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a b s t r a c t

Urban ecological studies, including focus on cities, suburbs, and exurbs, while having deep roots in the
early to mid 20th century, have burgeoned in the last several decades. We use the state factor approach
to highlight the role of important aspects of climate, substrate, organisms, relief, and time in differen-
tiating urban from non-urban areas, and for determining heterogeneity within spatially extensive
metropolitan areas. In addition to reviewing key findings relevant to each state factor, we note the
emergence of tentative “urban syndromes” concerning soils, streams, wildlife and plants, and homog-
enization of certain ecosystem functions, such as soil organic carbon dynamics. We note the utility of the
ecosystem approach, the human ecosystem framework, and watersheds as integrative tools to tie
information about multiple state factors together. The organismal component of urban complexes
includes the social organization of the human population, and we review key modes by which human
populations within urban areas are differentiated, and how such differentiation affects environmentally
relevant actions. Emerging syntheses in land change science and ecological urban design are also
summarized. The multifaceted frameworks and the growing urban knowledge base do however identify
some pressing research needs.
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1. The urban world

Urbanization is a dominant demographic trend and an
important component of global land transformation. More than
half of the planet’s population now lives in cities, up 30% from 50
years ago, and urban areas are gaining 67 million people per year.
By 2030, approximately 5 billion people are expected to live
in urban areas, or 60% of the projected global population of
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8.3 billion. Over the next 25 years, rural populations are expected
to decline, meaning that all population growth will occur in
urban areas (United Nations Population Fund, 2007). The devel-
oped nations have more urbanized populations; for example,
close to 80% of the United States’ (US) population is urban.
Urbanization has also resulted in a dramatic rise in the size of
cities: over 300 cities have more than 1,000,000 inhabitants and
20 “megacities” exceed 10 million. The increasing population and
spatial prominence of urban areas is reason enough to study
them. An even more compelling argument for understanding
how cities work ecologically is the need for information for
decision makers involved in regional planning or conservation,
for example. Proper management of cities will ensure that they
are ecologically, economically, and socially more sustainable
places to live in the future (Platt, 1994).
Fig. 1. A new city form representing global connections and communications, and local di
emerging, highly differentiated patchworks, linked together to create a new global city. C
a particular city simultaneously, represented as a series of patches containing different sys
network or mesh. Used with permission of Prof. G. David Shane.
In addition to its global reach, urbanization has important
effects in regions (Forman, 2008; Grimm et al., 2008). For example,
in industrialized nations, the conversion of land from wild and
agricultural uses to urban and suburban occupancy is growing at
a faster rate than the population in urban complexes. Thus, urban
areas increasingly interdigitate with wild lands. Cities are no longer
compact, isodiametric aggregations, but rather sprawl in fractal or
web-like configurations (Makse et al., 1995; Batty, 2008). Indeed,
even for many rapidly growing metropolitan areas, the suburban
zones, or “boomburgs” (Lang and LeFurgy, 2007), are growingmuch
faster than other zones (Katz and Bradley, 1999). These new forms
of urban development (Fig. 1), including exurbs, edge cities
(Garreau, 1991), and housing interspersed in forest, shrubland and
desert, bring people possessing urban financial equity, habits, and
expectations into daily contact with habitats formerly controlled by
scontinuities. Four overlapping models operate in different combinations to form the
ompressed layers of networks flattened in the meshwork city can all be present in
tems of organization, depending on the power of particular urban actors in each city



S.T.A. Pickett et al. / Journal of Environmental Management 92 (2011) 331e362 333
agriculturalists, foresters and conservationists (Bradley, 1995;
Bunce, 1998).

Beyond the practical reasons for increasing ecological knowl-
edge of urban systems, there are benefits to the basic ecological
science. Urban systems can serve as model systems for examining
the interaction of social and biophysical patterns and processes
(Collins et al., 2000; Redman et al., 2004). In addition, many of the
changes in urban areas anticipate the otherwise unprecedented
alterations that will follow global environmental change in other
ecosystems (Grimm et al., 2008).

Although the ecology of urban areas has elicited the scholarly
attention of ecologists, physical and social scientists, as well as
planners for a long time (e.g., Stearns, 1971; Sukopp et al., 1990),
there is much opportunity to extend and integrate knowledge of
urban complexes using an ecological lens (Steiner, 2002). The
purpose of this paper is to review the status of ecological knowl-
edge of key components of urban areas, and to point toward
frameworks for increased integration of ecological, social, and
economic research (McDonnell and Pickett, 1993; Grimm et al.,
2008). This paper updates and considerably extends a review by
several of us nearly a decade ago (Pickett et al., 2001).

1.1. Conceptions of the urban

Urban ecosystems are those in which people live at high
densities, andwhere built structures and infrastructure cover much
of the land surface. The US Bureau of the Census defines urban areas
as those with a minimum population of 2500 people where
densities reach or exceed 1000 people per squaremile (2.59 km2) in
the core and at least 500 people per square mile in surrounding
Census block groups. However, an ecological understanding of
urban systems also must include less densely populated areas in
order to capture the full range of urban effects and the existence of
thresholds of change across space. Therefore, in the broadest sense,
urban ecosystems comprise not only city cores, but suburban areas,
sparsely settled villages connected by commuting or utilities to the
more densely settled and thoroughly built up areas. Strictly, urban
systems do not encompass the hinterlands directly managed or
affected by energy and material transformations generated in
urban core and suburban lands (Wittig, 2009).

The boundaries of urban ecosystems are often set by water-
sheds, airsheds, commuting radii, or by administrative units. In
other words, boundaries of urban ecosystems are set in the same
ways and for the same reasons as are the boundaries of any other
ecosystem. In the case of urban ecosystems, it is clear that many
fluxes and interactions extend well beyond their boundaries
defined for political, research, or biophysical reasons. Urban
ecology, as an integrative science with roots in ecology, focuses on
urban ecosystems as broadly conceived above. There is little to be
gained from seeking distinctions between “urban” and abutting
“wild” lands, as a comprehensive, spatially extensive, systems
approach is most valuable for science (Pickett et al., 1997a) and
management (Rowntree, 1995).

There are two meanings of “urban ecology” in the literature
(Sukopp, 1998). One is a scientific definition, and the other emerges
from urban planning. In science, the term “urban ecology” has been
traditionally used for studies of the distribution and abundance of
organisms in and around cities, and on the biogeochemical budgets
of urban areas. In planning, urban ecology has focused on designing
the environmental amenities of cities for people, and on reducing
environmental impacts of urban regions (Deelstra, 1998). The
planning perspective is normative and claims ecological justifica-
tion for specific planning approaches and goals. Even though our
focus is primarily on ecological science, urban planning and design
provide important context and motivation for ecological research.
Therefore, we begin by reviewing key aspects of these comple-
mentary approaches.

Ecologists have been surprised by the presence and vitality of
organisms in and near cities. In addition, many patterns of distri-
bution and abundance of species in and among cities are regular
and repeatable. The patterns and environmental correlates
discovered by ecologists, botanists, zoologists, and wildlife biolo-
gists are an example of the understanding of ecology in cities
(Grimm et al., 2000). Associated with such biotic patterns are data
on abiotic environmental conditions that affect various parts of the
metropolitan matrix. The past decade has seen the maturation of
a new approach to urban ecology. Whereas most earlier urban
ecological research was focused on the obvious green components
in cities, a more comprehensive approach that investigates entire
urban complexes as heterogeneous ecological systemse an ecology
of cities e has solidified (Pickett et al., 1997a; Grimm et al., 2000).

It has taken a long time for a broadly based ecological approach
to urban complexes to emerge. Although the first volume of the
journal Ecology contained a scientific paper devoted to the effect of
weather on the spread of pneumonia in the human populations
of New York and Boston (Huntington, 1920), the interactions of
humans with the urban environment has been primarily the
province of planners and landscape architects. For example, Central
Park in New York City and other urban parks designed by Frederick
Law Olmsted seem intuitively to link environmental properties to
human wellbeing in cities. In particular, Olmsted’s design for the
Boston Fens and Riverway exhibits ecological prescience in its
sophisticated combination of wastewater management and recre-
ational amenity (Spirn, 1998). McHarg’s (1969) Design with Nature
alerted planners and architects to the value of incorporating
knowledge of ecological and natural features among the usual
engineering, economic, and social criteria when developing
a regional plan. In McHarg’s approach, environmental risks and
amenities of different types are mapped on separate layers.
Examining the composite map suggests where certain types of
development should or should not occur. A still more explicitly
ecological approach is that of Spirn (1998), which examines how
natural processes are embedded in cities, and how the interaction
of the built environment and natural processes affect economy,
health, and human community. For instance, she showed how the
forgotten environmental template of drainage networks continued
to affect both the built and the social structures of a Philadelphia
neighborhood.

The ecological planning perspective, often labeled human
ecology, is especially strong in Europe (Sukopp, 1998). Planning in
Germany has been heavily influenced by a national program of
biotope mapping that includes cities (Sukopp, 1990; Werner, 1999).
This program includes description of the flora and fauna as a key to
identifying habitats that are significant for protecting natural
resources, for people’s quality of life, and in forming a sense of place
and identity in the city (Werner, 1999). In addition to identifying
specific biotopes, researchers in Mainz have mapped the distribu-
tion of flora and fauna, natural phenomena, and recreational
activities within the biotopes (Frey, 1998). Similar research by the
Polish Academy of Sciences has focused on urban and suburban
areas. The research included studies of soils and abiotic ecosystem
components, and research by social scientists in a mosaic of habi-
tats with different degrees of development (Zimny, 1990).

Urban ecology as planning is contrasted with “spatial planning”
(de Boer and Dijst, 1998) in which primary motivations are the
degree of segregation or aggregation of different economic and
social functions, efficiency of transportation and delivery of utili-
ties, and efficient filling of undeveloped space. Additional compo-
nents of urban planning having ecological foundations include life
cycle analysis of products (McDonough and Braungart, 2002),
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utility planning based on use rather than medium, efficiency of
resource use, exploitation of green infrastructure, and require-
ments for monitoring of the results (Breuste et al., 1998; Benedict
and McMahon, 2002).

While such planning research is ecologically motivated, and it
maps environmental amenities, it rarely incorporates data on
ecological function. It, therefore, relies on general ecological princi-
ples and assumptions, and on the success of prior case histories
(Flores et al., 1997). The insights of urban ecology as planning are
summarized inmanuals andcodified in zoningandplanningpractice
(Sukopp,1998). However, like other environmental practices, it may
not be securely applicable in novel ecological circumstances. Given
the changing forms of cities worldwide (Shane, 2005; Boone and
Modarres, 2006) and the reality of climate change, such novel
ecological circumstances are in the offing.

2. Features of urban ecosystems

All ecosystems are affected by the same broad suite of state
factors (Chapin et al., 2002): 1) the prevailing climate, 2) the
substrate, 3) the resident organisms and their residual effects, 4)
relief, including elevation, slope, and aspect, and 5) the time over
which the first four factors have been acting, which can be
summarized as the history of the system. Of course, in urban
ecosystems, organisms must include humans and their social and
economic manifestations as well as native and introduced plants,
animals, and microbes. We focus on urban climates, urban
hydrology, urban soils, urban biota, the biogeochemistry of urban
systems, and the role of human actors. Urban systems can be useful
end members for comparing the effects of altered climates,
organismal components, substrates, and land forms (Zipperer et al.,
1997; Carreiro et al., 2009). Throughout the review, examples of
interaction between human actors and the environmental struc-
tures and processes will be given. Following the survey of factors
and interactions, we will point out existing and emerging frame-
works for integrating this array of interacting factors with each
other, and indicate how the changing urban context e an effect of
the time factor e is expressed in issues of urban design and plan-
ning, urban sustainability, and system resilience. We will include
reference to the topographic factor, that is, slope, aspect, and land
form, within discussion of other state factors.

