herbaceous and other low-growing plants [Figure 9.4). These roofs are intended to
function primarily as stormwater and energy management systems. Their advantage
is that the structural dermand on the building roof is low. Therefore, they are often
selected when retrofitting conventional roofs.

In contrast, people use intensive green roofs as an amenity. A portion of the roof
is paved and the soil in the planting areas is more than three inches deep. Shrubs
and trees are often planted in addition to herbaceous plants, as they would be in a
garden, park or plaza ). Intensive roofs are more expensive than
conventional roofs but cornpensate for their higher cost over time with reduced energy
costs for building heating and cooling. They also provide valuable use area. For new
construction, extensive green roofs are somewhat less expensive to build than intensive
ones. Steel and concrete buildings are best suited for intensive rooftop gardens
because they can support up to 250-300 pounds per square foot of weight. When
planning a new green roof or retrofitting an existing building for an extensive roof,
a structural engineer should provide the landscape architect with the load-bearing
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The extensive green roof of this natural history museum is part of the green infrastructure due to its location and the
habitat connection to adjacent forest and meadow areas.

Autumn weather causes the Sedum on this steeply sloping roof in Copenhagen to blaze with color. Steep (slope ratios
greater than 2 vertical to 12 horizontal) green roofs require special engineering to anchor the soil and plants.
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capacity as a landscape design limitation. The location of structural columns is also  [Figure 8.3

necessary, since these are locations where heavier elements, such as trees, can be This(jmu!tip|e-|ive| f°b<:_f

located. Extensive green roofs can be designed for roofs with a structural capacity ~ 82rden s on the public
) library in Salt Lake City.

as low as 25 pounds per square foot, but 35 pounds per square foot is preferred.

Typically, wet soil media used for green roofs weighs about 7.5 pounds per square

foot for a one-inch depthl]

Roof construction

The green roof of the Academy of Sciences building includes a small observation
deck and interpretive area, but the roof is essentially of the extensive type since people
can't walk among the plants. This roof is built of several layers. A 6-8-inch thick
concrete roof is covered with four layers of roofing materials. This roof thickness is
greater than the typical 2.5-4-inch slab on most roofs.

shows the next layers of the green roof. The light blue material is rigid
foam insulation that protects the roof membranes and insulates the roof. The next
layer is a thin waterproof membrane followed by a corrugated polypropylene drain
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This model illustrates
the layers of materials
that compose the
Academy of Science
green roof.

mat [Figure 9.5). The next layer is a filter fabric that separates the three-inch soil
layer (represented by the brown cork) from the drain mat. At the top of the stack
is a wooden tray covered in coconut fiber that holds three inches of soil and the
plants. The soil used for green roofs is engineered to be lightweight. It often includes
pumice, vermiculite and expanded shale or other lightweight and inert components.
The soil often provides few nutrients to the plants. Fertilization of the plants must
be done carefully (preferably with time-released material) to avoid runoff polluted
with ammonia, nitrates and phosphorus.

is a close-up of the drain mat. The holes in the top of the egg-crate-
like mat are visible. These are the overflow outlets. This structure holds about 1.5
inches of water in the tray after a rainstorm for later use by the plants. This storage
capacity is the reason that this green roof is able to retain all of the rainwater with
the exception of some of the rain from most intense storms.

The soil and vegetation extend the life of the building roof. Green roofs last 45
years or more, compared to conventional roofs which last about 20 years. In fact,
the green roof of a wastewater treatment plant in Zurich, installed in 1914, was
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[Eigure 9.5

Water reservoir and
drain mat.

repaired for the first time in 2005. The protection of the roof membranes from
ultraviolet light and rapid changes in temperature accounts for this difference.
Temperature fluctuations of conventional roofs can be as wide as 81°F (45°C) and
reach maximum temperatures of over 150°F. The expansion and contraction caused
by this temperature fluctuation leads to premature failure of the membranes. Old
roofing is generally disposed of in landfills, adding to the solid waste stream and
leachate treatment costs3

The costs of green roofs are about $10 and $25 per square foot for intensive and
extensive types, respectively. The cost of the intensive roof is about twice the cost
of a conventional roof]

Green roof plants

Landscaped roofs present plants with a set of very difficult growing conditions. Green
roof plants are exposed to high wind velocities and maximum solar radiation. If the
roofs slope steeply, the water runs off more quickly, increasing drought stress. Finally,
the limited soil depth, especially on extensive green roofs, and its lightweight character
reduce the water-holding capacity. Sedum species are widely used to vegetate green
roofs since they are hardy and tolerate drought conditions. Species effective on
extensive roofs include Sedum album, S. reflexum, S. spurium [Figure 9.4) and
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Sedum spurium
tolerates the difficult
growing conditions
presented by intensive
green roofs.

Green roofs

S. sexangulare, but many other native and non-native species are suitable. Many
more plant choices are available for intensive roofs since the soil is deeper, but Rhus
copallina (flame sumac), Rhus aromatica (smooth sumac), Campsis radicans (trumpet
vine), Eragrostis spectabilis (purple lovegrass), Allium ceruum (nodding onion),
Coreposis verticillata (thread leaved tick seed), Asclepia tuberose (butterfly milkweed)
and Rosa carolina (pasture rose) perform wel[] The testing and use of native plants
is valuable for better habitat value. A Canadian study successfully cultivated ten native
plants that performed as well or better than the standard Sedums for various green
roof functions such as temperature and albedd]

The Academy of Sciences roof was planted with perennial and native species
based on research and testing of 35 species for tolerance of the difficult conditions
[Table 9.1)). The 1.7 million plants are contained in 50,000 plant trays. The trays were
necessary to support the plants until they were established on the areas of 60-degree
roof slopes. The wood and fiber trays will decompose within about five years, but
by then the plant roots will have knitted the soil together to control soil erosion and
stabilize the slopes. The vegetation is irrigated to maintain the high aesthetic
expectations of the millions of annual visitors. The irrigation tends to favor some
plants, causing the perennial self heal to compete more effectively than other species
[Equre 9713

The use of irrigation on a green roof seems, at first glance, to contradict other
sustainability benefits. However, irrigation water increases evapotranspiration from
the roof, thereby cooling it. This reduces the demand and energy used to cool the
building interior. From a cost perspective, using irrigation as a cooling mechanism
is about 40-90 times less expensive than using electricity to cool the building. The
use of non-potable water for irrigation could increase the sustainability of this practice
even mord]
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Plant list for the Academy of Sciences green roof

Common Name Botanic Name

Self heal Prunella vulgaris

Sea pink Armeria maritima
Stonecrop Sedum spathulifolium
Miniaturs lupine Lupinus bicolor
Goldfield Lasthenia californica
Tidy tips Layia platyglossa
California poppy Eschscholzia californica
California plantain Plantago erecta

Stormwater management

Rainfall captured by vegetation and soil on a green roof is evaporated and transpired
after the storm ends. This reduces the runoff volume and runoff rate. Both of these
reductions are especially important in intensively developed urban areas that are usually
characterized by a very high proportion of impervious surfaces. Reductions in rate
and volume are critical in older cities where stormwater and sanitary sewers are
combined. In this case stormwater overwhelms the capacity of the wastewater
treatment plant and water is discharged into the environment before receiving proper
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Prunelfa vulgaris (self
heal) has expanded in
response to artificial
irrigation to dominate
the Academy of
Sciences roof.
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treatment. Since much larger volumes of water flow off of urban districts because
there is little green space in high-density commercial and residential districts, the
potential contributions of green roofs for stormwater runoff reduction are higher in
these areas.

Building roofs often comprise 40-50 percent of the impervious area of a city
cente] The percentage of rainwater captured by green roofs depends, in part, on
storm intensity, duration and frequency. These factors vary by region and season.
The construction techniques and materials for green roofs vary and also influence
the stormwater performance of the roofs. This makes comparisons of different green
roofs somewhat difficult.

Runoff volume reduction

Intensive roofs typically reduce stormwater runoff by 75 percent when soil depth is
six inches (150 mm) or more. This conclusion is based on the performance of 11
roof gardens. A review of 121 extensive green roofs with a typical soil depth of four
inches (100 mm} revealed a 45 percent reduction in the annual stormwater runof{]

Another more recent study showed a somewhat better performance for extensive
roofs. This Auckland, New Zealand study of four extensive green roofs demonstrated
that, compared to conventional roofs, up to 56 percent of the cumulative stormwater
was captured and then evaporated or transpired. On the green roofs in the study,
the vegetative cover was more than 80 percent and the soil depths were two, three,
four and sixinches (50 mm, 70 mm, 100 mm and 150 mm) for the four roofs studied.
In this study the soil depth didn’t impact the amount of stormwater mitigation. The
soils were about 80 percent lightweight aggregate and 20 percent organic material
supporting Sedum species and native plant{] In general, each inch of soil depth
retains 0.3 inches of rainfal(]

Since summer temperatures, evaporation and plant transpiration rates are higher
than in other seasons, all green roofs are more effective in managing summer storm-
water runoff. The summer evapotranspiration more quickly depletes soil moisture,
making storage capacity more quickly available for the next storm[]

Runoff rate reduction

As with runoff volume, impervious roofs increase the rate of stormwater runoff. Green
roofs can delay the time of peak runoff and reduce runoff velocity. This is important
if receiving streamns are being eroded by urban runoff. However, several factors can
limit the effectiveness of green roofs. In areas with frequent high-intensity storms
the capacity of the green roof to store water and slow runoff is limited, especially
in winter. Deeper soils or other measures to slow the runoff increase the ability of
green roofs to delay storm peaks.

A curve number has been established for extensive roofs for use in stormwater
modeling using the TR-55 software provided by the Natural Resource Conservation
Service of the US government. The green roof used to establish the curve number
was composed of a three-inch (7.62 cm) deep soil (55 percent expanded slate,
30 percent sand and 15 percent organic matter). The soil had a total porosity of
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50.6 percent. It was planted with three Sedtum and two Delosperma species at a
density of 50 plants per square metel[] The green roof curve number of 86 can be
compared to the curve number of 98 for impervious roofs, indicating a 12 percent
reduction in runoff. The development of the curve number allows more accurate
calculation of runoff peak time, rate and volume. This is important for planning
stormwater management for new construction of buildings with green roofs and for
determining the benefit of retrofitting a building with an extensive green roof.

Air pollution reduction

Pollutants deposited on green roofs are effectively retained. The percentage of lead,
cadmium, nitrates and phosphorus retained by green roofs is 95, 88, 80 and 67,
respectively, according to one study[] Since ammonia, nitrate and phosphorus are
components of artificial fertilizer, minimum applications of time-release fertilizer are
necessary, just as for any other landscape, to avoid migration of excess nutrients into
the aquatic system.

Particulates and other poliutants

The removal of particulates and other pollutants is an ecosystemn service with economic
value. A 2,000 square foot green roof is estimated to provide $895-3,392 of annual
economic benefit for the removal of nitrogen oxide pollutants. About 75 pounds
per acre (85 kg per hectare) of air pollutants are removed annually by 2,000 square
foot of green roof. Slightly more than half of this is ozone, nearly one-third is nitro-
gen oxides, and particulates (PM10) and sulfur dioxide represent 14 and 7 percent,
respectively. Sedum species are not the most effective plants for removal of pollutants.
Grasses, shrubs and trees are more effective. The air pollution removal benefits of
green roofs are too expensive to justify their construction for this purpose alone.
Slightly more than 200 square feet (19 m?) of green roof is required to remove as
much air pollution as a medium-sized tree, and the cost is far higherB Nevertheless,
the air quality benefit is a welcome secondary outcome, especially if landscaping at
ground level is limited.

Carbon sequestration

Sequestration of carbon by extensive green roofs is not very significant. Intensive
roofs perform better since the soil is deeper and the vegetation often includes
shrubs and trees. In fact, the amount of carbon sequestered would not be significant
compared to the amount of carbon expended in the materials and construction of
the green roof. But the impact on the carbon cycle of both types of green roofs is
significant. The explanation of this paradox is that green roofs reduce the amount
of energy required to heat and cool the building. This is important since build-
ings are responsible for a large portion of carbon dioxide emissions (38 percent).
Green roofs reduce the building’s use of electricity by 2 percent and natural gas use
by 9-11 percent. Therefore, green roofs have a positive impact on carbon dioxide
emissionsE
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Habitat value

The habitat value of green roofs is limited by their size and typical use of non-native
plants. However, a number of green roofs in a small area and planted with native
plants could offer biodiversity benefits for insects and birds. Green roofs might be
of particular value to pollinators. A green roof designed to contain many microhabitats
fosters biodiversity. A green roof of this type in Germany supports a total of 119
species of beetles and spiders, 20 of which are endangered. The 2.5-acre landscape
of native vegetation on the roof of the California Academy of Sciences in Golden
Gate Park is the city’s largest patch of native plants. Birds, bees and other pollinators,
including a threatened butterfly (the bay checkerspot), use this habitat fragment’]
The roof includes a honeybee hive in two rooftop locations.

Energy benefits

The American Society of Landscape Architects (ASLA) constructed a green roof on
their headquarters building. The green roof is as much as 32°F cooler than conven-
tional black roofsd Generally, green roofs provide a 15-25 percent saving in energy
cost. The heating and cooling requirements of the Academy of Sciences building are
reduced by 35 percent by its green roof. Energy cost saving due to the green roof
on the Chicago City Hall is $3,600 per yearl.:i

Figure 9.8
Green roofs provide energy conservation, stormwater management and cultural benefits.
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CHAPTER TEN

Integrating community agriculture into
green infrastructure

Introduction

This chapter demonstrates the economic and social advantages of locally produced
food. To secure these benefits, community agricultural business need to be fostered
by regulations and planning to place them within the municipal and county green
infrastructure network, where they contribute to the open space and where their
waste products can be treated by infiltration beds or with other techniques, as
discussed in[Chapter

To an even greater degree than open space, community gardens are typically the
product of opportunistic planning, and community agriculture is rarely planned for
at all. Community gardens are a collection of plots, provided by city government or
non-profit organizations, and cultivated by citizens. In contrast to growing produce
for home use, community agriculture is small-scale farming as a commercial enterprise.
Community agriculture usually involves high-value vegetable and berry crops but
includes bee-keeping and aquaculture. Distribution of the products is through farmers’
markets, farm-to-school programs and other direct-sale arrangements. Civic
organizations sometimes manage extensive production operations and distribute the
food through food banks and meal programs. When they are located carefully, both
community gardens and agriculture contribute to a municipal green infrastructure
network.