3. Urban climates

Urban climate comprises temperature of air and soil, and the
hydrological conditions in and around cities. We describe the
factors and their causes, and illustrate key effects. Additional effects
will emerge in later discussions of biogeochemical processes and
human agency.

3.1. The urban heat island: patterns and causes

Heat islands represent the difference between urban and rural
temperatures that are directly related to urban land cover and
human energy use (Oke, 1995). Cities in mid-latitudes of the US are
typically 1e2 �C warmer than the surroundings in winter, and
0.5e1.0 �C warmer in summer (Botkin and Beveridge, 1997). New
York City is, on average, 2e3 �C warmer than any other location on
a 130 km urbanerural transect (McDonnell et al.,1993). Ambient air
temperatures may reach maxima of 5e10 �C warmer than hinter-
lands (Zipperer et al., 1997). Differences often are negligible in the
daytime but develop rapidly after sunset, peaking 2e3 h later when
radiative cooling differences between urban and non-urban land
covers are maximized (Landsberg, 1981; Voogt and Oke, 2003).
These differences are caused by the lower vegetation cover and
darker surface materials in the urban landscape (Akbari et al.,
2001), which change albedo, thermal capacity and heat conduc-
tivity, resulting in a thermal climate that is warmer than
surrounding non-urban areas (Voogt and Oke, 2003).

The duration and magnitude of the temperature differential
between urban and surrounding non-urban areas depend on the
spatial heterogeneity of the urban landscape (Arnfield, 2003).
Heterogeneity exists in vegetation, building and paving materials,
and the morphology of urban landscapes (e.g., Cadenasso et al.,
2007a), which can lead to changes in air temperatures (Akbari
et al., 2001; Voogt and Oke, 2003). With the development of
thermal remote sensing technology, a variety of remotely-sensed
data has been used in studies of urban heat islands (UHI), including
NOAA AVHRR (Balling and Brazell, 1988), MODIS (Pu et al., 2006),
Landsat TM/ETMþ (Weng et al., 2004), ASTER (Pu et al., 2006) and
airborne ATLAS data (Lo et al., 1997). These studies reveal the spatial
patterns of UHIs and also investigate the relationship between UHIs
and surface cover characteristics such as vegetation abundance
measured by NDVI (Normal Difference Vegetation Index) (e.g.,
Weng et al., 2004) and land cover (e.g., Weng, 2003). However,
thermal remote sensing of land surface temperatures and UHIs has
largely been limited to qualitative descriptions of thermal patterns
and simple correlations with land covers. This is partly due to the
tendency to use thematic land-use and land-cover data, rather than
quantitative surface descriptors, to represent urban landscapes
(Voogt and Oke, 2003). As the percentage of human-made surfaces
increases, the temperature differential increases. Hence, the urban
core is warmer than neighboring residential areas, which are
warmer than neighboring farmlands or forests. Increased temper-
atures in and around cities enhance ozone formation, the number
of officially recognized pollution days, and trace gas emission
(Sukopp, 1998).

The heat island varies by region as illustrated by a comparison
between Baltimore, Maryland and Phoenix, Arizona (Brazel et al.,
2000). During the summer, mean maximum temperatures in Bal-
timore were greater than the rural landscape. Phoenix, on the other
hand, became a summer oasis, with cooler temperatures than the
surrounding desert. The cooling of Phoenix is due to thewatering of
mesic plantings in the city (Baker et al., 2001a). In contrast, the
mean minimum temperatures were warmer in both cities than the
respective neighboring rural landscape, though the differential in
Phoenix was greater.

The heat island intensity is also related to city size and pop-
ulation density (Oke, 1973; Brazel et al., 2000). For example, Balti-
more’s meanminimum temperature differential increased until the
1970s when the city population declined. Since 1970, the mean
minimal temperature differential has leveled off. Phoenix also
showed an increase in mean minimum temperature differential
with an increase in population. However, because Phoenix has
continued to grow explosively, the differential has continued
to increase. In general, a non-linear relationship exists between
mean minimum temperature differential and population density
(Brazel et al., 2000).

3.2. Heat island effects

The differences in climate between city and countryside have
biological and human implications. For example, as a result of
climatic modification in temperate zone cities, leaf emergence and
flowering times are earlier, and leaf drop later than in the
surroundings (Sukopp, 1998; White et al., 2002). Additional effects
of temperature on urban plants are presented in Section 5. The UHI
affects human behaviors as well. UHI increases energy use, due to
a greater demand for air conditioning, and increases the production
of ground level ozone (Akbari et al., 1996, 2001). Ozone is created
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through a photochemical reaction of volatile organic compounds
and NOx in the presence of sunlight. If precursors are present,
higher temperatures lead to greater ozone production in urban
areas with direct consequences for human health (Akbari et al.,
1996; Taha, 1997) and plant growth (Gregg et al., 2003; Section 5).

Differences in temperature between urban and rural areas also
have been noted for soil. For woodland soils in the New York City
metropolitan area, surface temperatures (2-cm depth) differed by
as much as 3 �C between urban and rural forest patches (Pouyat
et al., 2003); however, in Baltimore only a 0.5 �C difference on
average was found between urban and rural forest soils (Savva
et al., 2010). In the same study, the difference between urban turf
grass and rural forest soils was approximately 3 �C in contrast to
a difference of 6 �C in New York City.
3.3. Atmospheric accumulation

Certain atmospheric features are concentrated by urban areas.
Precipitation is enhanced in and downwind of cities as a result of
the higher concentrations of particulate condensation nuclei in
urban atmospheres. Precipitation can be up to 5e10% higher in
cities, and they can experience greater cloudiness and fog (Botkin
and Beveridge, 1997). The probability of precipitation increases
toward the end of the work week and on weekends due to a build
up of particulates resulting frommanufacturing and transportation
(Collins et al., 2000). In contrast, wind velocities in cities are typi-
cally reduced due to increased surface roughness (Hough, 1995).
Urban areas also concentrate materials from elsewhere. A carbon
dioxide dome accumulates over cities in association with
combustion of fossil fuels (Brazel et al., 2000). Anthropogenically
produced forms of nitrogen are concentrated in and downwind of
cities. Urban deposition is in the form of nitrate whereas agricul-
tural nitrogen deposition is in the form of ammonium.
3.4. Urban hydrology

Urban hydrology is drastically modified compared to agricul-
tural and wild lands (Paul and Meyer, 2001; Walsh et al., 2005a).
Relativizing a water budget to 100 units of precipitation, and
comparing urban to non-urban areas, evapotranspiration decreases
from a 40% to 25%, surface runoff increases from 10% to 30%, and
groundwater decreases from50% to 32% (Hough,1995). Forty-three
percent of precipitation exits the urban area via storm sewers, with
13% of that having first fallen on buildings. The hydrology in urban
areas can be further modified by ecological structures. For example,
reduced tree canopy cover in urban areas increases the flow rate of
runoff and decreases the time lag between onset of storms and
initiation of runoff (Hough, 1995).

Streams integrate human disturbances across catchments.
Despite their critical role in transporting surface runoff, providing
habitat for aquatic species, and attenuating nutrient pollution, the
physical structure of streams can be severely impacted by urbani-
zation, altering the transport of energy, materials, and certain
ecosystem functions (e.g., Groffman et al., 2002; Elmore and
Kaushal, 2008; Kaushal et al., 2008a). Increased runoff from
impervious surfaces can contribute to stream channel incision,
decreased groundwater levels, and decreased interactions between
groundwater and “hot spots” of biogeochemical activity in organic-
rich, upper soil horizons (Groffman et al., 2002). In addition,
headwater streams have been converted to gutters, storm drains,
and culverts (Elmore and Kaushal, 2008). For example, approxi-
mately 20% of stream miles are estimated to have been buried in
the Gunpower-Patapsco watershed, a major tributary of the Ches-
apeake Bay in Baltimore, Maryland (Elmore and Kaushal, 2008).
Changes in the physical structure of suburban and urban
headwater streams greatly amplify the effects of climate variability
on downstream nutrient transport, propagate disturbances across
stream networks, and contribute to cascading effects on coastal
water quality (Kaushal et al., 2008a). Although much work has
focused on conceptualizing and analyzing urban impacts on the
physical structure, chemistry, and species diversity at the scale of
stream reaches (Paul and Meyer, 2001; Walsh et al., 2005a), there
has been less conceptual and empirical work focusing on longitu-
dinal impacts along the urban river continuum. There is a need to
link the impacts of headwater alteration due to urban land-use
change with downstream transport of nutrients (e.g., Walsh et al.,
2005b; Kaushal et al., 2006; Alexander et al., 2007) and assem-
blages of aquatic species (Meyer et al., 2007).
3.5. Urban stream syndrome and urban stream restoration

The “urban stream syndrome” is a conceptual model to describe
the consistently observed ecological degradation of streams
draining urban landscapes (Walsh et al., 2005a). This degradation
includes elevated nutrients, increased organic and inorganic
contaminants, increased hydrologic flashiness, and altered biotic
assemblages (Walsh et al., 2007). In particular, streams draining
urban landscapes have elevated concentrations and loads of
nitrogen (Groffman et al., 2004; Wollheim et al., 2005; Kaushal
et al., 2008a; Bernhardt et al., 2008) and phosphorus (Brett et al.,
2005) compared to streams draining forested watersheds. In
addition to elevated nutrients, urban streams can also have
elevated concentrations of other contaminants such as salt from
deicing of pavement (Kaushal et al., 2005b; Kaushal, 2009). For
example, chloride concentrations increased 4-fold over approxi-
mately 25 years in streams draining into the drinking water supply
of Baltimore, Maryland due to increasing coverage by impervious
surfaces in the watershed, and an apparent legacy of salt storage in
ground water (Kaushal et al., 2005b; Kaushal, 2009). Other studies
in urban streams and storm drains have shown elevated concen-
trations of metals (Jang et al., 2005), organic contaminants
(Scoggins et al., 2004), and bioavailable organic carbon and
nitrogen (Seitzinger et al., 2002). Stream temperatures can also be
elevated in urban areas due to the absence of riparian tree cover
and drainage from heat-absorbing surfaces (Kinouchi et al., 2007;
Nelson and Palmer, 2007).

The hydrology of urban streams has been greatly altered,
leading to magnification of runoff during storm events, erosion,
sediment transport, reconfiguration of stream channels, and alter-
ations in the timing and amount of nutrient transport (e.g., Walsh
et al., 2005a,b, Shields et al., 2008; Pizzuto et al., 2008). Much of
the nature of urban hydrology is affected by the patterns of
connectivity in the pathways of water flow. On the one hand,
hydrologic connectivity is increased via storm drains between
impervious surfaces and streams. On the other, hydrologic
connectivity is decreased between streams and riparian zones as
a result of channel incision. These contrasting changes in hydro-
logic connectivity may decrease the ability of streams to effectively
process nutrients and to attenuate contaminant transport (Elmore
and Kaushal, 2008; Kaushal et al., 2008b). Because of hydrologic
alterations, the biological activity that can sequester both pollut-
ants such as high levels of nitrate, and other contaminants such as
metals, may not function effectively in urban areas. In general
nutrients and contaminants are expected to be removed or reten-
tained in hot spots in headwater areas, riparian zones, and flood-
plains. Large reductions in nutrient retention are therefore
expected in urban watersheds during periods of intense precipi-
tation (Cadenasso et al., 2008; Kaushal et al., 2008a).
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The combined effects of increased contaminants, temperatures,
and flashy hydrology can interact to change biological community
and ecosystem responses in streams. For example, urbanization can
degrade aquatic community structure and species diversity (Roy
et al., 2005a,b; Morgan and Cushman, 2005). The declines in
species diversity can be related to disturbance by flashy hydrology
(Roy et al., 2005a) and changes in riparian vegetation cover (Roy
et al., 2005b; Moore and Palmer, 2005). Although less work has
investigated effects of the urban stream syndrome on ecosystem
functions, there can be effects on biogeochemical processes (Meyer
et al., 2005). Studies have also shown that urbanization can influ-
ence nutrient uptake processes at the stream reach scale (Meyer
et al., 2005; Grimm et al., 2005; Mulholland et al., 2008). For
example, uptake processes may be compromised by elevated
nutrient concentrations and the saturation of biotic demand for
nitrogen (e.g., Bernot and Dodds, 2005; Mulholland et al., 2008).

Because nutrient retention in streams may be compromised by
hydrologic alterations and elevated nutrient concentrations, there
is great interest in the ability of stream restoration and ecological
engineering to improve nutrient retention in urban areas (e.g.,
Kaushal et al., 2008b; Craig et al., 2008; Roach et al., 2008).
Hydrologic residence time appears to be a key factor related to N
retention in both urban ground water and watersheds (Kaushal
et al., 2008a,b). Thus, reducing runoff through improved storm-
water management will be critical for improving water quality
across a range of precipitation variability (Walsh et al., 2005b;
Kaushal et al., 2008a). In addition, increasing organic carbon
accumulation in stream sediments and fostering interaction
between hydrologic flow paths and hot spots of denitrification may
also improve N dynamics in restored streams (Groffman et al.,
2005; Craig et al., 2008). Watershed restoration that encompasses
both streams and their surrounding watersheds offers an oppor-
tunity to improve the form and function of stream systems beyond
the stream reach scale and to integrate aquatic processes with
urban landscape design (Cadenasso et al., 2008).

3.6. Streams as bioreactors/transformers of nutrients

Due to increased inputs of inorganic nutrients, in addition to
alterations in temperature, stream habitat and biotic activity, many
streams affected by urbanization may now be shifting from largely
transportive systems reflecting anthropogenic changes in the
landscape to transformers, in which the forms and ecological
effects of nutrients and organic matter are actively changed
(Kaushal and Lewis, 2005). For example, heterotrophic microbes in
stream sediments can consume inorganic N and release organic N
when labile organic carbon is abundant during baseflow conditions
and when there is increased hydrologic residence time in streams
(Kaushal and Lewis, 2005). Organic matter may represent a poten-
tially important form of nutrients, contaminants, and energy
subsidies in urban streams and more research on its origins and
transformations across urban stream networks is necessary
(Kaushal et al., 2005a).

The implications of urbanization for streams constitute a critical
component of global change research (Grimm et al., 2008). Typi-
cally, concentrations and yields of inorganic nutrients such as
nitrate, ammonium, and phosphate have been used as indicators of
human impacts at the watershed scale (Groffman et al., 2004;
Kaushal et al., 2008a). However, organic forms of nitrogen (N)
and phosphorus (P) are high both in many streams draining mini-
mally disturbed and in urban watersheds (e.g., Kaushal and Lewis,
2005; Kaushal et al., 2005a; Pellerin et al., 2006). These organic
forms can be biologically available from a few days to several weeks
(e.g., Seitzinger et al., 2002; Kaushal and Lewis, 2005; Kaushal et al.,
2005a). Thus, organic N and P represent significant pools of
nutrients capable of supporting stream ecosystem functions but are
also capable of causing downstream eutrophication. However, little
is known about factors regulating the generation, transport, and
uptake of organic N and P in urban streams (Pellerin et al., 2006).

4. Substrate: urban soils

Soils are the foundation for many ecological processes such as
biogeochemical cycling, the spatial distribution of plant assem-
blages and, ultimately, the location of human habitation and
activity (Pouyat et al., 2007b). Although many soils in urban and
urbanizing landscapes are modified by human activity, they serve,
like unmodified soils, as both sources and sinks for nutrients and
contaminants (Bullock and Gregory, 1991; De Kimpe and Morel,
2000; Pouyat et al., 2007a) and are a critical mediator of feedback
mechanisms (Effland and Pouyat, 1997). As such, soils function in
the urban landscape by retaining and supplying nutrients, serving
as a growth medium and substrate for soil fauna and flora, and
contributing to the hydrologic cycle through absorption, storage,
and supply of water (Bullock and Gregory, 1991). In providing these
services, soil plays a key role as the “brown infrastructure” of urban
ecological systems, much in the same way urban vegetation, or
green infrastructure, does (Benedict and McMahon, 2002).

Soil studies in urban areas have typically focused on highly
disturbed and human-constructed soils along streets and in highly
developed areas (e.g., Craul and Klein, 1980; Patterson et al., 1980;
Short et al., 1986; Jim, 1993, 1998; Pouyat et al., 2007b). As a result
urban soils have been viewed as drastically disturbed and of low
fertility (Craul, 1999). The characteristics of soil, however, can vary
greatly across the entire urban complex, including not only highly
disturbed but also relatively undisturbed soils that are modified
by urban environmental factors (Schleub et al., 1998; Pouyat et al.,
2003).

4.1. Urban soil alterations

Urban factors directly and indirectly affect soil chemical, phys-
ical, and biological characteristics. Direct effects include physical
disturbances, incorporation of anthropic materials, and burial or
coverage of soil by fill and impervious surfaces (Craul, 1992; Jim,
1998; Schleub et al., 1998). The importance of fill is illustrated by
the fact that the level of the substrate in old cities is generally
higher than the surroundings (Sukopp, 1998). Soil management
practices, e.g., fertilization and irrigation, which are introduced
after the initial development, also are considered direct effects. The
spatial pattern of these disturbances andmanagement practices are
largely the result of parcelization, or the subdivision of land as
landscapes are developed for human settlement. The development
of the landscape creates distinct parcels of disturbance and
management regimes that will affect the characteristics of soil over
time resulting in a mosaic of soil patches. Pouyat and Effland (1999)
suggest that physical disturbances often lead to new soil parent
material in which soil development occurs.

Indirect effects of urbanization on soils involve changes in the
abiotic and biotic environment, which can influence the develop-
ment of intact soils. Unlike direct physical disturbance, changes in
environmental factors resulting from urbanization affect soil
development at temporal scales in which natural soil formation
processes are at work (Pouyat and Effland, 1999; Pickett and
Cadenasso, 2009). Indirect effects include the urban heat island
(Oke, 1995; Mount et al., 1999), soil hydrophobicity (White and
McDonnell, 1988; Craul, 1992), introductions of exotic plant
and animal species (Steinberg et al., 1997; Ehrenfeld et al., 2001),
and atmospheric deposition of pollutants such as N (e.g., Lovett
et al., 2000), heavy metals (Orsini et al., 1986; Boni et al., 1988;
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Lee and Longhurst, 1992; De Miguel et al., 1997; Mielke, 1999), and
potentially toxic organic chemicals (Wong et al., 2004).

4.2. Soil moisture

Soil-moisture regimes are an important factor of soil formation
and function, and can be modified by urban environments.
Disturbed soils in urban areas typically have limited infiltration
capacities due to hydrophobic surfaces, crust formation, and soil
compaction (Craul, 1992; Pouyat and Effland, 1999). Compounding
slow infiltration rate is the potential of impervious surfaces to drain
flow into pervious areas. This excessive water input can prevent
infiltration even during small storm events. Soil-moisture levels
also can be reduced in urban areas due to higher air temperatures,
which generate higher evaporative and transpirative sinks. In
contrast to factors that reduce soil-moisture levels, soils in urban
areas often are irrigated and have abrupt textural and structural
interfaces that can restrict drainage resulting in higher soil-
Fig. 2. Variability in soil moisture in contrasting urban habitats. Soil moisture to the depth of
with the location and designation of each sensor indicated. The second panel is the time
moisture over time for each sensor location. The numbers in the left hand stub of each low
moisture content in surface layers (Craul, 1992). Moreover, below-
ground infrastructures such as pressurized potable water distri-
bution systems can leak as much as 20e30% of the water they carry
into adjacent soils (Law et al., 2004).

Currently, we lack long-term continuous data with which to
make comprehensive comparisons of soil moisture between urban
and rural forest patches or between urban forest soils and disturbed
soils. In the Baltimore Ecosystem Study (www.beslter.org),
continuous measurements in a medium density residential area
and adjacent deciduous woodland indicate high spatial variability
(Fig. 2). Although variability exists within land-use type due to local
patchiness, differences between forest and grass are much higher.
Continuous measurements also allow understanding of the
response of the system to extreme rainfall events. Such measure-
ments show that precipitation has a more profound effect on the
soil in the grass dominated area, presumably due to the absorptive
properties of the leaf litter layer in the forest and the uneven
distribution of water via stemflow. Synoptic measurements in the
5 cm as measured by a sensor array. The top panel is an aerial image of the sample area,
course of rainfall over the measurement period. The two lowest panels show the soil
er panel indicate the sensor. Measurements were taken at 20 min intervals.

http://www.beslter.org
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same area indicate that differences in soil moisture occur between
land-use and -cover types in urban landscapes. Residential lawns
within 150-m of a forest patch showed that unirrigated turf soils
had higher moisture levels than forest soils during the summer.
There were no differences between the two patch types at the end
of October after leaf drop. Presumably, differences in the summer
were due to higher transpiration rates of the broad-leaved trees. In
late fall and early winter, the moisture level in turf soil increased
more rapidly than in forest soil, possibly reflecting concentrated
runoff from roof gutters or snowmelt. How these differences affect
C and N cycling is an open question. However, knowledge of
heterogeneity in both soil moisture and temperature is important
in modeling urban water and nutrient cycles.

4.3. Soil contamination

Studies of forest remnants along urbanization gradients suggest
that urban remnants can receive high amounts of heavy metals,
organic compounds, and acidic compounds via wet and dry atmo-
spheric deposition (Pouyat et al., 2007a,b). Lovett et al. (2000)
quantified atmospheric N inputs in oak forest stands along an
urbanization gradient in the New York City metropolitan area. They
found that urban forests received 50e100% greater N fluxes in
throughfall than rural forests. The input of N declined rapidly in the
suburban stands 45 km fromManhattan. It was proposed that dust
from New York City, rich in alkaline particles of Ca2þ and Mg2þ, act
like an “urban scrubber,” removing acidic gases such as NO3

� and
SO4

2� from the atmosphere and depositing the products on the city
as coarse particulates. Despite the urban scrubber effect, most of the
dry deposition of nitrate was from gaseous nitrogen oxides, which
were in much higher concentration in the city than in rural sites. It
was hypothesized that the alkaline urban dust originated from
building materials and construction activity within the city (Lovett
et al., 2000). Similar results were found in Louisville, KY, US and the
San Bernardino Mountains in metropolitan Los Angeles where both
N and base cation deposition rates into urban forest patches were
higher than in rural forest patches (Bytnerowicz et al., 1999;
Carreiro et al., 2009; Fenn and Bytnerowicz, 1993).

Evidence of similar depositional patterns was found in the form
of heavy metal content in soils along urbanization gradients in the
New York City, Baltimore, and Budapest Hungary metropolitan
areas. Pouyat et al. (2008b) found up to a 2- to 3-fold increase in
contents of lead (Pb), copper (Cu), and nickel (Ni) in urban than in
suburban and rural forest remnants for these cities. A similar
pattern but with greater differences was found by Inman and
Parker (1978) in the Chicago, IL, US, metropolitan area, where
levels of heavy metals were more than five times higher in urban
than in rural forest patches. Other urbanization gradients have
shown the same patterns, though for smaller cities differences
between urban and rural stands were narrower (Carreiro et al.,
2009; Pavao-Zuckerman, 2003). Besides heavy metal and base
cation deposition, Wong et al. (2004) found a steep gradient of
Polycyclic Aromatic Hydrocarbon (PAH) concentrations in forest
soils in the Toronto metropolitan area, with concentrations
decreasing with distance from the urban center to surrounding
rural areas by a factor of 60 or more.