Demand for local food

Opportunities for new farmers to sell locally grown foods is increasing rapidly. The
number of shareholders in existing community supported agriculture (CSA) farms
grew 50 percent between 7007 and 2009. In the CSA model the producer connects
directly with consumers rather than through wholesalers and retailers. Customers
subscribe or purchase shares in the farmer’s crop. CSA farms in the US are projected
to increase from 3,000 to over 18,000 by 202d3

CSA is only one type of direct-sale option for community agriculture, In fact,
farmers’ markets are the primary direct-sale opportunity. Between 1998 and 2009
there was a 92 percent increase in the number of farmers’ markets in the US (Figure |
10.1)" and direct sales of agricultural products increased 49 percent between 2002
and 2007. Similarly, locally grown food sold to intermediaries, like grocery stores, is
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[Figure 10.1
Direct sale of organic produce provides farmers with viable
businesses and customers with fresh, local food.

increasingl] and farm-to-school programs are also a growing segment of the local
foods market. Sweet corn, cucumbers, asparagus, bell pepper, broccoli, carrots, salad
greens and herbs are among the many high-value crops undersupplied by the
conventional agricultural system for the local market. Another factor adding to the
demand for local produce is the increased consumption of vegetables and melons,
which rose 5.5 percent between 2002 and 2007|3

Geography and demographics

The greatest numbers of CSA farms occur in the northeastern region of the US, but
there are concentrations in the upper midwest, Colorado, northern New Mexico and
the northwest. Most CSA operations are where farmers can access relatively affluent,
well-educated and urban dwellers. College towns tend to generate many CSA farms,
but they are often absent from rural areas and areas with high poverty rated]

The typical community farm is 18 acres, although an average of only three acres
is dedicated to CSA operations. The majority of CSA farms have 100 or fewer
shareholderdd Most CSA farmers don't generate produce exclusively for their
shareholders, but also sell at farmers’ markets and to restaurants.* The farmers
generally adopt organic or sustainable growing standards. Farms involved in direct-
to-consumer sales tend to be more successful if they engage in organic farming and
agricultural tourism, adopt a CSA model or engage in other activities to add value
to their products The farmer involved in community agriculture has
a different set of interests and motivations than the commodity farmer. Direct contact
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with customers and engagerment with the local economic, health and environmental
issues inspires new methods and provides new meaning.

Economic benefits

State-level benefits

Billions of dollars are lost from states that concentrate on commodity agriculture
that markets crops and livestock globally and nationally, but ignores production and
sale in the local marke{] Increasing community agriculture improves municipal,
community and state economies due to multiplier effects from direct sales of locally
produced good{] Currently, limited local supply and high demand for local produce
establishes an environment where new businesses can flourish, especially in
metropolitan counties and rural counties located nearby]

Governmental policies, programs and planning initiatives can foster community
agriculture so that it makes sustained contributions economically, socially and
environmentally. In order to succeed, community agriculture needs the support of
proactive urban planning policies and physical planning to locate productive lands
where they create positive relationships with other urban uses and the natural
environment.

Community economic benefits

In the US almost all food consumed locally is importec]d even in rural states and
towns. Therefore, local communities are foregoing economic development and tax
revenue opportunities. Local farmers purchase materials, equipment and financial
services, stimulating the local economy and providing an indirect benefit. Their locally
produced food and payments for labor directly benefit the community. When
employees and local suppliers purchase services and goods, money re-circulates
through the local economy (accrued benefits).

These direct, indirect and accrued benefits create a multiplier effect, where one
dollar spent generates more than one dollar of economic benefif] Local agriculture
multipliers are higher for local food {29 percent}, labor income {17 percent) and local
agricultural jobs (27 percent) than they are for commodity agriculture ® This
demonstrates that the impact of new local foods businesses is surprisingly large. For
example, if residents bought 15 percent {instead of the current 2 percent) of their
food from producers within the two counties comprising metropolitan Boise, Idaho,
then local farmers would earn $18,000,000 annually in new incomedd Government
agencies, including school districts and colleges, can dramatically increase the market
for local products by requiring that a minimum portion of the food catered or served
by thern are from local sources. The Woodbury County Board of Supervisors in lowa
took this action and created an annual market worth nearly $300,00d3

Planning for community agriculture

Communities can begin to increase their local food production through proactive
land-use planning. This effort can be initiated at any level by creating a land inventory
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that maps fertile soils, slopes, aspect, early frost microclimates, vacant parcels, urban
development, vehicular and pedestrian access, schools, public land and community
centers. The inventory maps are the bases for gaining the public’s input (often via
public planning charrettes). Overlaying the suitability factors identified in the inventory
will yield desirable urban agriculture parcels.

Simultaneous planning of recreation facilities, trails, ecological corridors and even
utility easements would incorporate the location of most suitable community
agricultural lands into the comprehensive green infrastructure plan. In this way, agri-
cultural parcels are linked to other community resources and can support them in
positive ways. The most suitable agricultural parcels near the city or neighborhood
should be designated as permanent uses on future and existing land-use and zoning
maps. Dave Swenson at lowa State University has developed a system to match
metropolitan demand for local agricultural products to the land needed to satisfy
those demand

Currently, an "agricultural” land-use designation is usually treated as transitional
land intended for future urban development. This immediately increases the value
of the land, its taxes and infrastructure expectations. Since proximity is important,
agriculture within the city should be permitted by right, instead of as a conditional
use [Figure 10.2). Furthermore, implementing a program to transfer development
rights from agriculture parcels to development parcels will preserve local food capacity

Community agriculture is compatible with housing for owners, workers and others. This
photo simulation features multi-family housing around a 3.6-acre organic farm. The
arrangement provides open space for high-density urban dwellers. Photo simulation by
author over a Google Earth base, 47°41'29.36" N 122°20°29.36" W.
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by protecting the land from real-estate speculation and tax increases that would
eventually eliminate all local farming from within or near the city. There are many
other planning measures that can be adopted by communities that encourage local
food businesses, including discounted water rates, permitting rooftop greenhouses,
increasing the number of hens allowed within city limits, mixing community agriculture
into all zones with regulations controlling the use of pesticides, noise, dust and storm-
water.

Density or other development benefits should be awarded for the provision of
urban farms operated by a homeowners association of a proposed subdivision. New
buildings should receive development benefits, such as allowances for additional
floors, for providing community gardens or beehives on green roofs. Urban renewal
districts should include community gardens or for-profit farms as part of the publicly
funded infrastructure, just as other utilities are subsidized in these districts. This list
of planning devices is not exhaustive, but illustrates that community agriculture can
be located and sustained within and adjacent to cities.

Farmers’ markets

Direct sales at farmers’ markets are critical for most local-food growers. These markets
benefit the local economy since they create positive multipliers (indirect = 1.58;
accrued = 1.47; jobs = 1.47 Governments or non-governmental organizations
should plan the infrastructure necessary for local farmers and customers to interact
as part of the municipal green infrastructure. Pedestrian, bicycle and public trans-
portation should be prioritized. Event space for musical performances, art shows,
children’s recreation space and equipment and parkland contribute to the experience
of the farmers’ market to expand it from a commercial activity into a community
social celebration.

Waste management

Communities considering permitting community agriculture need to consider the
treatment of stormwater runoff and solid wastes to avoid conflicts with neighbors
and to maintain a clean environment. Effective treatment in vegetated swales or
infiltration basins removes nitrogen and bacteria from water, allowing limited reuse.
Similarly, composting of organic waste and reuse leads to efficiency and lower input
costs. Since local agriculture is highly visible, permanent plantings to form screens
and buffers need to be required by ordinance to contribute to the open space system,
wildlife biodiversity and aesthetics of the city.

Spatial distribution

The number of local farms are rapidly increasing. Fifty percent of these are in metro-
politan counties, while 30 percent are in rural counties. A surprisingly small acreage
is required to establish viable community agricultural businesse{™ For example,
Ms. Elizabeth Taylor is the sole proprietor of her one-acre organic farm where she
produces 45 varieties of organic vegetables and salad greens for direct sale to

restaurants and at a farmers’ market
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[Figure 10.3

This verdant crop of basil is one of 45 products nurtured on
this one-acre organic farm. It has been a viable business
operation for 20 years.

The location of community agriculture need not compete with urban development
for space. Most towns own land that remains undeveloped for many years, and other
government agencies have lands that can be managed for multiple uses. These
properties can be leased to farmers or provided as a farming incubator to establish
businesses and test crops or horticultural methods.illustrates that flood
plains can be used, especially for organic agriculture. If excess nutrients and sediment
are prevented from entering the river and wildlife can pass along the river edge, then
organic agriculture can be a positive land use.

There are many examples of residential or mixed-use developments where the
residents or their homeowners association manages community agricultural land for
the production of food for the residents. A 60-acre development, Village Homes, in
Davis, California is an example of a 242-home neighborhood that includes orchards,
vineyards and community gardens). Residents produce about 25 percent
of their fruits and vegetables. The 300-tree almond orchard produces nuts for the
residents and for sale to commercial processors. Although the residents of Village
Homes manage their own production, some homeowners associations hire a pro-
fessional farmer to manage the agricultural production.

Along the community growth limit line (area of impact line) community agriculture
provides a buffer between urban development and commodity agriculture in the
county. This planning scheme can help defend the town from suburban and exurban
sprawl that consumes prime agricultural land and sensitive habitat. It also buffers
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Figure 10.4

Local organic farming with runoff
treatment within the flood plain can be
supported on public land. Since
buildings are not permitted in the flood
zone (mobile home and recreational
vehicles are shown in this image) this
use does not compete with urban
development and connects to the
ecological corridor flanking the river.
Photo simulation by author, 2011,

on a photo base 44°31'18.48"

N 116°02'19.48" W.

3 | 4
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Village Homes features a continuous green infrastructure. The areas outlined in green are
the open-space system and the red lines locate the pedestrian paths and surface stormwater
collection areas. The residential cul-de-sacs are located between the pedestrian paths. The
orchard and extensive community gardens are prominent features. Graphic by author over a
Google Earth base. Photo 38°32'58.93" N 121°46'50.89" W, 1 September 2012 (accessed 25

April 2013) by Google Earth.

the town from the dust and noise generated by large-scale equipment used in

commodity agriculture.

Residential development typically doesn’t offer direct access to large, open spaces.
illustrates a number of ecosystem services that benefit the neighborhood
and especially residents living in multi-family housing. Planning for community agri-
culture should focus on the town-county interface where 1-10-acre parcels are
available. However, farms surrounded by mixed-density housing occupied by the
farmers and their employees) integrate uses positively, particularly when
restored brownfield sites, such as sawmills or landfills, can be repurposed.
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)

Community agriculture provides scenic open space. This image suggests orchard or nut trees
flanking a community garden (foreground) and market agriculture. High-density development
benefits from positive views, space for privacy and immediate access to recreation and
community gardening. The community agriculture and citizen gardens can extend as fingers
from the community perimeter into the city.

Figure 10.7
Community gardens support habitat and ecological corridors when they are sited to provide a buffer between urban or
suburban development and more natural areas.
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This amazing community garden is in the High Point neighborhood of Seattle. It is adjacent
to a vegetated infiltration swale, along the route to the neighborhood park and embedded
in the neighborhood. Although not visible in this image, there is a small greenhouse and a
storage building with a deck covered with a green roof. These facilities support the
gardeners and encourage social gatherings and sharing of gardening information.

The design of structures and the use of unifying vegetation such as hedges and vines can
transform unattractive community gardens into community assets. This community garden is
on the campus of the University of British Columbia.



Urban agriculture can be partnered with adjacent stormwater management
facilities where water can be captured for reuse. Similarly, associations with willow
or poplar tree plantations and other urban forestry are beneficial in windy or semiarid
climates or to produce woody biomass for fuel or other products. Agriculture can
also serve as a buffer for wildlife corridors or habitat, sports fields and trails.

Community gardens

While community agriculture is optimally located as a transition between urban
development and an ecological corridor or habitat at the edge of the city or
neighborhood growth limit boundary, or as fingers extending into the city
[108), community gardens need to be distributed evenly within neighborhoods [Figurd
[10.8). The green infrastructure should connect these gardens with pedestrian and
bicycle paths. Key locations are adjacent to schools, community and senior centers,
adjacent to community agriculture and ecological corridors. In the winter, community
gardens can be visually unappealing. This can bhe easily mitigated with permanent
evergreen hedges and borders, low fencing or architectural elements [Figure 10.9).
Seasonal coverage of the garden plots with straw, mulch or a cover crop also
improves winter aesthetics. Well-designed community gardens are visual resources
in winter and joyful riots of color and texture during the growing season.

Conclusion

Flected officials and economic development officers in rural towns can foster new
agriculture businesses through planning changes. Planning should incorporate
community agriculture and community gardens into the green infrastructure network.
Citizens can do their part by being advocates for local food production and supporting
new businesses with their patronage. Local production and sale of food increases
food security and social capacity, improves nutrition, reduces energy use and even
provides educational opportunities. For these, and the clear economic benefits,
community agriculture should be a vigorously promoted diversification strategy near
metropolitan cities.
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CHAPTER ELEVEN

Wastewater treatment wetlands

Introduction

One of the great benefits of a green infrastructure system is its multifunctional
performance. A new function that can be added is the below-ground treatment of
wastewater. Replacing conventional wastewater treatment with biological treatment
in the public landscape secures a host of secondary benefits. This book proposes a
decentralized sequence of treatment wetlands followed by free water surface marshes
[Figure 11.1} within public open space to add new value and enhance green
infrastructure.