For urban soils, elevated heavy metal concentrations are almost
universally reported, often with high variances (Thornton, 1991; Li
et al., 2004; Wong et al., 2006). Most of the heavy metal sources in
cities have been associated with roadside environments (Van
Bohemen and Janssen van de Laak, 2003; Zhang, 2006), interior
and exterior paint (Trippler et al., 1988), refuse incinerators (Walsh
et al., 2001), industrial stack emissions (Govil et al., 2001; Kaminski
and Landsberger, 2000), management (Russell-Anelli, 1998) and
industrial waste (Schuhmacher et al., 1997). In Baltimore City,
Pouyat et al. (2007b) found that without accounting for background
levels of parent material, soil concentrations (mg kg�1) of 12 heavy
metals were highly variable and generally did not correspond to
land use and cover. However, Yesilonis et al. (2008) found that
metal levels were indirectly related to distance from major roads
and age of housing stock after accounting for background levels
using the same dataset (Fig. 3).

Field investigations addressing the relative importance of
natural vs. anthropogenic factors in the formation of soils in urban
landscapes has been suggested as a novel area of research in the soil
sciences (Galbraith et al., 1999; Pouyat and Effland, 1999; Pickett
and Cadenasso, 2009). This is particularly true in the separation
of the underlying urban and non-urban factors associated with
studies of urbanization gradients and urban landscape mosaics
(Pouyat et al., 2008b).

Even in highly modified landscapes, characteristics of the native
parent material persist in urban soils and urban environmental
effects on native soils can occur at distances beyond the boundaries
of cities. Pouyat et al. (2007b) compared forest patches along
urbanization gradients in the Baltimore, New York, and Budapest
metropolitan areas to investigate the relative importance of urban
environmental factors vs. parent material on soil chemistry. These
metropolitan areas differ in population densities, surface areas,
surface geologies, and transportation systems. Forest soils respon-
ded to urbanization gradients in all three cities, though different
spatial pattern of development, pollution sources, parent material,
and site history influenced the soil chemical response of each city.
Pouyat et al. (2008b) suggest that the changes measured resulted
from locally derived atmospheric pollution of Pb, Cu, and to a lesser
extent Ca, which was more extreme at the urban end of the
gradient, but extended beyond the political boundary of each city.
Moreover, in Baltimore and Budapest the soil chemical response
and analysis of soil pollution effects were confounded by differ-
ences in parent material found along those urbanization gradients
(Pouyat et al., 2007a,b; Yesilonis et al., 2008; Bityukova et al., 2000;
Facchinelli et al., 2001).

4.4. Soil C and N dynamics

Soil modifications resulting from urbanization can modify soil C
and N dynamics. To assess the potential effect on soil organic C, data
from 1 m deep profiles of made soils from five different cities, and
from the surface 0e15 cm of several land-use types in Baltimore
were analyzed (Pouyat et al., 2002, 2006). Soil pedons from five
cities showed the highest soil organic C densities in loamy fill
(28.5 kg m�2) with the lowest in clean fill and old dredge materials
(1.4 and 6.9 kg m�2, respectively). Soil organic C for residential
areas (15.5�1.2 kg m�2) was consistent across cities. A comparison
of land-use types showed that low density residential land had 44%
higher and institutional land had 38% higher organic C densities
than commercial land. Therefore, made soils, with their physical
disturbances and inputs of materials by humans, can greatly alter C
storage in urban systems (Pouyat et al., 2008a).

The various studies of soil C and N dynamics of unmanaged
urban forest stands, highly disturbed soils, and surface soils of
various urban land-use types demonstrated that urbanization can
directly and indirectly affect soil C pools and N-transformation
rates. Soil C storage in urban ecosystems is highly variable (Pouyat
et al., 2006, 2009). How generalizable these results are across cities
located in similar and dissimilar life zones needs to be investigated.
In addition, more data are needed on highly disturbed soils, such as
land-fill, managed lawns, and covered soils to make regional and
global estimates of soil C storage and N-transformation rates in
urban ecosystems. Specific uncertainties include the quality of the
C inputs governed by the presence of exotic plant species litter and



Fig. 3. Concentration of soil borne heavy metals, Cu, Pb, Zn in kg ha�1 after citywide variation in surface geology has been accounted for. The metals are represented by the second
principal components axis, the values of which are analyzed via ordinary kriging and displayed in relationship to the major roads in Baltimore City, MD. Reproduced with
permission from Yesilonis et al. (2008).
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by stress effects on native species litter, the fate of soil C in covered
soils, measurements of soil C densities at depths greater than 1 m
particularly in “made” soils, the effects of specific management
inputs on N-transformation rates, and spatially delineating
disturbed and made soil types (Pouyat et al., 2003).

5. Organisms: urban vegetation

The study of vegetation in urban areas has a long history. For
example, in Europe, studies by De Rudder and Linke (1940) docu-
mented the flora and fauna of cities during the early decades of the
20th century. After World War II, studies examined vegetation
dynamics of bombsites in cities (e.g., Salisbury, 1943). At the same
time, ecologists in the US focused on describing flora in areas of
cities minimally altered by humans, such as parks and cemeteries.
One of the first comprehensive studies of urban vegetation and
environments was conducted by Schmid (1975) in Chicago.

Forests in urban stands tend to have lower stem densities,
unless those stands are native remnants in large parks or former
estates (Lawrence, 1995). Street trees and residential trees tend to
be larger than those in forest preserves, natural areas, and wild
lands in the Chicago region (McPherson et al., 1997), though indi-
vidual trees in urban sites are often stressed, especially on or near
streets (Ballach et al., 1998). Street trees in Chicago accounted for
24% of the total Leaf Area Index (LAI) and 43.7% of the LAI in resi-
dential areas (Nowak, 1994). Compared to the nearly continuous
pre-urban forest cover in mesic forest regions of the US, tree cover
of cities is approximately 31%. In contrast, for prairie-savanna and
desert regions, tree canopy cover has increased over pre-urban
levels (Nowak et al., 1996). In forest biomes, forest cover decreases
as a proportion of total land area from non-metropolitan to central
city counties, with a step reduction between non-metropolitan and
peripheral counties (Brooks and Rowntree, 1984). Local effects
on forests also occur. For example, forest patches adjacent to resi-
dential areas experience increased edge openness (Moran, 1984)
and a retreat of their margins due to recreational use, especially by
children, and damage to regenerating plants (Bagnall, 1979). Such
regeneration failure is frequent in urban and suburban stands, due
to reduced natural disturbance or gap formation, substitution of
unfavorable anthropogenic disturbances such as frequent ground
fires and trampling, and competition with exotics (Guilden et al.,
1990).

The composition of urban and suburban forests differs fromwild
and rural stands. Species richness has increased in urban forests as
a whole, but this is due to presence of exotics (Zipperer et al., 1997).
The presence of exotics is often notable in urban vegetation. The
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percentage of the flora represented by native species decreases
from urban fringes to center city (Kowarik, 1990). The same is true
evenwithin forest fragments from rural-to-urban contexts (Duguay
et al., 2007). Along the New York City urban-to-rural gradient, the
number of exotics in the seedling and sapling size classes is greater
in urban and suburban oak stands (Rudnicky andMcDonnell, 1989).
A more detailed study of the vegetation of the forest stands along
this transect indicated that the composition of the canopy did not
differ from urban-to-rural sites. However, the structure of the forest
as expressed in saplings, seedlings, vines, and herbs did differ
across the transect, with notable breaks in character between rural
forests and those closer to New York City (Cadenasso et al., 2007b).
In the US urban flora in general, the representation of exotics
increases with time since statehood, correcting for human pop-
ulation density, indicating a role of time of exposure to invasion
(McKinney, 2001). Rapoport (1993) found the number of non-
cultivated species to decrease from fringe toward urban centers in
several Latin American cities. In Mexico City, there was a linear
decrease in the number of species per ha from 30e80 encountered
in suburbs to 3e10 encountered in the city center. At a given
housing density, more affluent neighborhoods had more exotic
species than less affluent ones in Bariloche, Argentina. In Villa
Alicura, Argentina, exotic species increased with increasing local
site alteration by humans. Near homes there were 74% exotics,
while there were 48% along river banks. Although exotics were
present along all roads, the number decreased on roads less
frequently used. No exotic species were found outside the town.
Paths in rural recreation areas (Rapoport, 1993) and in urban parks
(Drayton and Primack, 1996) have enhanced the presence of
exotics. In an urban park in Boston, of the plant species present in
1894, 155 were absent by 1993, amounting to a decrease from 84%
to 74% native flora. Sixty-four species were new. In addition to
trails, Drayton and Primack (1996) relate fire and trampling to the
change in exotics.

The ecology of the entire city as a system is represented by
research relating species richness to the characteristics of cities. For
instance, the number of plant species in urban areas correlates with
the human population size. Species number increases with log
number of human inhabitants, and that relationship is stronger
than the correlation with city area (Klotz, 1990). Small towns have
from 530 to 560 species, while cities having 100,000e200,000
inhabitants have upwards of 1000 species (Sukopp, 1998). Age of
the city also affects the species richness, with large, older cities
exhibiting more plant species than younger cities (Sukopp, 1998;
Kowarik, 1990). These assemblages are characteristic in Europe,
with 15% of species shared among cities (Sukopp, 1998).

Urban areas show a preponderance of trees of wetland or
floodplain provenance, due to the lower oxygen tensions shared by
wetlands and impervious urban soils (Spirn, 1984). Even when the
overstory remains similar, the herbaceous flora of urban forests is
likely to contrast with rural or wild stands (Wittig, 1998; Cadenasso
et al., 2007b). In Japan and Minnesota, US vascular plant diversity
increases with the area of the stand (Iida and Nakashizuka, 1995;
Hobbs, 1988). In some urban stands, the adjacent land use affects
species composition. The interior of residential forests had more
exotics than forests abutting either roads or agricultural zones
(Moran, 1984).

Compositional changes are not the only dynamics in urban
biota. In addition, phenology has changed. Flowering in European
cities now begins 4e17 days earlier than in rural areas (Roetzer
et al., 2000). The growing season length has increased on average
approximately 8 days, primarily due to earlier bud break. Such
phenological changes are responses to the urban heat island
(Section 3.2). In contrast, because dormancy is signaled by photo-
period, the end of the season for most plants was not affected
(White et al., 2002). Spring blooming plants flowered up to 9 days
earlier in the city than in the countryside (Neil and Wu, 2006), and
in particular, ephemeral annuals, early spring flowering plants, and
insect pollinated plants were more sensitive to environmental
changes than perennials or plants that bloom late in the growing
season (Neil and Wu, 2006). Plants and animals in cities have
evolved compared to populations outside of cities (Sukopp, 1998).
The famous population genetic differentiation in Agrostis tenuis and
Plantago lanceolata in lead contaminated urban sites is an example
(Velguth and White, 1998).

5.1. Urban vegetation heterogeneity

A major feature of urban vegetation is its spatial heterogeneity,
created by the vast array of building densities and types, different
land uses, and different social contexts. To characterize this
heterogeneity, plant habitats have been classified using various
systems. Stearns (1971), one of the first American ecologists to call
for research in urban landscapes, identified three major habitat
typesdruderal, managed, and residual. Building upon this foun-
dation, Brady et al. (1979) proposed a continuum of habitats from
the natural to the highly artificial. Dorney (1977), using a similar
approach, proposed an urbanerural continuum from a planning
perspective and identified six representative land zonesdcentral
business district, old subdivisions, new subdivisions, urban
construction zones, urban fringe, and rural. Each zone was char-
acterized by three components or subsystems: cultural history,
abiotic characteristics, and biotic features.

In addition to assessing spatial heterogeneity, classification
systems recognize the importance of characterizing natural habi-
tats in urban landscapes. To assess urban wildlife habitat in
Germany, Sukopp and Weiler (1988) developed a biotope mapping
and conservation strategy based on phytosociologic-floristic and
faunal characteristics. Rogers and Rowntree (1988) developed
a system to classify vegetation using life forms. The process was
used to assess natural resources in New York City (Sissini and
Emmerich, 1995). Based on site histories, Zipperer et al. (1997)
classified tree-covered habitats as planted, reforested, and
remnant. These approaches allow for spatially-explicit comparisons
between vegetation and other variables. More recent classification
schemes recognize the need to integrate vegetation with the built
and surface characteristics of urban areas (Cadenasso et al., 2007a).

The vegetation and floristic studies of nature in cities share key
characteristics. They are largely descriptive, but illustrate spatial
heterogeneity as a source of diversity, and suggest a functional role
for landscape structure (Rebele, 1994). While it is legitimate to view
the city as an open and dynamic ecosystem, few of the plant
ecological studies document successional processes (Matlack,1997)
or expose the functional relationships of the vegetation (Mucina,
1990). More recent experiments have documented the ability of
contrasting environments along an urban-to-rural gradient, acting
on a common experimental seed bank, to cause the rate of
succession to change (George et al., 2009). Over 5 years 2.1 �C
greater temperature and 20% greater CO2 vapor pressure deficit
were associated with 2e3 times greater biomass, and significantly
greater ratio of perennials to annuals in the urban sites.

6. Organisms: urban animals

The long history of research on the animal life of cities has been
documented by Douglas (1983), Nilon and Pais (1997) Marzluff
et al. (2001), McKinney (2002), Chace and Walsh (2006), and
Adams et al. (2006) for, Australian, European and North American
cities. The majority of the studies reviewed previously (Pickett
et al., 2001) was apparently designed to document the fauna or



Fig. 4. Responses of species with different degrees of tolerance and adaptation to
human influence along a gradient of urbanization, represented by imperviousness.
Used with permission from Marzluff and Rodewald (2008).
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to answer specific management questions. Few studies focused on
processes identified in mainstream ecology as major foci. Over the
past decade, however, considerable advances have been made in
addressing processes like extinction-colonization, competition,
trophic dynamics, and behavioral adaptation (Shochat et al., 2006).
Strides have also been made in addressing socio-economic drivers
influencing animal community composition (Hope et al., 2004;
Kinzig et al., 2005; Melles et al., 2003; Nilon and Huckstep, 1998).
We review the patterns that have emerged from the history of
descriptive studies of urban animal communities, then highlight
the advances made in understanding the processes underlying
these patterns. We begin with coarse scale or gradient compari-
sons, followed by patch-oriented studies. Finally, we review the
burgeoning study of humanewildlife interactions. These interac-
tions are complex, with some portions of human communities
simultaneously having either positive or negative interactions with
wildlife (DeStefano and DeGraaf, 2003). As the world citizenry
becomes increasingly urban, human understanding of wildlife is
increasingly shaped by urban wildlife encounters, with profound
consequences for natural resource policy (Turner et al., 2007;
DeStefano and DeGraaf, 2003).

Birds, mammals and terrestrial invertebrates continue to be the
best studied taxonomic groups, with aquatic fauna, reptiles and
amphibians less studied, despite a long time recognition of this
imbalance (Luniak and Pisarski, 1994). In addition, the fauna of
greenspaces are relatively well studied, with built up and derelict
areas and water bodies less well known, though some landmark
studies have demonstrated the benefits of focusing research on
developed lands (Turner et al., 2004). Andrzejewski et al. (1978)
and Klausnitzer and Richter (1983) described urban-to-rural
gradients defined by human population density and building
density that impacted the occurrence and abundance of species.
Other commonly used indices of urbanization include the amount
of impervious surface, road density or time since development
(Blair, 1996; McKinney, 2002). Across these gradients, diversity
declines in nearly all taxa studied (McKinney, 2002), with some
taxa, e.g., amphibians, exhibiting steeper declines than others
(Clergeau et al., 2006). However, in Palo Alto, CA, species richness of
butterflies and birds was greatest at sites intermediate between
nature reserves and dense urban areas (Blair, 1999). In taxa that do
exhibit decline from rural-to-urban sites, patterns suggest dispersal
or degree of specialization to be among the causes. Analysis of
several soil arthropod taxa in Warsaw showed that the degree of
decline depended on the size of the regional species pool. More
diverse taxa, such as carabid beetles and spiders, lost a higher
proportion of the original species, whilemost species in less diverse
groups, such as isopods and daddy longlegs, were still present in
the city. One possible explanation is that species rich groups likely
have many specialized species that cannot survive in the urban
setting. Thus, composition of urban animal communities tends to
shift toward generalist species, often those with high reproductive
capacities (DeStefano and DeGraaf, 2003). These generalists typi-
cally occur at higher densities in urban than in nearby wild land or
rural habitats (McKinney, 2002; Shochat et al., 2006). It is possible
to identify some specific features of successful generalists. For
example, Møller (2009) hypothesized that widely distributed
species, with high dispersal abilities, and possessing a high rate of
innovation, a high level of risk taking, and a rapid life history would
be selected for in urban habitats. The spatial patterns of generalists
and specialists (Fig. 4) result in a peak avian diversity at interme-
diate levels of urbanization, where fragmented wild land or native
lands are interspersed with lower density residential development
(McKinney, 2002; Marzluff and Rodewald, 2008). Consensus on this
pattern, however, is lacking, perhaps due to differences among
studies in the resolution at which urban gradients are measured.
Patch-oriented approaches are particularly well developed in
studies of mammals. Studies in Australia, Europe, and North
America have documented the importance of patch configuration,
patch disturbance, and land use and cover in areas surrounding
habitat patches on mammal populations and communities (Nilon
and Pais, 1997; Adams et al., 2006). Recent studies have expanded
patch approaches to process-oriented approaches (Parker and
Nilon, 2008).

The dominance of urban communities by exotics and the large
degree of similarity in species composition among cities have
together been termed biotic homogenization (Blair, 1999;
McKinney and Lockwood, 1999; Lockwood et al., 2000; McKinney,
2005). It is thought to arise from 1) similar patterns of colonizing
and declining species owing to common characteristics of urban
environments regardless of the surrounding biome, and 2) trans-
portation of similar subsets of species across geographical bound-
aries (McKinney and Lockwood, 1999; McKinney, 2006). Several
mechanisms account for the increased success of non-native
species. Factors invoked as supporting homogenization include: the
prevalence of disturbed habitats in cities promoting exotic species
invasions, and common features of the physical environment of
cities, such as heated buildings, irrigated and limed lawns, and
increased air temperature. Biotic homogenization has been shown
for birds (Lockwood et al., 2000) and plants (McKinney, 2004;
Schwartz et al., 2006). For invertebrates, similarity of faunas
among distant cities may not be the rule despite standardized
sampling techniques (Niemelä et al., 2002). Analysis of soil mac-
roinvertebrates in European cities showed high degrees of
homogenization for earthworms, but less for isopods and milli-
pedes (Korsós et al., 2002). Response of carabid beetle assemblages
to urbanization varied locally, and due to the small size of these
animals compared to vertebrate species, residual urban forest
patches contained the same species as rural forests in some cities
(Niemelä et al., 2002). Furthermore, native invertebrate species
that can survive in the urban landscape come from zoogeographi-
cally distinct species pools, and do not spread beyond those
boundaries unless humans transport them. The presence of these
native “urban exploiters” (Blair, 2001) acts against biotic homoge-
nization. These species are often close taxonomic relatives and
ecologically equivalent, thus can be considered “urban vicariants”.

As the patterns of diversity and abundance associated with
urbanization have crystallized, competing explanations have
emerged. Application of island biogeography theory finds, in
general, that speciesearea relationships are preserved in urban
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patches (Fernández-Juricic and Jokimaki, 2001; Donnelly and
Marzluff, 2004; Wolf and Gibbs, 2004). In some studies, patch
size influenced species composition rather than species richness,
with organisms at higher trophic levels being those lost at smaller
patch sizes (Gibb and Hochuli, 2002). A few studies have directly
quantified the extinction and colonization processes that the
theory proposes as underlying patterns of diversity globally (Crooks
et al., 2001; Leston and Rodewald, 2006). According to this view,
the species roster in a patch is the combination of the species
colonizing the novel habitats formed with urbanization and those
remaining after local extinctions are caused by isolation or habitat
alteration from urbanization. Variation in habitat associations and
dispersal distances are thought to be the primary drivers of the
extinction and colonization rates for different species (Marzluff and
Rodewald, 2008), though behavioral mechanisms have also been
invoked, such as settlement biases in migratory bird species or
decision rules in response to pressures like nest predation (Leston
and Rodewald, 2006; Borgmann and Rodewald, 2004). One
prediction of this view is that urban habitats are not always lower
in diversity than non-urban ones. Rather, diversity depends on the
sum of extinction and colonization rates, which differ regionally
and taxonomically. At moderate levels of urbanization, species
richness may actually be higher than in nearby wild lands.

An alternative, though not mutually exclusive view, is that
species interactions, such as competition, play a key role in shaping
community composition in urban habitats. For example, altered
habitat structure and resource availability may favor colonizing
species over native ones in competition for resources, leading to
local extinctions of native species and elevated densities of a few
strong competitors. Proponents of this view argue further that
resource availability is elevated and more consistently available in
urban environments, providing the opportunity for individuals in
poorer condition to persist longer than in nearby wild land envi-
ronments or less urbanized patches. Several predictions have been
derived from this theory: a) that evenness is reduced along with
diversity in urban habitats, b) that the most dominant competitors
in urban environments are also the most efficient foragers, and c)
within species, that the distribution of body condition among
individuals in urban populations should be strongly skewed toward
lower quality individuals (Shochat, 2004).

Finally management of the urban landscape can play an impor-
tant role in shaping urban community structure, especially for
smaller organisms. Attempts to selectively eliminate pests, actively
encourage certain organisms, and accidentally transporting species
with soil and horticultural plants, can modify species composition
and abundance.

6.1. Trophic dynamics

Consistent patterns of human influence on urban food webs and
trophic dynamics are emerging (Warren et al., 2006b). In terrestrial
systems, strong bottom-up influences are frequently recognized
(Faeth et al., 2005). Humans commonly subsidize resources,
generating elevated productivity, particularly in cities in dry land
environments (Shochat et al., 2006). Elevated densities for species
of birds, arthropods, and mammals have all been associated with
these human subsidies (DeStefano and DeGraaf, 2003). The litera-
ture is divided on whether the elevated densities constitute
resource matching (Rodewald and Shustack, 2008a,b) or over
matching (Shochat, 2004). It is noteworthy that aquatic systems, by
contrast, often experience reduced basal resources, with frequently
impoverished lower trophic levels in urban streams (Overmyer
et al., 2005).

Top-down effects in urban food webs present a more complex
picture. Predator diversity is often but not always decreased, and
middle trophic levels may experience reduced predation (Bowers
and Breland, 1996; Shochat et al., 2004; Parker and Nilon, 2008).
An array of top predator species, from coyotes to cooper’s hawks
are finding ways to exploit more densely urbanized areas than
was once thought possible (Morey et al., 2007; Gompper, 2002;
Roth and Lima, 2003). In addition, human subsidies are thought
to lead to artificially elevated densities for some predators, like
cats and corvid birds, though this does not always result in
elevated predation rates (Marzluff et al., 2001; Patten and Bolger,
2003; Rodewald and Shustack, 2008b). Humans often act directly
as top predators, especially in landscaped and built environ-
ments, where chemical pesticides eliminate particular herbivore
or detritivore species. But humans can also promote other
arthropod groups, like lacewings, ladybugs, or soil nematodes,
thought to be beneficial in controlling pests. Reticulate food web
structure and predator compensation make top-down and
bottom-up controls difficult to predict from knowing the
composition of predator and prey communities (Patten and
Bolger, 2003).