Research, construction and monitoring of thousands of these systems confirm
that biological treatment of wastewater is safe, reliable and economically advan-
tageous. Treatment wetlands can effectively meet secondary treatment standards for
total suspended solids (1TSS} and hiological oxygen demand (BOD). Sequences of
treatment wetlands achieve tertiary quality for ammonia, nitrates and pathogenic
bacteria. Among the many valuable secondary benefits are diverse habitats leading
to species abundance and variety through the cascade of vegetation, macroinverte-
brate, fish, bird and marmmal diversity. In addition, treatment wetlands provide pure
water, regulation of climate, nutrient and water cycling, and cultural amenities, such
as recreation, education and aesthetics. This chapter explains the biological and
chernical processes involved in treatment wetlands. The performance of three wetland
types is presented to demonstrate their effectiveness and reliability. Finally, there is
an exploration of the secondary benefits that support other green infrastructure goals.

Conventional wastewater treatment plants

There are a host of disadvantages to conventional wastewater treatrnent plants as
elements of the public green infrastructure. There are obvious odor, exposure and
equipment hazards, but the usual location (as far downstream as possible) and central-
ized operation limit potential secondary benefits. In fact, secondary benefits are rarely
considered in their design. The single purpose of the industrial scale and processes
is treatment of large volumes of water on small land parcels. This is possible due to
the application of chemicals and energy for pumping, agitating and aerating. The
cost of these operations can be substantial. For example, it costs the 1,000 residents
of an Idaho town $70,000 per year for only the electricity to operate their new
wastewater treatment pIanTE
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Surface Flow

[ (Fws) —
| Emergent Plants . Vertical Subsurface n B

‘ Flow (VSF) |
‘ ‘ Subsurface Flow ) ‘ Hybrid Wetlands

Horizontal Subsurface
Flow (HSF)

Constructed wetlands are differentiated by vegetation type and flow regime. This book
considers only emergent plant wetlands for wastewater treatment. There are two types of
subsurface flow wetlands and one type with surface flow that can be combined to create
hybrid systems. Adapted from Vymazal 20078

Treatment wetlands and green infrastructure

In contrast to conventional plants, treatment wetlands are scaled to the neighborhood
and can be distributed throughout the watershed. Wetlands constructed at higher
elevations provide space and habitat that serve the neighborhood while treated water
can be reused at lower elevations without the cost of pumping. The distributed
character allows the wetlands to be limited in size and to contribute to a landscape
network. The space and the byproducts (high-carbon sludge, excess nitrogen, phos-
phorus and water) can be used to augment a sustainable landscape. Since wildlife
habitat is created by wetlands and related land-farming techniques [[Figqure 11.2),
they contribute to species and habitat diversity, as discussed in detail later. Constructed
treatment wetlands help restore the historic wetland loss due to extensive drainage
and land-use change.

Treatment sequence

As part of green infrastructure a sequence of three wetland types is necessary. The
treatment sequence begins with sewage pretreated in a below-ground two-chamber
septic tank with an effluent filter. The tank removes solids and significantly improves
initial water quality[]

After pretreatment, the wastewater flows through at least two subsurface beds
of sand or gravel planted with wetland vegetation. Since the water is held under-
ground people are protected from odors and health hazards. The subsurface treatment
allows the system to be placed unfenced within the public landscape.

The horizontal subsurface flow (HSF) wetland and the vertical subsurface flow
(VSF) wetland are the two options for the below-ground treatment stages. Hybrid
systems composed of both HSF and VSF wetlands are explicitly designed to treat
domestic sewage[(Figure 11.3) to achieve very high water quality. After the subsurface
stages have improved the water quality, open-water marshes (FWS wetlands) are
recommended additions to the treatment sequence [Figure 11.4). In this model for
green infrastructure, the primary purpose of the FWS stage shifts to habitat creation,
recreation and aesthetic benefit, although further water quality improvements occur.
The technology and research support for the treatment stages and sequence is
presented below before returning to the topic of hybrid wetlands.
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Effluent from a conventional treatment plant in Roseburg, Oregon is treated by this constructed wetland and then
applied to slopes that drain to a restored wetland. The primary treatment purpose is to remove excess phosphorus, but
the 340-acre parcel provides outstanding and diverse wildlife habitat. This project cost $10 million but saved $90 million
compared to upgrading the conventional wastewater treatment plant.

Wastewater characteristics

Domestic sewage contains high levels of carbon, ammonia, nitrogen, phosphorus,
suspended solids and bacteria. Americans generate 40-60 gallons of sewage per
person per day.4 The effluent from the septic tank contains concentrations of 180 mg/L
(milligrams per liter) of biological oxygen demand (BOD) and 80 mg/L of TSS. The
US Environmental Protection Agency (EPA) secondary treatment standard for BOD
and TSS is 30 mg/L, while the standard for fecal coliform bacteria in streams and
lakes is 100 cfu/100 mL (colony forming units per 100 milliliters) for primary
recreational contact. The standard for E. coliis 126 cfu/100 mL for primary recreational
contact (swimming) and 1030 cfu/100 mL for secondary contac{i

BOD measures the amount of oxygen required by microorganisms to consume
organic material in water. TSS is a measure of the organic and inorganic particles
suspended in water. Both parameters are indirect measures of water pollution.
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HSF wetland (left), VSF wetland (right). A, inlet from septic tank; B, horizontal flow through
gravel; C, recirculate 50 percent of flow from VSF to HSF wetland for denitrification; D,
collection zone; E, water-level control; F, periodic dosing of VSF; G, water drains vertically
through gravel to hottom drain; H, outflow to PWS wetland; I, dense planting. Se

[ 11.4]for a plan view.

[Figure 11.4

This plan view is a schematic of the three wetland types combined for high water-quality
improvement and habitat value in a green infrastructure. 1, inflow from septic tank; 2, HSF
wetland; 3, VSF wetland; 4, FWS wetland cell 1 {shallow marsh); 5, FWS wetland cell 2 (open
water); 6, FWS wetland cell 3 (shallow marsh); 7, recirculating pump; 8, distribution piping;
9, uniform inflow distribution.
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Horizontal subsurface flow wetlands

The German scientist, Dr. Kathe Seidel, working in the 1950s, was the first researcher
to conduct experiments of wastewater treatment wetlands including vegetation. The
subsurface wetland models that she developed were widely implemented in Furape.
Beginning in the 1990s, the need for advanced treatment of wastewater inspired
hybrid systems that combined horizontal subsurface flow (HSF) and vertical subsurface
flow (VSF) wetlands based on the models developed by Dr. Seide[]

Subsurface flow wetlands are common in Europe, where tens of thousands exist
)'.3 All treatment wetlands are sized by determining the rate at which
biological and chemical processes transform organic and inorganic substances. This
process is influenced by temperature and the amount of material and water delivered
to the wetland® However, in many countries the construction and monitoring of
HSF wetlands treating wastewater with a range of flow, BOD and TSS inputs has
yielded simple sizing guidelines that planners and landscape architects can use for
initial planning and design. About 50 ft? (4.5 m?) of HSF wetland area per person
served is required to meet EPA secondary effluent standards in summer and wintei®
Winter performance, meeting EPA standards, is demonstrated by a Minnesota HSF
wetland that is insulated with six inches (15 cm) of mulch to protect it from freezing
at temperatures as low as —45FE |y Norway, HSF systems preceded hy a buried
biological filter have proven to be very effectived

In a HSF wetland 11.3 left) there is no surface water, but the bed
is densely planted, making it a landscape feature. Several factors are critical to the
effectiveness of HSF wetlands, including gravel size, uniform water distribution and
density of plants. Pre-treated wastewater must be evenly distributed through the

This attractive HSF
treatment wetland
serves a small town in
the Czech Republic.
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gravel bed. This is initiated by filling a coarse gravel inlet trench from a perforated
pipe. Most HSF wetlands consist of a six-feet wide inlet and outlet zone {A and [
i Figure 11.3) composed of 1.5-3-inch diameter (40-80 mm) gravel. The treatment
bed is 24-30 inches (0.6-0.8 m} deep (B i Figure 11.3) and composed of gravel
0.8-1.2 inches (Z0-30 mm) in size. The gravel provides a surface for biofilm growth
and the large pore spaces limit clogging, which was a problem in the first-generation
designs. The water flows continuously through the gravel due to a hydraulic gradient,
so there is no longitudinal slope required on the bottom or the top of the bed 7]

Beneficial bacteria growing on the gravel and roots transform organic matter and
many contaminants in the water. The plant roots must reach to the bottom of the
bed in order to maintain porosity of the bed and maximize nitrogen removalJ HSF
wetlands effectively convert organic material to ammonia, and nitrates to nitrogen
gas, but they do not sufficiently convert ammonia to nitrate or remove much
phosphorus unless a special media is usecd[3

The HSF example provided here demonstrates the long-term performance of the
technology in achieving secondary effluent (ROD and TSS < 30 mg/l) as well as removal
of nitrate. The town of Ondrejov, Czech Republic built a HSF wetland to serve 362
people. Monitored for 13 years, this wetland achieved an average BOD of 18.3 mg/L
and TSS of 8.3 mg/l. Removal of ammonium was only 14.8 percent, but nitrate
removal was better at 41 percen{] However, ammonia and nitrate are not requlated
for secondary treatment except when receiving waters are sensitive or degraded. The
performance of a second HSF wetland serving 1,400 people was slightly better.”
These examples show that treatment wetlands can be in neighborhood parkland and
sized to serve subdivisions of hundreds of homes or groups of just a few.

These wetlands featured a single HSF cell , while in Little Stretton,
UK, a treatment system built to serve 40 people featured eight subsurface beds
stepping down a slope. Although BOD and TSS concentrations were low in the
outflow, there was a much better reduction of ammonia (85.1 percent) since there
was better oxygen transfer between the beds due to water aeration as it moved
between beds, down the slope. Conversely, only 16.4 percent of the nitrate and
nitrite concentration was removed since that requires the anaerobic environment
normally provided in a HSF wetland

Vertical subsurface flow wetlands

Vertical subsurface flow with bottorm drain

As with the HSF wetland, pretreated water in VSF wetlands can be held below the
surface. VSF wetlands are flooded periodically just below a surface layer of gravel
{Figure 11.3] right, [Eigures 11.6]and [11.7]. The water then flows down through a
sand bed and exits the wetland through bottorn drains. Air replaces water in the
pore spaces between the sand particles after the water flows through. This system
creates an oxygen-rich environment where BOD, TSS and ammonia are effectively
reduced. VSF wetlands require only 21.5 ft2 (2 m?) per person, but sometimes require
energy from small pumps, and more regular attention from an operator than the

HSF syste




13'

Vertical subsurface flow wetland, plan. A, inflow; B, septic tank; C, recycling tank with V-
notch weirs; D, effluent; E, 1.5-inch perforated PVC distribution piping, capped, three-feet
spacing; F, four-inch perforated PVC drainage piping, three-feet spacing; G, aeration pipes
connected to bottom drain; H, aluminum polychloride dosing chamber with air-lift pump in
septic tank, for phosphorus removal. Adapted from Brix and Arias, ZOOE

Veertical subsurface flow with impoundment

An Austrian demonstration wetland featured two VSF stages operated in series. The
performance of this syster illustrates that, like HSF wetlands, VSF wetlands achieve
secondary effluent. The VSF wetland also provides advanced removal of ammonia.
Each VSF cell was 108 ft2 (10 m?) and was planted with common reed, Phragmites.
The first cell included a 20-inch (50 cm) deep bed of sand ranging in size from 0.08
inches to 0.12 inches (2-3.2 mm) and a flooded sub-basin of water below the
filtration bed. The second stage included a 0.002-0.16-inch (0.06-4 mm) sand layer
above a coarse aggregate drainage layer. Wastewater from a septic tank flooded the
top of the wetland to a depth of 0.64 inches (16.2 mm) every three hours. The
wetland was monitored for 19 months. BOD in the effluent was very low at 4 mg/L
in summer and 12 mg/L in Winte

The average ammonia concentration in the effluent from the second wetland cell
was 0.29 mg/L in summer {a 99.5 percent reduction) and 17.5 mg/L in winter (a 64
percent reduction). This wetland removed 46 percent more of the ammonia than a
single-cell VSF wetland with no flooded sub-basinl’] The EPA does not generally
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VSF wetland, section. A, wood chips; B, 1.5-inch PVC distribution pipes, space three-feet
max.; C, 42-inch (1.2 m) depth of uncompacted filter sand, 0.125-4 mm with clay and silt
<0.5 percent; D, six-inch (0.2 m) depth of 0.5-inch drain rock; E, four-inch perforated PVC,
space three-feet max., at one end connected to aeration pipes that extend above the surface;
F, O%mm waterproof membrane between two geotextile layers. Adapted from Bnix and Anas
200

regulate ammonia, but aguatic organisms are sensitive to constant levels in excess
of 1.8 mg/L at pH8 and 25°C3

The concentration of nitrates entering the two-stage wetland averaged 0.37 mg/L
in summer and 0.30mg/L in winter. Nitrates in the effluent were 30.9 mg/L in
summer and 21.1 mg/L in winter. This large increase indicates complete conversion
of ammoni but low removal of nitrate.

Elimination of total nitrogen was 53.2 percent in summer and 37.1 percent in
winter. This high performance is attributed to the nitrification of about 80 percent
of the ammonia in the first-stage wetland with the flooded sub-basin, but with
enough carbon remaining to allow conversion of some of the nitrate to nitrogen gas
in the flooded sub-basin, although not all nitrate wwas removec[ ] This improved system
performance is attributed to alternating high and low oxygen zones supporting
increased nitrification (ammonia conversion) and denitrification, respectively.
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This vertical flow
constructed wetland
treats wastewater for
6,000 residents to high
water quality standards.

Removal of pathogens

The two-stage VSF wetland removed about 99 percent of the pathogenic bacteria.
However, the remaining number of £. coli, for example, was 1,585 cfu/100 m
which is still higher than the 126 ¢fu/100 mL standard for primary contact (swimming).
Additional treatment in another wetland stage or ultraviolet light disinfection would
be required before this effluent could be used for swimming.

Facilitating the use of treatment wetlands

Expensive engineering and permitting costs discourage widespread adoption of any
new wastewater treatment technology. Once systems have been monitored under a
range of conditions, then standard sizing, materials and construction details can be
included in development standards. This has been done in Austria, France and
Denmark for subsurface flow treatment wetlands serving individual or groups of
homesE Standard sizing and construction details would need to be developed in the
US for subdivision-scale applications.

Hybrid treatment wetlands

The examples of HSF and VSF wetlands presented above show that either easily meet
EPA standards for secondary effluent. When they are used together they take
advantage of efficient reduction of ammonia (VSF) and high reduction of nitrate
(HSF) to achieve exceptional water quality. Treatment wetlands that combine at least
two of the wetland types (HSF, VSF, FWS) are called hybrid wetlands.[Figure 11.3
illustrates HSF and VSF used in sequence to achieve secondary effluent, and reduced
ammonia, nitrate and pathogenic bacteria.
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Table 11.1 Water quality performance of a VSF > HSF > FWS sequence of
wetland. All units are mg/[7]

Contaminant Influent Imhoff VSF HSF FWS
(pretreatment)
Total Suspended Solids 287 98 8 8 6
Biological Oxygen Demand 393 204 10 5 7
Total Nitrogen 54.6 520 17.6 8.2 7.9
Ammonia 42.1 43.1 10.4 55 2.3
Nitrate and Nitrite 0.9 0.08 Sl 0.7 0.9
Total Phosphorus 8.1 6.8 57 4.7 53
Phosphate 54 4.8 4.8 3.7 4.7

A recent study in Spain monitored the performance of a treatment wetland with
aVSF = HSF = FWS sequence of wetlands for 18 months. The sewage was pretreated
in an Imhoff tank, which is a type of septic tank. After the VSF stage, BOD and TSS
had been reduced by 94 and 90 percent, respectively, and were well below the EPA
standard for secondary effluent [Table 11.1}. Therefore, the HSF and FWS stages
provided advanced (tertiary) treatment. The VSF wetland removed 74 percent of the
ammonia and 66 percent of the total nitrogen. More modest but continued reductions
of ammonia were achieved by the HSF and PWS stages. Nitrate removal was also
excellent, resulting in less than 1 mg/1[7]

The VSF and HSF wetlands made dramatic reductions in the number of £ cofi, but
the PWS wetland contributed £. coli, probably from bird use of the wetlandT]
Therefore, the wetland sequence did not produce water clean enough for swimming,
but it did meet the standards for boating, fishing and irrigation (secondary contact,
1030 cfu/100 mL). Removal of phosphorus was low at 22 percent. Using calcium-rich
gravel and sand in the subsurface wetlands would improve phosphorus removal
significanthy[]

The Caklands Park wetland in the UK is much older than the system described
above, but featured the same sequence of stages (VSF = HSF = FWS). Its perform-
ance was similar, but £. coff was removed to below the standard for swimming and
58 percent of the phosphorus was removed 11

New research is testing the capacity of subsurface wetlands to remove a range
of pain, anti-inflammatory and estrogen drugs. VSF and HSF wetlands remove 97-99
percent of these substance

Neither of the hybrid wetlands described above requires artificial energy, but the
systern illustrated i Figures 11.3]and[11.4Jincludes a small pump to return water
to the HSF wetland to improve denitrification. In this design the HSF wetland is placed
before the VSF wetland and would result in incomplete denitrification without the
recirculation stef]2]

A recent demonstration project confirms the benefit of hybrid wetlands. A three-
stage wetland was constructed with a fully saturated VSF cell followed by a free-
draining VSF cell. The third cell was a HSF bed. Fifty percent of the effluent from
stage two was pumped to stage one for denitrification. The average removal rates
were: BOD 94.5 percent (10 mg/L); TSS 88.5 percent (9.2 mg/l); ammonia 78.3




percent (5.5 mg/L); phosphorus 65.4 percent (1.8 mg/L). The concentration of nitrates
in the outflow was only 1.1 mgA[]

Resilience

Studies show that biological treatment systems are stable and resilient, especially
when a recirculation feature is included as in the systemn described above and in
Figure 11.3 Shocks to an experimental wetland were induced by inputs of high and
low pH, high amounts of organic material, high detergent content, high bleach
content and high £ cofi bacteria contamination. The impact of pump failure (no
recirculation for two days) was also tested. The systern recovered from these impacts
within 24 hours to perform at levels similar to a control wetland. The main impact
of no circulation was an increase of £ coli. After pumping resumed most parameters
were similar to the control wetland within 24 hours. The resilience is thought to be
due primarily to the buffering capacity of the bed materials and the recirculation
feature of this wetland, which reduced clogging and mixed septic tank effluent with
partially treated wate[3

Increasing ecosystem service benefits

With the exception of Caklands Park, the treatment wetland studies cited above
illustrate systems that included only treatment functions, but many aesthetic, cultural
and biodiversity elements can be added to the subsurface stages and especially to
the FWS marshes. Attracting both aquatic and terrestrial wildlife to the FWS wetland
enhances the ecosystem opportunities. The design of open water, shallow and deep
marshes and even seasonally exposed mud can be undertaken for
continued water treatment, habitat, educational and biodiversity benefits.

Diversity of plants in subsurface wetlands

Most of the wetlands reviewed above featured a single wetland plant species, but
a diverse planting plan, dominated by native species, would improve the habitat
quality. Staging seeding and container planting is likely to lead to higher and sustained
plant diversity. Manipulating water depths and flooding the surface during the
wetland establishment period and before wastewater treatment begins would yield
the best results. Weeding to remove invasive plants would help establish secondary
specied] There are great opportunities for landscape architects to improve bio-
diversity, aesthetics and reuse of resources by developing grading and planting
concepts for the zone around treatment wetlands.

Although environmental engineers generally ignore plant biodiversity in the
treatment systern design, a few studies have tested the benefits of plant communities.
In southeast China, a VSF wetland was divided into plots that were planted with
monocultures and various associations of species. The plots with the highest diversity
produced more biomass. Similarly, high-diversity plots caused significantly more
nitrate and ammonia to be held in the gravel substratd 7]
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This free water surface
wetland in Columbia,
Missouri treats
municipal wastewater
that meets secondary
standards for advanced
water quality.

Wastewater treatment wetlands

Macroinvertebrate diversity

The planting design and installation techniques described above would result in higher
biodiversity of plants, but the value of subsurface treatment wetlands on the diversity
of other species has only recently been researched. A recent British study of six HSF
wetlands used macroinvertebrates as a general biodiversity indicator. The investigation
found even more species of terrestrial macroinvertebrates than in a natural reed
ecosystem

Similarly, in FWS wetlands, when macroinvertebrates are used as an indicator of
overall biodiversity, plant variety is key. For example, more species of dragonflies,
damselflies and other Odonate species are present when there is vegetation diversity
compared to monocultures of reed canary grass (Phalaris arundinacea) or cattail. One
study showed that when vegetation diversity is high, four times more uncommon
and threatened Odonate species are presen This finding is supported by a survey
of 20 FWS constructed wetlands for treatment of stormwater in North Carolind?]

Free water surface treatment benefits

Shallow marshes effectively improve water quality through many of the same
mechanisms apparent in subsurface flow wetlands [Fiqure 11.9). A different one is
that ultraviolet light penetrating clear, shallow water kills pathogenic bacteria. A
diversity of plants in an FWS wetland also improves the treatment outcome. A study
comparing performance of monocultures of bulrush (Scirpus spp.) and cattail with
plantings that mixed these species and others, including grasses and smartweed
(Polygonum), found that the mixed vegetation removed more than three times the
nitrate compared to the single-species stands. This is thought to be due to a greater
and more well-distributed supply of carbon (detritus) to denitrifying bacteria in the




Wastewater treatment wetlands

wetland sedimen{Z] Normally, plants in treatment wetlands are not harvested because
they take up less than 10 percent of the nitrates and other nutrients in the wastewater,
but this reduction could be significant to amphibians sensitive to even low levels of
ammonia and nitratd™

Free water surface wetland habitat values

To optimize the biodiversity benefits of FWS wetlands, the landscape architect should
create habitat targeted at each terrestrial and aquatic taxonomic groud®] Generally,
greater habitat diversity leads to greater species diversity, especially if food sources
in each season, vegetation structure (horizontal and vertical), shelter and distance
from human activity are planned effectively. For example, a ten-year study showed
that blackbirds, coots, dabbling ducks and diving ducks did not prefer the dense
stands of emergent vegetation and a water depth of one foot to three feet (0.3—-1 m)
(sed Fiqure 11.14). This situation is the common model for FWS wetlands. Vegetation
cover equal to open water in @ mosaic creates higher biodiversity and continues the
denitrification activity of the subsurface wetlands. For many wetland bird species,
habitat preferences vary by season. Drawing down the water level in constructed
marshes seasonally or even daily to expose mud adds to the value of the habitafZ]

Diversity of birds

The example of an FWS wetland provided here illustrates the habitat values that can
be added to green infrastructure, especially when previous habitat has been destroyed.
In 1991 a 450-acre tract with four FWS wetlands and four ponds was constructed
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Figure 11.10

This constructed, free-
water surface wetland
has a diversity of plants
including bulrush,
sedge, reed
canarygrass, cattail,
willow, marsh marigold
and duck weed.
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in lllinois for intensive study of biodiversity benefits. The watershed is 80 percent
agricultural and 20 percent suburbar[3]

Biodiversity improvements were documented, using birds as the indicator. Before
construction, no endangered species were found on the site. Compared to a census
before construction, the number of nesting bird species increased by 30 percent,
while wetland species increased 100 percent within two years. The number of
waterfow! individuals using the site during migration increased 4,000 percent and
the species diversity increased 400 percent. The 167 species using the site two years
after construction had increased to 195 species by 2002. Of these, 13 species were
endangered and eight were threatened within the state. There are five new nesting
species that are on the state endangered list, including the sandhill crane (Grus
canadensis) [(Figure 11.11). The constructed wetlands have become important sites
for migrating as well as resident bird{>]

These wetlands are in a suburban and agricultural context, but urban wetlands
are also refuges of biodiversity. The sizes of natural wetlands decrease as urbanization
increases, according to a study in New England. The remaining urban wetlands, and
newly created ones, contain a much greater abundance and richness of bird species
normally associated with wetlands, and other bird species typically found in other
habitat types. Terrestrial birds use wetland habitat when their preferred habitat is
limited or of low quality. They are attracted by the presence of water, a range of
food sources and the presence of shrub vegetation2] This suggests that landscape
architects can support biodiversity of terrestrial species by creating a mosaic of
habitats at the margin of the treatment wetland.

Small urban wetlands, like other habitat fragments in the city, are dominated by
species tolerant of humans. To increase urban biodiversity to include many native
species, habitat patches five acres and larger that are connected by ecological corridors

Sandhill cranes in flight
above a free-water
surface wetland.




are necessary.®] This habitat would be easier and less expensive to assemble if it
served multiple functions, served more than one community interest group or was
subsidized because of its ecosystem service benefits. Subsurface treatment wetlands,
marsh habitat, stormwater treatment and urban forestry comprise one of many
possible sets of primary use areas that would provide far greater benefits at lower
costs when organized into a green infrastructure than they would as isolated single
uses.

Fcosystem dlisservice

In addition to the significant ecosystem services, treatment wetlands sometimes pro-
duce ecosystem disservices. Mosquitoes are a concern in areas with surface water.
However, highly functioning wetland ecosystems significantly limit the population of
mosquitoes. High plant diversity leads to greater numbers and diversity of predatory
insects which reduce the number of mosquito larva in marsh wetlands compared to
open-water ponds without vegetation[2]

Unfortunately, constructed wetlands contribute to anthropogenic greenhouse gas
emissions through the production of methane. Sweden is creating 30,000 acres
{12,140 ha) of constructed wetlands, which will increase methane emission 0.04
percent, but remove nitrates from farm stormwater runoff. This small increase is
justifiable compared to the substantial ecosystemn benefit of nitrate reduction.
Furthermore, planting dense emergent and floating leaf vegetation in wetlands limits
the amount of methane produced®] Methane emissions by wetlands are also miti-
gated by their carbon sequestration, which is a positive contribution to climate
regulation. The annual accumulation of carbon is higher in wetlands than for managed
turf grass and regenerating fores{Z]

Another potential disservice of treatment wetlands is compromised health of
aquatic systerns or organisms due to insufficient removal of ammonia and pharma-
ceuticals. These substances in secondary effluent from conventional treatment plants
have been shown to create abnormalities in amphibian{>]

Design and management of FWS wetlands to reduce ecosystem disservices allows
people and wildlife to benefit from a number of positive contributions to the cultural
and natural landscape. The Eagle Bluffs Conservation Area in Missouri is one of many
examples of wildlife refuges where water is provided by an FWS wetland

[11.9 that is fed by a conventional treatment plan{Z}

Cultural ecosystem services

Treatment wetlands serve people by providing an engineering function, economic
benefits and cultural benefits, such as scenic beauty, recreation and education.
Physical activities|(Figure 11.1%), nature study, social gathering and even simple retreat
from the urban environment into scenic landscapes are important urban activities
that wetlands in a green infrastructure can foster. Wetlands that include open water
are attractive and interesting. A comparison of constructed wetlands and ponds found
that trails and wildlife viewing areas and education programs were much more often
associated with Wetland
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The Columbia, Missouri
constructed wetlands
provide opportunities to
secure secondary
benefits of recreation
and restoration of
biodiversity.

Wastewater treatment wetlands

Once the technical requirements are discharged, then treatment wetlands can be
fashioned to better serve people. HSF beds do require fairly rectangular shapes to
achieve uniform water flow, but the margins beyond the beds can be designed with
various elevation, hydrologic and soil parameters to generate habitat and aesthetic
results. VSF beds can be virtually any shape without compromising their performance.
The shape requirements of FWS wetlands fall between the extremes of HSF and VSF
beds. Manipulating the physical and visual aspects of treatment wetland stages can

produce creative landscapes (seq| Figure 11.13).

Capital and operating costs

When treatment wetlands are compared to conventional plants, it is apparent that
costs and benefits are distributed differently. Treatment wetlands require more land
area to treat the same volume of water. Therefore, expenditures for land and the
availability of land are impediments in existing urban areas and where planning in
advance of development has been inadequate. In contrast, the cost of construction
is comparable, or lower, and operating costs for treatment wetlands are much lower,
since sunlight, gravity and biological processes power therm[3] In treatment wetlands,
pumping or artificial aeration are rarely necessary and much less demanding when
they are required, but the cost of water quality testing might be higher in a distributed
treatment model.