As in the broader field of ecology, “brown” food webs, i.e.
detritus based or decomposer food webs, present a new frontier.
The basis of decomposer food webs, plant detritus, is often spatially
rearranged especially in suburban areas (e.g., Byrne et al., 2008).
While urban forest patches retain their forest floor, thus main-
taining a complex soil food web, leaf litter is removed in residents’
yards and parks, and concentrated in compost piles. More
specialized leaf litter feeding fauna will be absent in these habitats.
Generalized detritivores will still survive because soil is amended
with organic matter in the form of topsoil, finished compost or
mulch. Nevertheless, decomposer food webs in urban forests
appear to be as complex as food webs of the more well-described
macro-fauna, with forest floor invertebrates experiencing season-
ally varying degrees of top-down control by salamander predators
(Walton, 2005; Walton et al., 2006).

Behavioral mechanisms play important roles in the adaptation
or exclusion of animal species from urban and suburban environ-
ments. Anthropogenic noise leads to shifts in pitch and loudness of
bird songs and shifts in calling behavior in some frogs (Slabbekoorn
and Peet, 2003; Brumm and Todt, 2002; Sun and Narins, 2005;
Warren et al., 2006a). However, species without the flexibility to
modify their signals may be at a disadvantage in urban settings
(Slabbekoorn and Peet, 2003). Synurban species, those that prolif-
erate in urban settings, appear to possess a suite of common
behavioral characteristics, including reduced wariness, increased
intraspecific aggression, and increased tolerance of human pres-
ence (Gliwicz et al., 1994; Ditchkoff et al., 2006). This suite of traits
is called an “urban wildlife syndrome” (Gliwicz et al., 1994; Parker
and Nilon, 2008). Many of the altered behaviors observed in urban
animals are density dependent, suggesting a direct connection
from human resource subsidies to these behavioral shifts (Parker
and Nilon, 2008). Other behavioral shifts in urbanesuburban
animals include altered seasonality, such as denning and hiberna-
tion in black bears (Beckmann and Berger, 2003). Whether syn-
urbanization and other behavioral shifts are a consequence of
phenotypic plasticity, pre-adaptation, or evolutionary adaptation is
an unresolved question.

The retention of substantial pools of species diversity in cities
presents an opportunity for an increasingly urban citizenry to
encounter “nearby nature” (Kaplan and Kaplan, 1990). Humans
appear to notice both diversity and its absence (Fuller et al., 2007)
as well as to actively foster certain species (DeStefano and DeGraaf,
2003). Access to diversity of species and habitats, however, is not
equitably distributed across social groups, according to a growing
body of studies (Nilon and Huckstep,1998; Hope et al., 2004; Kinzig
et al., 2005; Melles et al., 2003).
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Valuation of species is complex (Kellert, 1984), with contradic-
tory viewpoints frequently expressed about the same species (e.g.,
mountain lions in Los Angeles (Davis, 1998). Wildlife managers
consider regulation of populations of “overabundant” species,
those exceeding cultural carrying capacities, to be more difficult in
densely populated areas due to constraints placed on options for
management, in particular lethal management techniques
(DeStefano and DeGraaf, 2003; Adams et al., 2006; Perry and Perry,
2008). Delays in application of population controls may lead to
rapid increases in pest or invasive species populations beyond sizes
that are feasible to manage (Perry and Perry, 2008). Much current
research in wildlife and pest management is aimed at addressing
the particular problems of working in human-populated areas.

7. Interaction of the substrate and organism factors: urban
biogeochemistry

Having now reviewed the substrate and organism factors
separately, their interactions can be explored. These interactions, in
part, take the form of biogeochemical fluxes. This central topic of
ecosystem ecology has become a key aspect of urban ecology.
Biogeochemistry in urban systems is an extremely broad area,
which can be divided into concerns of 1) nitrogen and carbon
budgets and retention, 2) urban footprints, 3) pollution effects on
nutrients, 4) urban convergence as illustrated by lawns, and 6) the
role of non-native invasive species in biogeochemistry.

7.1. Budgets of nitrogen and carbon: processing, retention, and
sequestration

One of the earliest modern ecological approaches to urban
systems was the assessment of biogeochemical budgets of whole
cities (Boyden, 1979; Odum and Odum, 1980). Contemporary
ecology propounds a systems view that goes substantially beyond
the simple budgetary approach (Jones and Lawton, 1995). Although
some ecosystem studies continue to apply the laws of conservation
of matter and energy to generate budgets for ecosystems as though
systems were “opaque boxes”, the structural details and richness of
interacting processes that take place in the box are a major concern
of contemporary ecosystem ecology. In addition, the assumptions
of closed system boundaries and homeostasis that were associated
with the ecosystem theory used by many early geographers have
been replaced (Zimmerer, 1994). There is a new theory of ecosys-
tems (e.g., Pickett et al., 1994) that was not available to those who
initiated the budgetary approach to urban systems (e.g., Boyden,
1979). The basic concept of the ecosystem can serve the various
disciplines (Rebele, 1994) but the internal heterogeneity of the
systems and the processes within them are of substantial
contemporary interest.

Recent biogeochemical budgets of whole cities or of urban
watersheds as ecosystems are exemplified by questions about
nitrogen retention, a key ecosystem service relevant to water and
air quality. These budgets compare nitrogen inputs from fertilizer,
atmospheric deposition, food for humans and pets and manufac-
tured materials with outputs in streamwater, sewage, harvest or
export of agricultural ormanufactured products, and gaseous losses
(Kaye et al., 2006). They are a strong platform for evaluating how
increased nitrogen inputs associated with human activities
contribute to water and air pollution. Soluble nitrogen exports
contribute to eutrophication of water, especially coastal salt water,
and a variety of nitrogen gases contribute to degrading air quality
through either the greenhouse effect, tropospheric ozone pollution,
or stratospheric ozone destruction (Galloway et al., 2003).

While one might expect urban ecosystems to have limited
abilities to retain nitrogen given the extensive modification of soils
and hydrology (Sections 3 and 4), recent urban ecosystem nitrogen
budgets have shown surprisingly high retention. Baker et al.
(2001b) compiled a comprehensive budget for the Central Ari-
zona Phoenix (CAP) metropolitan region and found that inputs of N
in fertilizer, food and atmospheric deposition greatly exceeded
exports in streamwater and harvest. They concluded that the
apparent retention consisted of gaseous losses and storage in soil.
The storage in soil is supported by other analyses showing accu-
mulation of inorganic and organic N in CAP soils (Zhu et al., 2006).
The analysis by Baker et al. (2001b) highlighted the importance of
considering unique urban nitrogen fluxes, such as those associated
with pet food and waste.

Groffman et al. (2004) computed a nitrogen budget for an 81 ha
suburban Baltimore watershed having 22% impervious surface by
comparing inputs from atmospheric deposition and lawn fertilizer
with streamwater outputs. Their finding of greater than 70%
retention over a 3 year period, along with other studies showing
high retention, motivated a search for just where nitrogen is being
retained in urban and suburban watersheds. Locations hypothe-
sized to be important for retention include lawns (Raciti et al.,
2008), riparian zones and wetlands (Groffman et al., 2002, 2003;
Groffman and Crawford, 2003; Kaushal et al., 2008a; Zhu et al.,
2004), and streams (Groffman et al., 2005; Hale and Groffman,
2006; Grimm et al., 2005; Gibson and Meyer, 2007; Arango and
Tank, 2008; Mulholland et al., 2008; Kaushal et al., 2008b;
Klocker et al., 2009). Using budgets as a tool for driving water-
shed ecosystem research and management programs is a long
established idea in ecology (Likens et al., 1977) that is particularly
useful in human dominated ecosystems where there are goals to
reduce nitrogen delivery to the atmosphere and receiving waters
(Whitall and Paerl, 2001).

Wollheim et al. (2005) found 65e85% retention in urban
watersheds in Massachusetts, with lower values in a wet year than
a dry year. Their analysis highlighted the difficulty of closing the
water budget in urban watersheds due to transfers into and out of
basins. Kaushal et al. (2008a) found that retention in urban and
suburban watersheds in Baltimore varied markedly with climate,
declining from 85% in a dry year to 35% in a wet year. These studies
indicate the need for long-term data in urban watersheds, as the
hydrologic and biogeochemical drivers of nitrogen retention are
complex, variable, and respond dynamically to climate variation.

Carbon and energetic budgets are closely related. Clearly, urban
areas are heterotrophic ecosystems that depend on productivity
from elsewhere (Collins et al., 2000). Cities in industrial countries
may use between 100,000 and 300,000 Kcal m�2 yr�1, whereas
solar powered ecosystems typically expend between 1000 and
10,000 Kcal m�2 yr�1 (Odum,1997). Themassive energy conversion
rates of cities are driven by fossil fuel subsidies, and contribute to
the urban heat island discussed earlier (Section 3.1).

In spite of the massive respiration or combustion of carbon
based fuels in urban biota, industry, transport, and households,
there is the potential for carbon sequestration in cities. For
example, in Chicago, trees have been estimated to sequester 5575
metric tons of air pollution, and 315,800 metric tons of C per year
for a per ha rate of 17 metric tons (McPherson et al., 1997). In the
Mediterranean climate of Oakland, California, trees sequester 11
metric tons of C per year (Nowak, 1993). Natural forests on average
sequester 55 metric tons per year (Zipperer et al., 1997). The
capacity of trees to filter particulates from urban air is based on leaf
size and surface roughness (Agrawal, 1998).

Carbon flux has received increasing attention in urban
ecological research with the widespread acknowledgement of the
reality of global climate change. Coutts et al. (2007) examined CO2
flux in two residential communities at daily, seasonal, and yearly
scales in Melbourne, Australia. The neighborhoods differed in the
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amount of vegetation they supported. During the summer
months, the commute signal was visible in morning and after-
noon in both neighborhoods. The neighborhood with more trees
also had more cars during commute, so the morning peak was
higher than in the other neighborhood. In the afternoon, the peak
in the neighborhood with more trees and more cars was lower
than the other neighborhood because rates of photosynthesis
were high.

An example of disentangling aspects of the carbon budget
along an urbanerural gradient comes from Salt Lake City, Utah
(Pataki et al., 2007). Over time, the highest values of CO2 occurred
in winter under atmospheric inversions. Using stable isotopes of C
and O, it was discovered that greater than 50% of the CO2 was
contributed by combustion of natural gas in the wintertime,
especially near the center of the city. During the growing season,
more than 60% of the CO2 originated from biological respiration,
especially in rural sites. The O2 isotope analysis further showed an
enrichment attributable to irrigation in the urban sites. Leaf
respiration contributed differentially to CO2 in a residential
neighborhood, but showed reduced seasonal variation in the less
vegetated city center. This study shows considerable temporal and
spatial variation in the fluxes that make up urban material
budgets. Similar heterogeneities in material fluxes in metropolitan
areas are shown by Golubiewski (2006) and Coutts et al. (2007).
According to Pataki et al. (2006), urban carbon budgets are
a maturing topic, with wide use of models combining land use,
emissions from vehicular traffic, and the gains and losses from
vegetation and soils. Urban carbon model validation has relied on
both fine scale metabolic studies and atmospheric monitoring,
and has been related to both biophysical and socio-economic
drivers.