Although treatment wetlands become less competitive with conventional systems
as their size increases, they have been constructed to serve as many as 6,000 residents
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Often ignored in cost-benefit comparisons are the values of secondary [Figure 11.13

benefits. When treatment wetlands simultaneously provide habitat that would need
to be purchased or restored elsewhere, then there is a significant economic benefit.
Similarly, recreation, alternative transportation, space for underground utilities, water
reuse and space separating high-density buildings have economic value. This more
holistic assessment would demonstrate the true value of treatment wetland

Koh Phi Phi Island case study

The wetland on Koh Phi Phi Island, Thailand is a wonderful example of multifunctional
landscape design . This landscape includes wastewater treatment and
a city park on a 1.5-acre (6,000 m?) parcel in the center of the town. The park
amenities, including a pavilion, panels of turf and flowering plants, seating and stroll-
ing areas and sports field, are fully integrated with the treatment wetland{#

The island is occupied by 3,000 residents, but one million tourists visit annually.
After the island was devastated by a tsunami in 2005, the Danish government pro-
vided funds to restore wastewater treatment. The island is characterized by a scarcity
of water, energy and developable land. Therefore, a multifunctional landscape was
designed. An extensive public process supported by the municipal government and
major stakeholders generated the design concept. The design analogy referenced the
shape of the island and local symbols. The project cost $700,000 (in 2006 dollars).
A local contractor, who hired local workers, built the projec

Wastewater pretreatment is done at the residence or business site where free
septic tanks and sewer connections were provided. Solar pumps deliver as much as
105,670 gallons per day (400 m?3) to three parallel VSF cells with a total area of 0.6

Koh Phi Phi
Multifunctional
Community Garden. In
this image the
collection and
distribution building is
at the far left. The
wedge-shaped VSF are
at the left, while the
long arcs of the HSF are
in the center. The FWS
areas are in the
foreground and the
polishing pool is the
long canal (center).
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acres (2,300 m?). The VSF wetlands are 2’ 4" (0.70 m) deep, with three lavers of
gravel (10 mm top, 25 mm middle and 40 mm bottom), and planted with Cahna
and Heliconia. Water from the VSF cells flows through three parallel cells of HSF
wetland with a total area of 0.2 acres (750 m2). The HSF wetlands are two-feet (0.6 m)
deep, planted with Canna in beds composed of 25-mm gravel. The third stage of
treatment is three two-feet deep PWS pools. These have an area of 0.2 acres and
are planted with Papyrus. The treated water flows into a 2" 4" deep, linear polishing
pond of 0.05 acres (200 m?) and then into a closed reservoir for use in irrigatior{

The performance of the system was monitored for two years. The average BOD
and TSS meet EPA standards. However, performance was better during the first year.
The primary cause of declining effluent quality is illegal connections to the sewer
system without installing the required septic tanks and grease traps. Nevertheless,
the pairing of recreation, aesthetic, social and wastewater functions was demonstrated
as viable where a wastewater authority enforces health codes and is held responsible
for the small amount of maintenance and adjustment that the biological system
requires.

The wetlands establish the visual character of the park. The recreation and
opportunities for social gatherings are secondary benefits. The reuse of the treated
water to irrigate the park and conserve scarce potable water is another contribution
of the wetlands. An unusual secondary benefit is that the lobster claw flowers can
be harvested and sold.

Application of treatment wetlands in green
infrastructure

Treatment wetlands can be integrated into the municipal landscape when physical
planning is done in advance of development to match developrment density (and
massing) with open-space volurmes. The wetlands don’t require large land areas and
can be distributed at various elevations in the watershed, allowing for water reuse
in lower portions of the watershed.

In order to illustrate the impact of distributed treatment wetlands, a simple
example is provided here for a new residential development (380 dwelling units and
a population of 1,000 at the edge of a growing city). The area needed to achieve
secondary quality effluent with a VSF wetland is 0.5 acres. For tertiary quality, an
additional 1.3 acres of HSF wetland would be required. One to two acres of FAS
wetlands would maximize recreation and biodiversity benefits. The total land area
of 3.8-4.8 acres is substantially less than the 6.5-10.5 acres of parkland per 1,000
people recommended by the National Recreation and Park Associatiorl The wetland
acreage would allow features such as a 0.3-mile circuit path, fishing docks and
picnicking areas without consuming more land. Additional acreage is justified for
urban habitat and ecological corridors to achieve the 25-30 percent allocation that
this book recommends to achieve the urban structure, recreation and biodiversity
benefits of green infrastructure.

About 80,000 gallons of treated water would be available daily for irrigation. At
4.2 (US average) and 10 dwelling units per acre, the wetlands would represent less
than 5 and 12.6 percent, respectively, of the residential area. If fact, multi-family
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residences at the edge of the green infrastructure would encourage mixed-density
neighborhoods and reward those residents with desirable views and immediate
access to public open space.

Conclusion

The purpose of green infrastructure is to systematically integrate anthropomorphic
and ecological patterns, functions and valuef? to support healthy ecosystems and
provide goods and services that directly or indirectly benefit humans. Treatment
wetlands are clear examples of the integration of human and ecological systems
since they contribute to provisioning, regulating, cultural and supporting ecosystem
services.

The discussion of the advances in the engineering and performance of wastewater
treatment wetlands yields conclusions about their effectiveness and potential location.
Individual treatment wetlands of either the HSF or VSF type effectively meet secondary
treatment standards when 4.5 m? (HSF) to 2 m? (VSF) of treatment area per person
served are provided. A sequence of the two wetland types achieves tertiary water
quality. The subsurface treatment wetlands can be distributed throughout the green
infrastructure where treated effluent can be fed to FWS habitat wetlands and reused
for irrigation. Qutside of existing dense urban areas, treatment wetlands are
economically viable. The potential ecosystem service value of subsurface and FWS
wetlands can be calculated to justify construction or restoration costs to realize a
full range of ecosystem services. These benefits are expanded when treatment wetlands
are incorporated into a green infrastructure.

The discussion of secondary ecosystem benefits of treatment wetlands within a
multifunctional landscape has urban design implications. Simultaneously planning a
network of all ecosystem and human landscapes efficiently utilizes public space.
Comprehensive physical planning encourages functions to overlap. Compatible
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Constructed wetlands
like this one at a
business park in Oregon
can be designed to
create heterogeneous
habitat for wildlife and
amenities for people.
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adjacent uses enlarge the effective area of the landscape due to spatial overlapping
and temporal displacement of functions. Each component of the green infrastructure
expresses a primary function and allows many secondary uses or characteristics. These
characteristics can contribute significantly to the primary use of adjacent spaces. The
example of Koh Phi Phi illustrates this concept. The plants in the treatment wetlands
establish the verdant character of the town’s central park and contribute to its
attractiveness as a social gathering place.
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CHAPTER TWELVE

Stockholm: green infrastructure
case study

Context

The city and county of Stockholm demonstrate the planning and implementation of
green infrastructure advocated in this book. The city is located approximately at
latitude 59°N in southeast Sweden [Figure 12,1} within an astoundingly complex
configuration of islands, coastline, freshwater lakes and saltwater estuaries on the
Baltic Sea [Figure 12.2).

About half of the County of Stockholm is composed of primarily fertile coniferous
forest, but deciduous forests also occur here. Forested land and the amount of
protected forest is increasing in the county at the expense of agriculture, but the
rate of increase is insufficient to protect biological diversi[] Within the city there
are eight natural areas, including nature and cultural reserves and an urban national
park, with a total area of 5,680 acres (2,299 ha). Of this 828 acres (335 ha) is water
and 4,855 acres (1,965 ha) is land.

The built environment

Like many European cities, Stockholm was initially located to be geographically
defensible. Constrained by the area of a small island in Lake Malaren, the city was
compactly developed with multistory buildings, narrow streets and little natural open
space. As the city expanded, especially after World War I, growth followed the road
alignments.

Today, 872,000 people live in the Stockholm city area of 73 square miles (188 km?).
Development within the city is compact since nearly 90 percent of residents live in
multi-family buildings {Figure 12 .3} The resulting population density is 11,944
inhabitants per square mile (4,638 per km?). The region is increasingly polycentric
and growing with the addition of 20,000 people per yeal] The population of the
metropolitan areais now 2,050,00c[] The sections below consider the municipal and
regional scale, before focusing on a recently developed urban infill district near the
city center.

In a competitive process, Stockholm was designated the first Green Capital of
Europe in 2010. The Green Capital competition assesses many factors of sustainability,
which is broader than the consideration of green infrastructure, but many factors
overlap, of course. Of particular interest here is the regional, municipal and neigh-
borhood green infrastructure that supports multiple uses.
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Stockholm urban core.
Photo 59°19'21.92” N
18°04'26.36"E, 12
September 2007
(accessed 15 April
2013) by Google Earth.

Regional system

Green wedges

The concept of a regional green infrastructure was articulated in the 1930s. Alternating
fingers of natural landscape and human habitation with transportation infrastructure
was adopted as a general planning principle [(Figure 12.4). Traditionally, Swedish
farmsteads and villages were constructed on high ground or benches above a river
or stream. The floodplain and agricultural fields lay between the watercourse and
the settlement. It is often this floodplain and old agricultural fields or pastures that
form the spines of the green wedges flanked by the settlements and the roads that
connect them[ Voluntary comprehensive planning of green wedges and then legally
binding detailed development plans for cities and towns were in place by 1998.
Stockholm adopted an urban infill plan in 1999 and in 2001 the County of Stockholm
adopted a spatial, green wedge regional development plan, which was updated in
201003

These decisions resulted in a radial regional plan with wedges of continuous green
infrastructure that had significant biodiversity value while being close to residential
districts. The plan features ten long corridors of agriculture, forest and habitat at
least 1,640 feet (500 m) wide [Figure 12.4). These corridors connect huge natural
preserves outside the city and are essential to the high biodiversity near the city center.
Ecologists in Stockholm found that habitat areas of 740 acres supported the needs
of most native species, particularly when the area was more compact, rather than
linear in shape. The widths of ecological corridors are variable according to the target
species, but a 0.3 mile (0.5 km) width is defined by the regional development plan
as the minimum to accommodate both wildlife and recreation uses. There are many
existing areas within the green wedges that are less wide than the recommendation,
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particularly near the city center. These are identified and labeled as one of three
categories of weak points where more careful planning is to take place to avoid
further erosion and where mitigation measures are to be undertaken. In fact, a detailed
study identified all of the corridor breaks and barriers as a first step toward mitigation.
Planning documents also stress the almost insurmountable obstacles to dispersal of
some species that busy highways presenﬂ

Human use of the green wedgesM) is as important as the biodiversity
benefits. For example, the National Urban Park in Stockholm receives 15 million visitors
each yearﬁ To foster public use of this and other green areas, 43 public transit stations
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have been designated as green stations. These are transit stops where citizens can

walk 984-1640 feet (300-500 m) to reach a green wedge. Major green transit
stations feature information about the adjacent natural resourcej

The green wedges are being increasingly codified. In 2003 the county made the
commitment to add 71 new nature reserves and 28 study areas. By 2012 36 of these
were realized. This official protection, rather than planning guidelines, assures that
urban growth will follow the existing roads and rail lines rather than sprawling into
the landscape infrastructure.

The National Urban Park

Stockholm established the world’s first urban national park in 1995 {Figure 12.6].
The park is part of one of the regional green wedges and the largest park within
the city limits. It also extends into two other municipalities. In the European tradition,
the 6,670-acre park is a mixture of cultural facilities, such as museums, recreation
areas and protected wildlife habitat.

Initially the Parliament defined the area as one of natural interest. The core of
the park was inherited from royal hunting grounds of the previous centuries. The
municipalities were given planning authority to foster democratic participation
but secret negotiations between private construction companies and municipalities
regarding development of public land before the initiation of public processes resulted
in the development of hundreds of acres within the national interest area boundary.
The controversy generated by this practice led to citizen planning efforts and petitions
organized by non-governmental organizations and supported by the media. With

Social areas and
recreation use are major
components of the
green infrastructure and
this area of the
National Urban Park.
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the prospect of a large road infrastructure project that would have damaged the
area, the National Parliament voted unanimously in late 1994 to establish the National
Urban Park. The act took effect in 1995 and specified more clear boundaries
24, purposes and protectionsﬂ

Development of new buildings and roads was not prohibited by the act, but
development is not permitted if it negatively impacts any of the three purposes of
the park — cultural, recreational and environmental. Existing buildings can be expanded
if they do not impact the park. In contrast, facilitates in support of park purposes
were to be developed and protected within the park boundaries [Figure 12,6 shows
that the park boundary encloses two core areas and a corridor through the urban
developrment]

Public agencies are focused on strengthening the ecological connections diminished
before the park was createfd and on the development plans for the industrial and
port area to the east of the park.

Ecology and the green wedges

In the initial stages of planning the green wedges, ecologists studied native forest
species in need of conservation attention to determine whether the green wedges
had the capacity to sustain them. Some species are difficult to sustain in growing
urban districts due to large territory requirements, large core area requirements,
specialized habitat needs, small or scattered populations or low dispersal rates.



Species with one or more of these characteristics are especially vulnerable to the
habitat fragmentation and degradation that accompanies urbanization. Two of the
bird species in the study (nutcracker and the honey buzzard) have specialized habitat
requirements associated with certain species of shrubs and trees, and both had low
and scattered populations. In the study area, forest clearing, removal of mature
trees and conversion of deciduous forest to coniferous forest were the most serious
threats to the study specie{]

The six bird species included in the study were honey buzzard (Pernis apivorus},
goshawk (Accipiter gentilis), stock dove (Columba oenas), black woodpecker
{Dryocopus martius), lesser spotted woodpecker (Dendrocopos minor) and nutcracker
{Nucifraga caryocatactes). The study found that the size of the available habitat, and
the type and degree of connectivity, determined the presence of breeding pairs of
these birds. The study mapped the green wedges and identified 67 sites within and
outside the green wedges. Surveys were conducted in 28 of these sites. These defined
a gradient from the city center to the rural landscape. Near the city center habitat
patches were smaller and more isolated. The forest coverage for the study area was
39 percent. For the area within 6.2 miles (10 km) of the city center, the forest coverage
was 25 percent, while the area within 6.2 miles of the city center but outside the
green wedges had only 15 percent forested area.