7.2. Urban footprints and their critiques

The budgetary approach, such as employed for nitrogen or
carbon (Section 7.1) can be spatially expanded by considering the
relationship of the energy and materials used in an urban area to
areas beyond its borders. The ecological footprint of an urban
area indexes the amount of productive land and sea required to
support the material and energetic budgets required by
a metropolis, and to process the wastes it generates (Rees, 1996).
The amount needed is not spatially explicit meaning that it is the
amount of land or water needed regardless of where it is located.
For example, the city of Vancouver, Canada, requires 180 times
more land to generate and process materials than the city actu-
ally occupies. The concept is highly metaphorical, because the
actual networks from which any particular city draws resources,
and the areas affected by its waste may extend around the globe
(Opschoor, 2000; Luck et al., 2001). Limitations of the concept as
an environmental accounting tool are that it denies the value of
trade, the ecological characteristics of immediate hinterlands,
and the economies of scale in urban areas that may reduce
negative ecological impacts. Highly productive monocultures are
given a higher capacity score, yet suffer from reduced biodiver-
sity. An analysis of the growth of Chicago (Cronon, 1991) docu-
mented networks of resource acquisition that extended
throughout the western regions of the late 19th century US. The
metropolis in the post-industrial, information age in nations
enjoying a high fossil fuel subsidy, sends different sorts of
tentacles into the hinterland than did the industrially and agri-
culturally anchored Chicago in the late 19th and early 20th
centuries (Bradley, 1995). Telecommuting, materially and ener-
getically subsidized recreation, and the alteration of land values
for “urban” uses in the countryside represent a footprint based
on urban capital.
7.3. Pollution and nutrient dynamics

The high levels of pollution in urban areas have the potential to
drastically affect nutrient cycling. How pollutants affect urban
biogeochemical fluxes is uncertain, but preliminary results suggest
that the effects depend on various urban environmental factors
(Carreiro et al., 2009). For example, Inman and Parker (1978) found
slower leaf litter decay rates in urban stands that were highly
contaminated with Cu (75.7 mg kg�1) and Pb (399.9 mg kg�1)
compared to unpolluted rural stands. Apparently, the heavy metal
contamination negatively affected the activity of decomposers in
these urban stands. By contrast, where heavy metal contamination
of soil was moderate to low relative to other atmospherically
deposited pollutants such as N, rates of decomposition and soil N-
transformation increased in forest patches near or within major
metropolitan areas in southern California (Fenn and Dunn, 1989;
Fenn, 1991), Ohio (Kuperman, 1999) and southeastern New York
(Carreiro et al., 2009). An experimental demonstration of how
pollutants can condition the response of urban plants appears in
the work of Gregg et al. (2003). Using uniform clones of hybrid
poplar trees, growth was seen to decrease downwind from New
York City. Ozone was the predominant control on growth of these
clones in common garden experiments along the urbanerural
gradient rather than increased N deposition or temperature toward
the city center. Armentano and Loucks (1983) also documented
distant effects of urban ozone (see Section 3 for other climate
effects).

7.4. Urban convergence: lawns and soil carbon

A central principle in urban ecological theory implies that
anthropogenic drivers will dominate natural drivers in the control
of ecosystem response variables (Pickett et al., 2008). The impli-
cation is that urban ecosystem and soil responses to urbanization
should converge on regional and global scales relative to the native
systems they replace. This idea is labeled the Urban Ecosystem
Convergence hypothesis (Pouyat et al., 2003). Converting forest,
grasslands, and deserts to urban and suburban land uses entails
a complex array of ecosystem alterations. The effects of these
changes on soil organic carbon (SOC) are an often missing
component in local, regional, and global estimates of SOC stocks
(Kaye et al., 2005; Pouyat et al., 2006). Convergence in soil carbon
stocks or other response variables will occur as long as the
anthropogenic drivers and effects resulting frommanagement, use,
and environmental change, dominate native controlling factors,
such as topography and parent material.

An important characteristic of urban land-use conversion with
respect to the carbon cycle is the introduction of turf grass cover
(Kaye et al., 2005; Milesi et al., 2005; Golubiewski, 2006). With
approximately 8% of the nation’s land base in urban use (CIESIN,
2004) the total estimated areal amount of turf grass for the
conterminous United States is 163,800 km2 � 35,850 km2, which is
estimated to exceed by three times the area of other irrigated crops
(Milesi et al., 2005). Residential and institutional managers apply
about 16million kg of pesticides each year (Aspelin,1997) as well as
fertilizers at rates similar to or exceeding those of cropland systems,
e.g., up to 200 kg ha�1 yr�1 (Law et al., 2004).

Due to the efforts of residential and other land managers, the
introduction of turf grass and corresponding management should
result in a significant accumulation of SOC in most urban land-
scapes. Qian et al. (2003) using the CENTURY model showed that N
fertilization coupledwith grass clipping replacement increased SOC
accumulations by up to 59% compared to sites that were not
fertilized and from which clippings were removed. Likewise,
Golubiewski (2006) measured SOC stocks in 13 residential yards of
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different ages built on the semiarid shortgrass steppe of Colorado
and found that SOC recovered from the initial disturbance caused
by development after 20 years, and exceeded the semiarid prairie
soils shortly thereafter. In addition, the effects of lawnmanagement
on SOC accumulation exceeded the effects of other soil forming
factors, such as elevation and soil texture.

The amount of effort tomanage turf grass systems, e.g., intensity
of irrigation or nutrient applications, should also have an effect on
SOC accumulation. Moreover, the effort should reflect the natural
constraints on the soil-turf grass system (Pouyat et al., 2008a). For
example, irrigation rates for turf grass growing in dry land areas
must be higher than for turf grass in more temperate climates.
Indeed, in the absence of irrigation and fertilization, most species of
turf grass would not be able to grow and compete with native
vegetation in most of the conterminous US (Milesi et al., 2005).
Therefore, as the constraints on the growth of turf grass increase,
the management effort will also have to increase so that turf grass
species can compete favorably with other plants (Pouyat et al.,
2008a). Therefore, compensatory inputs of water and nutrients
required to maintain turf grass cover should result in a higher
accumulation of SOC than in the original dry land system (e.g.,
Golubiewski, 2006; Jenerette et al., 2006). Whereas, in more
temperate regions of the US where turf grasses may grow without
supplements, SOC in residential areas should be equivalent to or
lower than the native soil, which will most likely be a forest soil.
Thus, SOC should converge from awide range of starting conditions
in urban areas (Pouyat et al., 2008b).

To address the SOC convergence hypothesis, a continental
analysis of available SOC data for urban and native soils by Pouyat
et al. (2006) showed that remnant patches of native vegetation
accounted for almost 10% of the urbanized area in the contermi-
nous US, and, depending on the SOC density (kg C m2-1 m depth) of
the native soils, could account for up to 34% of the stock of SOC of
a city. Moreover, when soils beneath impervious surfaces were
excluded from the analysis, the estimated SOC densities rose
substantially for the urban areas, indicating the potential for soils in
pervious areas of urban landscapes to sequester large amounts of
SOC. The authors also compared the pre-agricultural, agricultural,
and post-urban estimates of SOC stocks in six cities from which
data were available and found the potential for large decreases in
SOC pools post-urban development for cities located in the
northeastern U.S. where native soils have inherently large SOC
densities, whereas in drier climates, cities tended to have slightly
more SOC after urban development (Pouyat et al., 2006). In a follow
up to the continental analysis, Pouyat et al. (2008b) found a similar
relationship between residential and native soils in the Baltimore
and Denver metropolitan areas.

7.5. Invasive species and biogeochemistry

Invasive species can play a disproportionate role in controlling C
and N cycles in terrestrial ecosystems (Bohlen et al., 2004;
Ehrenfeld, 2003). Therefore, the relationship between invasive
species abundances and urban land-use change has important
implications for biogeochemical cycling of C and N (Pouyat et al.,
2008a). For example, in the northeastern and mid-Atlantic United
States where native earthworm species are rare or absent, urban
areas are important foci of non-native earthworm introductions,
especially Asian species from the genus Amynthas, which are
expanding toward outlying forested areas (Steinberg et al., 1997;
Szlavecz et al., 2006). These invasions into forests have resulted
in highly altered C and N cycling processes (Bohlen et al., 2004;
Carreiro et al., 2009). Invasives of various life forms in urban
areas have altered C and N cycles, including the shrub Berberis
thunbergii, the tree Rhamnus cathartica, and the grass Microstegium
vimineum (Ehrenfeld et al., 2001; Heneghan et al., 2002; Kourtev
et al., 2002).

8. Human actors in urban ecosystems

In introducing urban ecosystems, we noted that humans might
be included and discussed among the other urban organisms.
However, we have chosen to discuss humans after introducing the
other state factors for two reasons: Humans are the dominant
organisms in urban systems, and their ecology is especially
complex and highly differentiated, with many layers of social
structures and dynamics. Thus, social scientists were among the
first scholars to take an ecological approach to urban areas. The
social scientists of the Chicago School, which was active in the early
20th century, used analogies with ecological theories of succession
and competition (Light, 2009). Perhaps ironically, the flaws that
emerged from the application of classical equilibrium theory from
ecology to urban sociology produced frameworks that were
severely criticized in the social sciences (Gottdiener and Hutchison,
2000). New social theories which account for spatial, social and
temporal differentiation provide a sound basis for an ecological
approach to urban systems.

8.1. Social ecology and social differentiation

The study of social structures and how those structures come to
exist is needed for the integrated study of urban ecology. It is
increasingly difficult to determine where biological ecology ends
and social ecology begins (Golley, 1993). Indeed, the distinction
between the two has diminished through the convergence of
related concepts, theories, and methods in the biological, behav-
ioral, and social sciences. Social ecology is a life science focusing on
the ecological study of various social species such as ants, wolves,
or orangutans. We may also study humans as an individual social
species or comparatively with the ecology of other social species.
The subject matter of social ecology, like biological ecology, is
stochastic, historic, and hierarchical (Grove and Burch, 1997). In
other words, living systems are not deterministic; they exhibit
historical contingencies that cannot be predicted from physical
laws alone (Botkin, 1990; Pickett et al., 1994).

8.2. Assumptions of social theory and links to ecology

Human ecology must reconcile social and biological facts to
understand the behavior of people over time (Machlis et al., 1997).
Suchabiosocial approach tohumanecological systems(Burch,1988;
Field and Burch, 1988; Machlis et al., 1997) stands in contrast to
amore traditional geographic or social approach (see Hawley,1950;
Catton, 1994). This is not to say that social sciences such as
psychology, geography, anthropology, sociology, economics, and
political science are unimportant to social ecology. They are, since
the most fundamental fact that distinguishes humans and their
evolutionary history from other speciesdboth social and non-
socialdis that human social development has enabled the species to
escape local ecosystem limitations. Local ecosystems no longer
regulate human population size, structure, or genetic diversity
(Diamond, 1997). Nowhere is this more apparent than in urban
ecosystems.

8.3. Social differentiation: causes and ecological effects

Theoretical development requires a closer look at the varieties
of social differentiation that can exist within urban ecosystems. All
social species are characterized by patterns and processes of social
differentiation (van den Berghe, 1975). In the case of humans, social



S.T.A. Pickett et al. / Journal of Environmental Management 92 (2011) 331e362346
differentiation or social morphology has been a central focus of
sociology since its inception (Grusky, 1994). In particular, social
scientists have used social identity based on such features as age,
gender, class, caste and clan, and the social hierarchies based on
these features, to study how and why human societies become
differentiated (Burch and DeLuca, 1984; Machlis et al., 1997).