The study discovered a wide range of habitat requirements for the target species.
The black woodpecker required territory with mature, mostly coniferous, forest as
large as 1,235 acres (500 ha). However, this could be comprised of several habitat
patches within an agricultural matrix with only 26 percent forest cover. In contrast,
the lesser-spotted woodpecker preferred strips of moist deciduous forest along lake
shorelines and required only 49123 acres {(20-50 ha) of good habitat. However,
this habitat type is not as extensive as coniferous forest.

The goshawk prefers large forest areas but has adapted to breed in fragmented
patches within the urbanizing region. The nutcracker and the honey buzzard required
the largest territories, but benefited from good connectivity between habitat patches.

The study outlined above determined that the needs of the bird species in the
Stockholm region can be met in the green wedges if large and diverse forest habitats
are preserved. It also determined that smaller habitat fragments are valuable if
proximity is goodd Continuous corridors linking habitat fragments will be more
important for terrestrial animals than for the bird species in this study.

Large habitat areas still exist in Stockholm County, but nearer the city center habitat
is fragmented into smaller parcels with a few exceptions. However, in this situation
groups of fragments may serve as territory for some native species. For birds and
mohile terrestrial species, the fragments can simply be close together, but for many
species an ecological corridor must connect the habitat fragments. This was
demonstrated in a study of a bird, the coal tit {Parus ater), in the Stockholm region.
This bird was known to be a habitat specialist requiring coniferous forest habitat of
25 to 74 acres (10-30 ha). However, the bird was found in habitat fragments within
a network. Patch networks with a total area of 17-25 acres (5-10 ha) but where the
fragments were separated by no more that 164 feet (50 m} served as breeding
territory. The bird was found in habitat fragments greater than 2.5 acres {1 hal']
This finding is important for physical planning in urban and suburban areas where

223



224

Stockholm: green infrastructure case study
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development.

extensive damage to habitat has occurred. As noted earlier, for terrestrial animals it
is more likely that the habitat fragments will need to be connected with ecological
corridors for the network to serve as breeding habitat.

Wetlands amount to, at most, 4 percent of Stockholm County. About 1.2 square
miles (3 km?) of wetlands have been lost and 4.6 square miles (12 km?) remain
[12.7). Wetlands have been lost to roads and other development and 90 percent of
the remaining wetlands are impacted by human activity. There are 850 lakes in the
county and about 100 of these are impacted by acidification (30 are treated with
lime regularly to mitigate the acidity). This is primarily the result of air pollution
originating on the European continent. The Stockholm archipelago is impacted by
excess nitrogen and phosphorus from sewage plant effluent and stormwater runoff
and by heavy metals from urban runoffl] The city and county have an ambitious,
continuous and cooperative environmental monitoring program. It correctly focuses
on habitat and species monitoring to assure sustained biodiversity. However, annual
tracking of the populations of target species, such as greater cormorants and other
species, is undertaken to monitor endangered species or sudden changes in species
numbersﬂ

Urban parks and open space

The green wedges extend from the county into the city. Within the city there are
21,000 acres (8,500 ha) of parkland representing 40 percent of the total land area
and resulting in 27 acres (11 ha) of parkland per 1,000 residentd ] This compares
to Los Angeles, with 10 percent of its area dedicated to parkland, and Portland with
15.8 percen The parkland in Stockholm includes 12 parks that are over 200 acres
(81 ha) in size. The dozen parks contain about one-third of the city land area.
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The goal of green space near every resident is taken seriously in Stockholm since
surveys demonstrate the public demand. Seventy percent of inner-city residents wish
to visit green spaces more often and spend more time there. This desire is independent
of gender, age and socio-economic status. Distance from a green space and lack of
time are the two reasons for less use of green spaces than desirecﬂ New planning
goals established distance and park size standards. Residents are to be no more than
600 feet (200 m) from a pocket or neighborhood park 2.5-12.5 acres (1-5 ha) in
size and no more than 1,500 feet (457 m) from a district park of 12.5-125 acres
(5-51 ha). In addition, residents are to be no mare than 0.6 miles {1 km) from a
nature preserve larger than 125 acres (50 ha} in size ']

As demonstrated earlier, the parkland amenity is also an economic value as
expressed by rent and property values. When comparing condorminiums, those near
27 acres {11 ha) of park land commanded $783 more for each 11 ft2 of floor area
(600 £/m?) compared to similar units with parks with 17 acres (7 ha) of park
environmentﬂ

Ecosystem value of the National Urban Park

Deciduous forests dominated by red oak trees are prized in Stockholm. In the National
Urban Park one-quarter of all trees are oaks (se‘e. Oak trees had royal
protection beginning in the 1300s and could not be legally cut by private parties
until the late 1800s, due in part to their value in shipbuilding. However, much illegal
harvesting took place and other oaks were lost when forest was converted to
farmland. In 1809 the royal hunting park in Stockholm was formalized and protected
the oak forestlj

Hundreds of species are associated with old-growth stands of oaks. For example,
the oaks are dependent on the Eurasian jays (Garrulus glandiarius) to spread their
seeds . Jays bury a store of acorns in the fall and live on them in the
winter. The nearly 100 jays living in the National Urban Park hide about half a million

The Eurasian jay is critical for the
maintenance of the cak woodland and
provides valuable ecosystem services.
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acorns per year. About 30 percent of these are not recovered from the soil and can
grow into new oaks. An estimated 85 percent of the park’s oaks are the result of
the jay’'s natural seed dispersal. In order to estimate the economic value of birds’
work, the cost of humans planting oaks can be calculated. Depending on the plant-
ing method (seeds or seedlings) each pair of jays does a job that corresponds to
$880-3,920 per acre. Jays are limited to oak forests and unwilling to cross open
areas. Therefore, it is important that large areas of oak forest or corridors connecting
smaller patches are preserved to maintain the population of both birds and oak{]

The National Urban Park contains a great diversity of habitats including deciduous
and coniferous forests, meadows and pastures, wetlands, lakes and rivers, a long
coastline and numerous islands. There are 880 species of flowering plants, 40 fish
species, 1,000 species of butterflies and about 100 species of birds that breed in the
park. Nine of the 14 species of bats in Sweden are found in the park, including two
threatened species (whiskered and Natterer’s bat). Of course, many exotic, invasive
species exist here too. One is the American mink.

The most important habitat type in the park is the deciduous forest, since most
of the country is dominated by coniferous forest. In this forest, the oaks are associated
with elm, ash, linden and maple. Man has managed all habitat types in the park,
including the deciduous forest, for centuries through mowing, grazing and tree
planting. Groves of 200-300-year-old trees create a unique ecological environment,
which is increasingly rare in Sweden and Europe. As limbs or entire oak trees die,
they remain standing and become a long-lasting resource for hole-nesting birds,
mammals and a host of beetles and other insects. There are actually about 1,500
species of insects, wood fungi and lichens linked to oaks, especially the ancient ones.



The 1,200 species of beetles, which are involved in the decomposition of the bark
and decaying wood, make up the majority of the species linked to the oak trees.
Ninety percent of the beetle species prefer standing trunks in sunlight. Many
endangered invertebrates, such as the broad-banded beetle {Plagichotus detrftus)
are members of the old-growth cak groves. In addition, oak and beech acorns support
birds and mammaldT]

The large size of the park supports core habitat areas, although the species most
sensitive to human activity or needing the largest territories may be compromised.
Keys to the dispersal of offspring are corridor connections between the north and
south core areas of the park and more regionally to the deciduous forest stands south
of Stockholm [Figure 12.4). The corridors between the core areas are vulnerable to
development and habitat loss. The city is working carefully to develop the royal port,
on the eastern edge of the city, to strengthen the corridor within the National Urban
Park and reduce the hostility of the matrix. Extending an ecological corridor south of
the park will be difficult and require local and regional coordination and public support.
Since deciduous forest is not the dominant forest type and because the National
Urban Park is more isolated by urban development than in the past, there is a concern
that the deciduous woodland in the park is a relic landscape that will slowly decline.
Reduction of the original cak ecosystem below 25 percent of its original size is a
threshold that threatens the viability of the ecosystem. The long life span of the oaks
creates some uncertainty about the long-term prospects of the forest.

City center

The green infrastructure of the city center primarily expresses human values. Vibrant
streets, public squares, urban parks, historic districts and sustainable transportation
serve the citizens in the cultural, government and financial old town. These spaces
are also part of the green infrastructure of the city, even if they don’t focus on the
non-human aspects of the environment. They are volumes that make high-density,
mixed-use districts vibrant and desirable places to live, work and shop. Stockholm
offers a full range of urban spaces from the largely paved plazas that can host
thousands of people for celebrations to green oases that provide a
respite from the bustle of the city. There are promenades along the
water and through the old town that connect a variety of spaces and use areas, such
as transportation centers, government complexes and the urban waterfront.

The combination of high population density and high percentage of open space
is unusual. In San Francisco, the population density is higher than in Stockholm, but
this is at the expense of parkland and especially biodiversity. Only 14 percent of the
land area in San Francisco is park and open space and the park acreage per person
is very low ). In contrast, the city of Austin covers more than three times
the area of Stockholm but has only one-quarter of the density. The percentage of
land dedicated to open space is much lower in Austin than in Stockholm, although
acres per 1,000 people are quite high. Austin manages two Texas state parks within
the city limits. In summary, Austin is a sprawling low-density city with a great open-
space system, while San Francisco is a very urban, high-density environment without
the balance of habitat and open space amenities of Stockholm ]
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Table 12.1 Comparison of area occupied, density, percentage of green space
and park acreage per 1,000 people

City Area Population Density Green space Parks

5¢. mikm? 5. mikm? percent ac/1,000 persons
Stockholm 188/73 872,000 4,600/12,000 40 27
Austin 704/272 820,000 1,259/3,262 16.6 36.8
San Francisco 122/47 805,000 6,633/17,179 14 B8

Nevw Urbanism proponents in the US worry that green infrastructure is a recipe
for the ruralization of American towns and cities. Stockholm demonstrates that cities
can have it all - vibrant urban environments and rich biodiversity. Providing 25 percent
or less open space in a city stresses the remaining ecosystems and is too low to
accommodate both recreation and urban biodiversity without conflict. Population
densities need to increase in most American cities in order to preserve land for
recreation, scenery, stormwater treatment, habitat and other ecosystem functions
and services.

The high population density in Stockholm has substantial secondary benefits since
it precludes the loss of natural landscape to suburban sprawl. This regional city is
clearly the center of civic life and remains the focus of smaller cities connected to it
by roads and rail lines.

Green transportation infrastructure

Stockholm will not expand its street infrastructure for automobiles in the future.
Instead the ernphasis will be on public transportation, bicycle and pedestrian
infrastructure. Those who commute by bicycle in the city of Stockholm has nearly
doubled since 1982[] Currently 15 percent of commuters within the city travel by
bicycle and the city’s goal is to increase this to 30 percent by 2030. The improvernent
can be attributed to several factors, including more bike lanes, fewer automobiles
on the roads, improved traffic controls and opportunities to carry bicycles on buses,
light rail trains and ferries. The number of bicycle lanes, air stations, storage facilities
and winter maintenance of bicycle routes is increasing steadil{] The routing of bicycle
and pedestrian paths encourages recreational use as well as transportation to
workplaces.

Hammarby Sjéstad

Introduction

Stockholm addresses green infrastructure at the regional scale with a hierarchical
public transportation network, the green wedges and habitat for native species. The
National Urban Park and other large parks offer urban biodiversity and recreation
benefits. The city center and an inner ring of mixed-use districts focus on green
spaces to satisfy social, aesthetic, stormwater management and urban habitat. This
is best implemented at Hammarby Sjostad.
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Figure 12.12
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Planning context

Hammarby Sjéstad was originally a wooded area with meadows and a farm on the
southern shore of Hammarby Lake, and was used as a picnic ground by the residents
of the neighborhood (Sédermalm) just north of the lake. Purchased by the city in
1917, the area was made available for shipping and industrial use to take advantage
of the canal constructed in 1914 to connect Hammarby Lake to the Baltic Sea.
As Stockholm grew the industrial area became attractive as an opportunity to build
residences near the center of the city, rather than as suburban sprawl, and to address
the poor appearance, noise and pollution created by the industrial and port activities.
However, industrial users had not abandoned the land as they did in so many other
cities.

The industrial brownfield site was planned for redevelopment as an Olympic
Village during Stockholm’s 1996 bid for the 2004 Olympic Games. When Athens,
Greece was chosen instead, the private sector’s interest in financing the redevelopment
evaporated. However, since a great deal of planning work had been done already,
the city continued the development process. The initial planning for the Olympics
inspired high sustainability goals consistent with previous housing projects associated
with the international game

The initial sustainability plan for the property was developed when a govern-
ment composed of liberal parties and its environmental partners were in control of
the city council. When this changed in 1998, the new conservative government
weakened the sustainability goals of the project and favored privately owned and
more expensive housing, as well as fewer requirements for environmental measure
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For example, special toilets allowing separate collection and treatment of urine from
other wastewater were eliminated from the development requirements. This shifted
wastewater treatment costs from the developers to subsequent city operationd
Later, wastewater treatment in an experimental plant in the district demonstrated
that source separation significantly reduces the energy required for treatment of

wastewate

Development process and costs

Large-scale development in Sweden is generally initiated by the municipality, which
often exercises eminent domain (compulsory purchase). Although most of the land
for this redevelopment was already owned by the City of Stockholm, approximately
$83 million was required to purchase private land to assemble all of the required
parcels. Ultimately, the city invested $0.65 billion in the project, while the private
sector invested $3.8 billior[] The high land cost resulted from paying more than
market value for some parcels to avoid eminent domain appeals that would slow
the development procesd] The industrial uses of the site were automobile repair, an
asphalt company, varnish manufacturing and metal processing. The soil contam-
ination was moderate and cost about $17 million for remediation or capping]
Hammarby Sjostad is 494 acres (almost 100 acres of which is water); there are
49 apartment units per gross acre (122.5 per hectare) and a population density of
108 residents per gross acre (270 per hectare) in residential or mixed-use buildings
of 4-13 stories (seven-story average). Ultimately there will be 11,500 apartments, of
which 46 percent will be rentals and 54 percent owner occupied. At completion
there will be 26,000 residents with an additional 10,000 jobs in the project area.

Figure 12.13

The lake and canal are central features of Hammarby Sjostad. Note the oval vegetated parcel
on the right — this is the oak woodland with its ecoduct connection to the regional
landscape. Photo 59°18’19.96" N, 18°05’59.86" E, 12 September 2007 (accessed 15 April
2013) by Google Earth.
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These workers occupy over three million square feet of office, retail and light industrial
spacel] A criticism of the development is that the initial goal of providing low-cost
housing has not been realized. Most of the development parcels were sold to private
developers, resulting in rents and purchase prices well beyond the middle and lower
economic strata[(Figure 12.14). Therefore, from a social standpoint Hammarby Sjéstad
is not an example of a socially sustainable project'{ Without rent or price controls,
the attractive environment, access to public transportation and central location caused
the market rates for the housing to rise rapidly.

Open-space system

High-density urban districts can be the counterpoint to green infrastructure. At
Hammarby Sjostad there are 74 acres (30 ha) dedicated to public green space and
an additional 160 square feet (15 m2) of courtyard space per dwelling uni{™ The
space dedicated to the residential courtyards (see|Figure 12.18) is quite high and
supports the goal of at least 15 percent of the courtyard space receiving four hours
of sunlight on the spring and autumn equino?] Roughly 40 percent of the land
area is available for recreation, open space, urban plazas, residential courtyards, wild-
life habitat and corridors and stormwater management. The substantial area of water
increases the ecological value of the green infrastructure, especially where the aquatic
and terrestrial systems meet. If the water area is included, then more than 50 percent
of the project area is dedicated to the green infrastructure.
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There are a number of public and semi-public spaces in the development. A favorite  [Figure 12.19

is the wooden deck at the north end of the project [Eigure 12.15). At a street end,
the space is prominent and accessible by residents and the public. It has a varied
program including two stormwater treatment facilities (se), public art,
a pergola, a perennial garden, board walks[(Figure 12.16) and the stepped deck
which serves both groups and individuals. These are high-quality, flexible and informal
urban places that engender a sense of place.

There is also a more formal urban plaza (see connected to the
central park that serves the neighborhood’s civic celebrations. Other public spaces
match their character to their context. The expensive and engaging fountain, plaza
and garden shown in[Figure 12.17]are at the intersection of retail and residential
buildings. The fountain is set back slightly but visible from Lugnet Alle and the light
rail cars, while the perennial gardens make the transition to the residential structures
arrayed along one of the canals.

Closer to home, every building with a complex shape has a partially enclosed
courtyard. These are multiple-use spaces offering access to sunlight, improved privacy,
turf play areas, lush plantings and the community recycling system.

Sustainable transportation

Recreational paths serve the 27 percent of the residents who walk or bicycle to work,
in addition to those using the system for pleasure or exercise. The opportunity to

The pergola and wood
deck serve picnickers,
joggers and a yoga
class on this sunny
afternoon.
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The boardwalk and dock encourage families and pets to enjoy social time and the terrific view of the activities on the
lake and the wetlands bordering the Hammarby Sj6stad neighborhood.

This beautiful and interactive fountain is at the interface of a retail and residential section. Its water display changes,
offering endless mystery to children and a varied scene for the resident.
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provide the miles of separated paths and neighborhood parks is due, in part, to the [Eigure 12.14

low number of automobiles. In Hammarby, only 62 percent of households own a  Residential courtyards
are large and heavily

car and these seem not to be used on a daily basis. In fact, 52 percent of the residents  pjanted, offering

travel via public transportation [Figure 12.19], while only 21 percent commute by  privacy between units

private automobile. and places for play and
Largely due to this use of public transportation ) and walking or entertainment

bicycling, the decrease in CO, emissions per residential unit is 52 percent below the

levels of the early 1990 A car-sharing program in the district attracts 6 percent

of the population (910 people) and 100 companies who subscribe. The system

employs 46 energy-efficient cars. Fewer cars in the neighborhood means less land

dedicated to parking. There are 0.55 parking spaces per dwelling (totaling 4,000

spaces within underground garages) and 0.15 spaces per unit of street and surface

parking (totaling 3,000 spacesf2] Although exceptionally low by American standards,

where 1.25 spaces of on-site parking are typically required, the original plan set the

standard at 0.4 spaces per unit to accommodate residents, workplace and guest

parking. This limit was to encourage public transit ridership but was nearly doubled

in 1998 due to pressure from developer The clean and efficient light rail service

connects residents to the city center and suburban areas [(Figure 12.24).
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gure O

Sewage sludge is processed in the wastewater treatment plant to generate biogas (methane),
which is used to power the city’s fleet of efficient buses.

A light rail train (left) passes through the center of Hammarby and its central park and plaza. One of the schools helps
frame this plaza with its multistory facade.
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Stormwater treatment

Stormwater treatment is an important part of the green infrastructure and is well
developed and diverse, especially considering that the project planning was done
15 years ago. Hammarby Sjostad uses eight different treatment pathways for storm-
water, including filters, infiltration, swales, oil/grit separators, open channels, ponds,
infiltration through engineered soil, treatment at the wastewater plant and direct
discharge to receiving water. In general, stormwater is managed in three different
ways. Some of the stormwater is treated in the wastewater treatment plant, although
it is treated separately from wastewater. In other catchments stormwater is treated
locally in a variety of landscape features or below ground. Residential streets with
fewer than 800 cars per day comprise the third catchment type. In this case the
water is discharged directly into the lake without treatment. Unfortunately, calculations
estimate that this untreated stormwater adds 3,774 pounds (1,712 kg) of suspended
solids to the lake each year, while the landscape and vault treatment methods add
564-1,406 pounds (256-638 kq) per year depending on the removal efficiency of
the different treatment systems. Furthermore, the no-treatment scenario delivers over
44 pounds (20 kg) of zinc and over 55 pounds (25 kg) of cadmium to the receiving
waterd ] Unfortunately, Hammarby Lake remains polluted from high levels of heavy
metals, even after a few decades of improvement.

An infiltration trench was constructed and tested at Hammarby Sjostad. Located
in the street median [Figure 12.21), the infiltration trench is 15 feet (4.5 m) wide
and 2-2.5 feet deep, wrapped in a filter fabric and covered with 16 inches of topsoil.
It treats water from the street (8,000 vehicles per day) and parking. Fed by catch
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The trees in this rail and
auto corridor are offset
in their parkways
because infiltration
beds below the turf
collect stormwater from
the street for water
quality treatment
before discharge into
the lake.
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The mass of common
reeds is a striking
landscape feature that
frame recreation areas
and also improves
water quality.

basins, the trench holds a two-year water quality storm easily and contains the ten-
year storm up to a 27-minute duration before overflow. Studies cited in the chapter
on stormwater indicate the high water quality performance of infiltration trenches
in reducing many contaminants. The test in Hammarby concentrated on the hydraulic
performance of the system and the impact on trees. Trees planted in the median
were surrounded by a soil buffer and were healthier than street trees in tree wells
in the sidewalk that received only rainfall and runoff from the sidewalk. Greater
availability of water and oxygen from the infiltration trench are assumed to account
for the enhanced tree growtn[3

A water quality feature of the previous industrial site was retained. There is a
shallow bench at the lake edge along its eastern border that fosters a dense stand
of common reed (Phragmites) [(Figure 12.22)). This wetland intercepts runoff from
the new development. Sedimentation of suspended solids, heavy metals and bacterial
degradation occur here, as does removal of excess nutrients.

A significant stormwater treatment system is at the northern end of the lake[(Figurd
). It receives runoff from three acres of urban streets. Storm runoff is pretreated
in an oil/water separator where large particles are also captured. The water then
flows into a sedimentation pond bound on all sides by a gabion planted with
common reed. Once the smaller particulates settle to the bottom of the basin, the
water flows slowly through a free-water surface constructed wetland. Here, water
is directed along the length of four stepped wetlands [(Figure 12.24) to maximize
the distance and time that the water is in contact with the substrate, soil and
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Stormwater runoff from
streets flows through
this stepped wetland
for water quality
improvement. The
channels should be
completely vegetated
for optimum
performance.

[Eigure 12.24

Stormwater treatment wetland. A, oil/water/grit
separator; B, sedimentation basin with wetland
plants suspended over a wire cage; C-F, vegetated
wetlands; G, boardwalk and outlet to the lake.
Based on Alm 200
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This major pedestrian
space collects
stormwater from roofs,
terraces and landscapes.
The canal walk connects
to the Luma civic park.

vegetatio This constructed wetland sequesters heavy metals and suspended solids,
and removes hydrocarbons, pathogenic bacteria and nitrates. Nitrogen and
phosphorous removal by the plants is probably limited, but adsorption of phosphorus
to the sand and gravel in the substrate would be effective if materials high in calcium
or magnesium are used.

For stormwater treatment the effectiveness of the design at Hammarby Sjostad
is mixed. No treatment of runoff from the minor streets is a performance gap. The
canal shown in collects water from roofs, terraces, walks and lawns.
With the exception of the lawn areas, these surfaces don’t generate runoff that is
significantly contaminated. The water shown in the image isn't stormwater at all,
but flow from a canal and lake to the east. With the exception of some sedimentation,
there is little here to provide water quality improvement or delay of storm flows. The
incidental wetland vegetation along the landscaped side of the canal is too narrow
to be effective. Nevertheless, the canal is beautiful (drained and cleaned twice a year),
continues the waterfront theme of the neighborhood and provides space for a
promenade and space between the high-rise buildings offering solar access and
privacy.

Biodiversity

The building density precludes much biodiversity, with two significant exceptions.
The Pharagmites vegetation along the lake edge was preserved [Figure 12.22).
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It provides habitat for juvenile fish and other aquatic organisms. The biodiversity
gem of the project is the 14-acre preserved oak woodland (se) at the
northeast corner of the site. This natural area was retained at the insistence of the
public for its scenic character and the iconic oaks that Stockholmers identify with.

Two ecoducts connect
Hammarby Sj6stad and
the undeveloped land
across the highway.
Photo 59°18'19.96" N,
18°05'59.86"E,

12 September 2007
(accessed 15 April
2013) by Google Earth.

The woodland within
Hammarby Sj6stad
preserved 150 old-
growth oak trees.
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[Eigure 12.24
The Hammarby ecoduct
connects an urban
canal green space and
oak woodland to the
more natural riparian
corridor to the east.
This landscape offers
diverse habitat and
water quality
improvement functions.

Too small to function as an ecosystem, this habitat fragment is still home to species
well adapted to human activity, as well as being a gorgeous place to stroll. The
wildlife bridge across the highway on the southeast corner of the oak woodland
allows wildlife to move from the woodland to the riparian vegetation
along the eastern canal (se). A second wildlife crossing (these are
called ecoducts in Sweden) is a connection for people, and perhaps wildlife, to the
large undeveloped tract to the east.

Ecoducts are constructed to make links between green wedges or within them
to mitigate a barrier to movement along a corridor. These are usually crossings over
major highways. The Swedish transportation administration recommends a minimum
ecoduct width of 120 feet (40 m). In addition, human use is to be limited and
preferably allowed only during daylight hours, limited to one side of the structure
and buffered with shrub planting, and with low or no lightingj

Conclusion

Stockholm is a model for other cities. It integrates environmental and human systems
at a variety of scales. The city is even willing to pursue the issue of climate change
mitigation and adaptation, as few in the world have. The ridership on public transit
and the level of pedestrian and bicycle use have resulted in significant reductions in
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greenhouse gas emissions. These reductions have been extended significantly with

efficient district heating and alternate energy technology. The per capita CO, emission
in Stockholm is 3.7 metric tons, which is very low compared to New York City (7.1
tons), Washington, DC (19.7 tons) and London (5.3 tons). The city’s goal is to achieve
three metric tons by the end of 2015.

The regional plan for green wedges simultaneously locates future urban develop-
ment in compact centers and tracts of habitat large enough to support species with
large territory needs. The public transit links to satellite towns limits the impact of
commuting to the regional city.

Stockholm is equally successful at the local scale, in part because of the regional
structure. The excellent network of open space in Stockholm links a series of urban
plazas with a waterfront promenade and trails through the National Urban Park. The
extensive system balances ample recreation and social spaces with
preserved ecosystems that support rare native species. Hammarby Sjostad illustrated
the emerging use of stormwater management landscapes integrated into the urban
context in numerous and attractive ways. The continuous green infrastructure supports
human health with easily accessible opportunities for vigorous physical activity and
for stress-reducing immersion into natural settings. The very large percentage of open
space is possible due to excellent planning, the commitment of the government and
citizens and the high-density residential and commercial development.

The scale and detail of
open space is related to
the context. This public
residential garden in
Hammarby Sjostad has
the character of a herb
or community garden.
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CHAPTER THIRTEEN

Green infrastructure in context

Introduction

This book is based on the premise that the purpose of green infrastructure is to
systematically integrate anthropomorphic and ecological patterns, functions and
valuef] to support healthy ecosystermns and provide goods and services that directly
or indirectly benefit humans. The corridors and spaces that comprise a green infra-
structure vary in their purpose and character. They reflect the great diversity of human
and ecosystern needs. The corridors and spaces are best conceived as having multiple
functions. Perhaps one purpose dominates others in some portions of the system,
but the design for multiple functions will make virtually every place more sustainable
economically, socially and environmentally. A multifunctional orientation will also
break the cycle of achieving one purpose while creating other deficits that must be
reconciled in the future.

It will be least expensive and result in better outcomes if green infrastructure is
planned decades in advance of suburban or urban development. This is not to say
that green infrastructure is a suburban or rural concept, although it should be applied
to those contexts as well. Instead, it should be the organizing structure for the densest
new urban development. In fact, population densities in excess of 20-30 units per
acre is the context where green infrastructure will offer the greatest human and
economic benefit.

Green infrastructure in existing cities

What is the role of green infrastructure in existing and densely developed urban
centers where the opportunity for a network of corridors and spaces was squandered
decades ago? Green infrastructure is restorative in these settings, and although
expensive it is less costly than alternative approaches. The cases of Philadelphia and
Milwaukee validate this claim. The old, failing combined sanitary and stormwater
sewer system in Philadelphia incurs huge economic burdens for the treatment of
wastewater, not to mention the environmental damage. Therefore, the city is
converting 4,000 acres of impervious surfaces to pervious ones. The $1.6 billion dollar
plan to replace and treat the stormwater flows from the roofs and impervious
surfaces through the use of green roofs, permeable paving, bioretention basins and
similar measures in the city is a bargain compared to other infrastructure or treatment



Green infrastructure in context

alternatived] This positive economic outcome is in addition to the many recreation,
aesthetic, human health and biodiversity benefits that this book has documented.

The story of the Menomonee River Valley in Milwaukee is somewhat different.
Originally a wild rice wetland, the valley was drained and filled in the 1800s to serve
industry. Expansion of development included stockyards, railroad switching yards,
heavy industry, an interstate highway and eventually the storage of coal, salt and
other substances when the city began to deindustrialize. By the 1980s it was difficult
to imagine a more hopelessly polluted and benighted place than this. Nevertheless,
a plan emerged for the removal of the industrial infrastructure and pollution (300
contaminated acres have been restored). However, the plan included sites for new
light industry and the jobs they bring (4,200 jobs have been created)3

In contrast to the first generation of industrial land use, the new vision integrated
industry into a landscape that provided stormwater treatment, recreation, open
space and habitat. Urban stormwater was collected in landscape fingers that extended
between the buildings and conducted it to treatment wetlands .
A 70-acre industrial park benefited since no storm sewers were needed, while the
river ecosystem was significantly enhanced. The stormwater was contained and
treated within the new 45-acre landscape filled with native plantings and wildlife
habitaﬂ Flooding risks were reduced through riverbank restoration, while the public
benefited from open space, miles of walking and bicycling trails and from new
sports fields and a canoe ramp. In fact, the trail, the Hank Aaron State Trail, now
has a “friends of” group[thttp:/hankaaronstatetrail. org) dedicated to its continued
maintenance, programming and expansion. The trail is 12 miles long and now
connects to the 100-mile-long Oak Leaf Trail. Of course, there are awkward con-
nections and less than optimal spaces and adjacent land-uses that one would expect
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Menomonee River
Valley stormwater park.
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The green infrastructure
is expanding by
reconnecting the linear
spaces and providing
bridges to cross the
river. Each new
connection increases
the population with
access to facilities and
restored natural areas.

from a retrofitted industrial district, but the green infrastructure here is continually
improving ). The land values and the tax revenue in the project area have
increased at amazing rates. The cleaner river and the native plant habitat have
improved the biological diversity. The site is used by schools for science education
and by the community for an annual foot race and celebrations. In each of these
categories, economics, environment and social, the green infrastructure is benefiting
the community and ecosystem.

Slightly farther west the green infrastructure expands to include a regional park
group (the 55-acre Milwaukee County Grounds, 51-acre Hanson Park, 20-acre Hoyt
Park and 35-acre Gravel Sholes Park) with many attractions. This serves to illustrate
the myriad components that can be assembled to form a green infrastructure plan.
The design of the individual elements is beyond the scope of this book, but con-
sideration of them as contributors to a systematic plan is germane. Using[Figure 13.3]
as a beginning, notice that the elements are linked by the Oak Leaf Trail that follows
the riparian corridor of the river. At upper left a golf course is visible. In addition to
their recreation purpose, golf courses can be designed to support birds and other
wildlife, provide open space for the public and valuable residential development sites.
The course route would better achieve its multifunctional goal if it were organized
as a buffer between human settlement and wildlife habitat and ecological corridor.
Specific species can be targeted for conservation within golf courses. For example,
amphibians are a particularly vulnerable group. Research shows that habitat can be



Green infrastructure in context

The Menomonee Valley green infrastructure expresses the connectivity and variety of spaces
of a well-developed system. The element that is absent is a corridor network through the
residential and commercial districts. Another conspicuously missing relationship is high-
density housing or mixed-use development adjacent to urban or natural open space.
43°3'6.95" N, 88°1'46.50" W.

created or preserved around the water features to successfully sustain viable amphibian
populations in golf courses. For bird habitat development, golf course designers have
clear planning and development guidelines through the Audubon Society Sanctuary
Certification Program.

At the far left o a stream that was once in a culvert has been restored.
However, other visible reaches flow in concrete channels. Nearby is a large community
garden that, strangely, has extensive automobile access. This suggests that the
location is wrong. It ought to be near high-density residential housing where there
is little private open space for gardening.

A forest fragment is near a county flood control basin that forms an extensive
wetland. The wooded area (about 45 acres/18 ha), the riparian corridor, a small
amount of meadow and the extensive wetland represent a diversity of habitat types
connected to each other. This heterogeneity supports a rich variety of species. The
turquoise dot in the image is a popular swimming pool run by a non-profit
organization on land leased from the county. Historically, the site of a swimming
hole, the modern pool is not well located. It should be at the edge of the residential
district where its extensive parking lot would be less intrusive.

Similarly, highways, many smaller streets and a railroad line compromise the
parkland and represent barriers within the corridor for wildlife and cause high
mortality due to collisions with automobiles. Furthermore, development is
encroaching. A substantial portion of what seems to be parkland has been re-zoned
for development by businesses and institutions. The protection of existing parkland
is a matter for constant vigilance by the public. Transportation planners often regard
parkland to be the solution to their problems. Even the public owners of the land
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This development in
Copenhagen maximizes
mixed-use density, light
rail transit and green
infrastructure.

Green infrastructure in context

find development of parkland simple and inexpensive, rather than a resource to
husband. In one of the encroaching buildings is the county park
headquarters itself. Like other developers, the government should tackle the issues
of brownfield redevelopment instead of the simpler and more profitable clearing of
greenfields or forestland.

Despite these shortcomings, the green infrastructure here along the Menomonee
River is a terrifically positive resource for the community. Milwaukee elected to focus
its redevelopment and landscape restoration on the creation of jobs and sites for
light industry, but many communities elect instead to create high-density, mixed-use
developments. However a mixed-use development plan could have used the same
concept of a central, open-space corridor with fingers of landscape extending into
the development . In this case the fingers of landscape would serve as
stormwater catchment, but also as urban plazas and urban parks for multistory
buildings on the perimeter. demonstrates this model, as do portions of
the Hammarby Sjostad and Stapleton developments.

Higher-density development allows a greater percentage of the site to provide
green infrastructure support and benefits. At somewhat lower density )
a positive balance of 30 percent green infrastructure and 20-30 units per acre for
housing creates a sustainable ecosystem and human environment.

The examples above from the Menomonee Valley stormwater park and green
infrastructure illustrate several elements linked by the riparian corridor. While an
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exhaustive list of potential elements may not be helpful, some categories and examples
illustrate a heartening richness of opportunity. Beginning with water-related elements,
the river and stream corridor provide ribbons to attach stormwater and wastewater
treatment wetlands, but these can be augmented with fishing lakes, aquaculture

ponds, reservoirs, irrigation canals, fish hatcheries, wharfs and docks. Swimming pools,
spray pools for children and ornamental water gardens are small-scale elements
appropriate to residential areas in contrast to wildlife refuges that often contain large
water bodies and wetlands. However, to continue in the more urban context, many
land uses or facility types can contribute to the green infrastructure. For example,
schools, campuses, cemeteries, community gardens (allotments), memorials, botanic
gardens and arboreta obviously offer symbiotic opportunities. Perhaps less obvious,
but clearly benefiting with the proper site design, are hospitals, assisted care facilities,
seniors’ centers, recreation centers, zoos and sculpture gardens. While not all can be
placed adjacent to riparian corridors, all of the facilities noted should be linked by
pedestrian and bicycle routes separated from the motorized vehicular system where
possible. At the highest urban density, boulevards and pedestrian promenades and
boardwalks with more formally designed pools, canals and tree rows can link civic
centers, residential and commercial plazas framed by multistory buildings.

In the context of the larger parcel, industrial, business and technology parks can
be transformed from their traditions as temporary, speculative and destructive uses
in the metropolis to contributors in more than the economic sense. Surely, the public
is weary of paying for cleaning the toxic waste left behind when companies have
exhausted the profits that can be extracted from their enterprises. Since this group
of facilities consumes large tracts of land, it is especially important to plan for
integration of habitat, ecological corridors and sustainable stormwater, waste treat-
ment and transportation {Eigure 13.6]. Green roofs and permeable paving are
especially appealing reinforcements for vegetated corridors and use areas in these
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This stormwater
wetland is important
for the treatment of
stormwater from the
large buildings and
parking lots associated
with the suburban
business park.

districts. It should be noted that most light industrial and technology businesses
would serve the community better if they were integrated into mixed-use neighbor-
hoods rather than segregated in districts better reserved for companies that generate
noxious substances, noise or large volumes of traffic.

Other facilities that can be reimagined as contributors to green infrastructure
systems are military bases, sports fields, power line transmission corridors, irrigation
canals and parking lots. These elements consume large amounts of land and can
contribute significantly to habitat, connectivity and visual quality. To do so their
development must be guided by a multifunctional orientation codified by ordinances,
since the inertia of single-use thinking is well established for these uses. Underground
utilities including potable water, stormwater, sewage, electricity and data can be
included within corridors that separate the rear property lines of newly platted land.
Maintenance and material costs over the long term could be much lower than when
these are located below streets. A strip adjacent to paved pedestrian and bike paths
would serve these utilities. The size of storm and sanitary sewers can be much reduced
or eliminated by using landscape treatment techniques illustrated in this book.

For decades ecologists have advocated vegetated corridors separating residential
housing in order to increase biological diversityf] Located where alleys were in tradi-
tional neighborhood design, these corridors could perform stormwater, community
agriculture, recreation, path and habitat functions, as they do in Village Homes,[§
but at a municipal scale. The concept is applicable to higher-density commercial and
residential development. The great benefit of this approach requires amendments to
subdivision development ordinances.

Finally, the reestablishment of hedgerows or ecological corridors through land
used for commodity agriculture to connect ecosystem preserves to each other is the
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large-scale companion to the municipal green infrastructure. It is important that these
systems are linked to achieve maximum human and ecosystem benefits. Commercial
forestry, oil and gas exploration and production, mining and other resource extraction
activities join cormmodity agriculture in the need for modern design and management
to produce the full range of ecosystem services.

Demonstration plan

The plan offered in[Figure 13.7]is a physical plan drawn to scale to illustrate green
infrastructure integration into new mixed-use development. The plan dermonstrates
the population and dwelling unit density of a compact neighborhood and includes
a full range of land uses. The total area of the development is 427 acres. There are
three general categories of residential development shown on the plan. A variety of
housing types would be present in each category, but a minimum average is specified.
I, item C, high-density residential use (30 dwelling units per acre, du/ac),
frames the central open space and the commercial district. Thirty units per acre are
possible without the need for below-grade or structured parking. Therefore, this plan
does not assume high-income residents in any housing category, although a propor-
tion of residential buildings at 50 units or more per acre {with below-grade parking)
would be desirable around the park. When open space is adjacent, then increasing
density does not represent a decline in the quality of life of the residents.

Item L is mixed-density residential use with an average density of 20 units per
acre, such as town houses and row houses. Item M is low-density residential, but
with the continued expectation that the density varies within the district to meet a
minimum average of nine units per acre. To achieve this, the lots would be small
{4,800 ft?) or include some two-, three- or four-family buildings.

The green infrastructure would provide the residents with a number of benefits.
A school (iter K} site (7.5 acres) is included that efficiently shares a public park space
{11 acres). Two community gardens (2.8 acres) {item E) are included to serve residents
without much private open space. A 60-feet-wide corridor (item B), over one mile
long, circles the central open space. The width allows for bicycles, pedestrians, trees
and space for exercise equipment and picnicking facilities along the path. This corridor
buffers a habitat area (21 acres). The actual habitat area really includes the wastewater
and stormwater treatment areas. The vertical subsurface flow and horizontal
subsurface flow wetlands occupy two locations. One serves the residential area and
the other serves the commercial district. The wetlands total is 17 acres. The free-
water surface wetland (3 acres) is an amenity and habitat feature. The total area of
the central open space is 61 acres.

The ecological corridors are 4.4 miles long and generally 60 feet wide. They serve
both as wildlife corridors and stormwater swale and treatment areas. The corridors
entering and exiting the site at the top and bottom of the image are 120 feet wide
since they would connect to the larger municipal network. The wildlife/stormwater
corridors comprise 31 acres.

The plan achieves 3,393 units and a total population of 8,483. There are 7.95
dwelling units per gross acre and a population density of 19.8 people per gross acre.
Of course, the population density is much higher along the roads. The density of
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[Figure 13.7

A, community agriculture; B, ecological corridor; C, residential 30 du/ac average; D, wooded
habitat; E, community garden; F, buildings; G, road and parking; H, vertical and horizontal

flow wetlands; |, free-water surface wetland; J, bioretention basins; K, school and parkland;
L, residential 20 du/ac average; M, residential 9 du/ac average; N, plaza planting area.

jobs generated was not estimated. Nevertheless, the plan meets the minimum
standard of 19 for a total of residents and jobs needed to support light rail transit
systems, even when considering density per gross acre and without the jobs estimate.
The plan is based on three-story buildings, maximum, for the multi-family residential
and mixed-use buildings. Therefore, density of population, dwellings units and jobs
could be increased using the same footprint by adding building stories.



Green infrastructure in context

The open space, including habitat, corridors, wetlands, school grounds, park,
community gardens, stormwater retention basins and a 4.5-acre urban agriculture
plot, represents 27 percent (117 acres) of the development site. This is just slightly
less than the 30 percent recommendation for provision of excellent access to
recreation, positive views and good biodiversity with connections to regional habitat
reserves.

Conclusion

The issues of human health and quality of life and the health of ecosystems are
linked through an understanding of green infrastructure and the ecosystern services
it offers. An understanding of these issues fosters collaborative solutions to
multifaceted problems by planners, designers, health care professionals, government
agencies and developers. Agreement on goals and standards can improve the
widespread adoption of early comprehensive planning. The implementation of
multifunctional components of a green infrastructure network will lead to a future
of economic, environmental and social health.
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