Social differentiation is important for human ecological systems
because it affects the allocation of critical resources, including
natural, socio-economic, and cultural resources. In essence, social
differentiation determines “who gets what, when, how and why”
(Lenski, 1966; Parker and Burch, 1992). This allocation of critical
resources is rarely equitable, but instead results in rank hierarchies.
Unequal access to and control over critical resources is a consistent
fact within and between households, communities, regions, nations
and societies (Machlis et al., 1997). Environmental justice scholar-
ship has demonstrated that disadvantaged groups, especially racial
and ethnic minorities, are disproportionately burdened with
environmental disamenities and enjoy fewer amenities compared
to the privileged majority (Mohai and Saha, 2007). These inequi-
table outcomes are typically the result of unjust procedures that
burden racial and ethnic minorities with the most polluted and
hazardous environments close to where they live (Bolin et al.,
2005).

Five types of sociocultural hierarchies are critical to patterns and
processes of human ecological systems: wealth, power, status,
knowledge and territory (Burch and DeLuca, 1984). Wealth consists
of access to and control over materials in the form of natural
resources, capital or credit. Power is the ability to alter others’
behavior through explicit or implicit coercion (Wrong, 1988). The
powerful have access to resources that are denied the powerless.
One example is politicians whomake land-use decisions or provide
services for specific constituents at the expense of others. Status is
access to honor and prestige and the relative position of an indi-
vidual or group in an informal hierarchy of social worth (Lenski,
1966). Status is distributed unequally, even within small commu-
nities, and high-status individuals may not necessarily have access
to either wealth or power. Knowledge is access to or control over
specialized types of information, such as technical, scientific, and
religious. Not everyone within a social system has equal access to
different types of information. Knowledge often provides advan-
tages in terms of access to and control over the critical resources
and services of social institutions. Finally, territory is access to and
control over critical resources through formal and informal prop-
erty rights (Burch et al., 1972; Bromley, 1991).

8.4. Households as a key node in social differentiation

It has become clear that households and their behavior are
important to biophysical characteristics. This is in contrast to the
simplistic view that population density is an adequate predictor of
environmental relationships. Liu et al. (2003) found that the
number of households increases much faster than the total pop-
ulation and this rapid increase has important implications for
biodiversity and natural resource consumption. Oldfield et al.
(2003) noted a relationship between household participation in
outdoor recreation and household land management practices.
While the shift in emphasis from total population size to households
as a unit of analysis is significant and positive, a multi-dimensional
characterization of households will enable a more complete
understanding of the motivations, pathways, impacts, and
responses of households to ecological change.

Extensive social science research on household behavior indi-
cates that households are in fact multi-dimensional. For instance,
households have been characterized using social class and lifestyle
(Blumin, 1989; Higley, 1995), reference groups (Merton and Kitt,
1950; Shibutani, 1955; Singer, 1981), and consumer activity
(Veblen, 1981 [1899]; Horowitz, 1985; Schor and Holt, 2000; Matt,
2003). These characteristics may explain variations among house-
holds in the types of employment they seek, what they choose to
buy, where they choose to live, how they organize through
participation in formal and informal associations, and how they
spend their leisure time.

Burch and DeLuca (1984) describe how household characteris-
tics such as housing and settlement preferences, household size
and lifestage, cultural traditions, access to power and knowledge,
and group identity and status can influence social and biophysical
structures and functions. These interactions can be described and
examined in a human ecosystem context (e.g., Machlis et al., 1997;
Redman et al., 2004). As human ecosystem research is applied to
urban areas, there is an increasing need to answer the question of
whether the “usual suspects” among social variables e population
density, income and education, and ethnicity (Whitney and Adams,
1980; Palmer, 1984; Grove and Burch, 1997; Dow, 2000; Vogt et al.,
2002; Hope et al., 2003) e are adequate explanatory variables
(Grove et al., 2005).

8.5. Group identity and the ecology of prestige

One way to understand the social drivers of household
behavior and land management is to consider the social ecology of
group identity and social status associated with different lifestyle
groups and its significance to the ecological structure of urban
environments (Grove and Burch, 1997; Grimm et al., 2000, Grove
et al., 2006a,b). Housing styles, yard characteristics, tree and
shrub plantings, green grass, and type of lawnmower can
be considered social-ecological symbols, reflecting the type of
neighborhood in which people live. These social-ecological
symbols can be fruitfully interpreted as the outward manifestation
of each resident’s placement in a given social hierarchy of group
identity and social status. The desire for a thick green lawn might
not be some irrational whim. Rather, what drives a person to
fertilize, pesticide, and herbicide might be exceptionally rational:
it might uphold the prestige of the community and outwardly
express each household’s membership in a given territorial group.
A person’s chosen “lifestyle status symbols” are a manifestation of
this belonging. In short, what people wear, drive, and inhabit are
best seen as choices made within a specific social context rather
than idiosyncratic market-based consumer decisions. There is not
a single “mass market,” but a diverse array of clustered, lifestyle
niches, each representing a nuanced set of different group iden-
tities and types of social status (Jenkins, 1994; Weiss, 2000;
Holbrook, 2001).

An example of how social differentiation can be used to
understand the structure and function of an urban area explores
how vegetation structure and cover relates to social characteristics
across Baltimore. There are a variety of theories that can explain the
linkage between vegetation structure and social phenomena. We
focus on 1) property regimes, 2) lifestyle characteristics, and 3)
classic social variables of stratification based on income and
education. To test the theories, we distinguished among vegetation
in areas hypothesized to be differentially linked to these three
social theories: riparian areas, private lands, and public-rights-of-
way. Using a multi-model inferential approach (Grove et al., 2006b;
Troy et al., 2007), we found that variation of vegetation cover in
riparian areas was not explained by any of the three theories, while
lifestyle behavior was the best predictor of vegetation cover on
private lands. Surprisingly, lifestyle behavior was also the best
predictor of vegetation cover in public-rights-of-way. The inclusion
of a quadratic term for housing age significantly improved the
models. These results question the exclusive use of income and
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education as standard variables to explain variations in vegetation
cover in urban ecological systems, and indicate the applicability of
several theoretical models, depending on locationwithin the urban
mosaic. These results also suggest that management of urban
vegetation can be improved by accounting for environmental
marketing differentiation that underlies household motivations for
and participation in local land management (Fig. 5).

8.6. Space, scale, and social differentiation

Social differentiation of human ecological systems has a spatial
dimension characterized by territoriality and heterogeneity
(Morrill, 1974; Burch, 1988). As Burch (1988) notes, “Intimate and
distant social relations, high and low social classes, favored and
despised ethnic, occupational, and caste groupings all have
assigned and clearly regulated measures as to when and where
those relations should and should not occur”. When ecosystem and
landscape approaches are combined, the research changes from an
ecosystem budgetary question of “who gets what, when, how and
why?” to a question of “who gets what, when, how, why and
where?” and, subsequently, “what are the reciprocal relationships
between spatial patterns and sociocultural and biophysical patterns
and processes of a given area” (Grove, 1997)? This development
parallels evolution of the biological concept of ecosystems to
include spatial processes, and provides a link between the two
disciplines.

Various processes of social differentiation occur at different
scales and have corresponding spatial patterns and biophysical
effects (Grove and Hohmann, 1992). Based on social and ecological
theory, examples include global and regional urbanerural hierar-
chies (Morrill, 1974), the distribution of land uses within urban
areas (Guest, 1977), the stratification of communities within resi-
dential land uses (Logan and Molotch, 1987), and the social differ-
entiation of ownerships and households within communities
(Burch and Grove, 1993; Grove, 1995).
Fig. 5. An ecology of prestige and urban tree canopy (UTC). US Census Block Groups were cla
for residential areas in each Block Group (Grove et al., 2006a,b). While including population
household lifestage and housing type. Although both PRIZM’s “Money and Brains” and “Bohe
significantly different in terms of household lifestage and housing type. “Money and Brains”
Mix” neighborhoods (Troy et al., 2007).
8.7. The power of parcels: new data and social approaches

The spatial structure of social differentiation requires a multi-
scalar strategy for sampling in order to integrate biophysical and
social structures and processes in metropolitan ecosystems. We
have discovered that a parcel-based sampling plan that combines
both extensive and intensive sampling is appropriate to the
complex structure (Cadenasso et al., 2006b) of metropolitan
systems. The motivations for using parcels as a fundamental unit
are several. First, parcels are a basic unit of decision-making asso-
ciated with household and firm locational choices and behaviors.
Second, parcels and their owners have social and ecological histo-
ries, and their geographies and attributes can be documented and
described over time through a variety of sources (Boone et al.,
2010). Third, parcels can be aggregated into other units of anal-
ysis, such as patches, neighborhoods, watersheds, and municipali-
ties (Grove et al., 2006a). Disaggregation is also possible, for
example, to investigate differences between biophysical and social
features of front and back residential yards (Loucks, 1994).

The empirical ability to examine and integrate social and
ecological characteristics at a parcel level and regional extent is
relatively new. Until recently, only coarse resolution geospatial data
had been available. For instance, regional vegetation cover data had
typically been derived from 30 m resolution Landsat Thematic
Mapper (TM) satellite imagery. Socio-economic analyses had nor-
mally been carried out at the US Census Tract level inwhich a single
tract contains approximately 2500e8000 persons or a US Census
Block Group, which contains between 200 and 400 households.
Other geospatial data, particularly cadastral information, had more
often than not been maintained by local governments in hardcopy
format (Troy et al., 2007).

Recent advances in remote sensing and the widespread adop-
tion of Geographic Information Systems (GIS) by federal, state, and
local governments have increased the availability of high-resolu-
tion geospatial data. Vegetation characterization can be derived
ssified using the Claritas PRIZM market classification system and percent canopy cover
density and socio-economic status, the PRIZM 62 Lifestyle Classification also includes

mian Mix” have similar levels of population density and socio-economic status, they are
neighborhoods also have 47% more canopy cover in residential areas than “Bohemian
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from high-resolution imagery and combined with digital parcel
geographies, which includes property boundaries for each parcel,
and digital surface water data to distinguish among vegetation
extent, structure, and productivity on private property and public-
rights-of-way, including along streets. These parcel data also
include parcel attributes such as building type, features, age,
transacted value, quality, owner, and parcel land use and zoning
(Zhou et al., 2008b).

These empirical advances provide a foundation for combining
traditional social and ecological data. For instance, different types
of surveys can be linked to these data by both a unique address and
by latitude and longitude. In the case of telephone surveys, tele-
phone lists can include address and spatial location, while field
observations and interviews can record both address and Global
Positioning System (GPS) location as surveys are conducted. All of
these data can be linked to Census geographies, which provide the
basis for including demographic and socio-economic data from the
Census and marketing data that are available at the Block Group
level. Some of these marketing data include residential land
management behaviors such as household expenditures on lawn-
care supplies and services (Zhou et al., 2008a, 2009). These data can
be further combined with a variety of present and archival data that
are address based, including real estate transactions, business
directories, legal and health records, biographies and diaries,
photographs, and neighborhood association minutes, for example.

The sampling strategy is completed by spatially extensive
sampling. This provides the basis for stratifying more spatially
intensive data sampling of social and ecological data, for example
those using direct field measurements or in-depth interviews. In
some cases, intensive sampling focuses on specific parcels (Lidman,
2008). In other cases, such as hydrological and atmospheric
measurements, the location of sampling points can be based upon
strategic combinations of parcels based upon characteristics such
as population density, socio-economic status, lifestyle characteris-
tics, zoning, land use, soils, or topography.

9. Frameworks and integration

There are several approaches to integrate the state factors that
we have, for simplicity, treated as largely distinct to this point.
Many research projects have attempted to bring mainstream
ecology and crucial social sciences more closely together (Pickett
et al., 1997b; Grimm et al., 2000; Alberti et al., 2003, Redman
et al., 2004). When we began to contribute to this research
agenda through the Baltimore Ecosystem Study in 1997, it was
important to employ familiar concepts that each discipline could
embrace. Hence, we beganwith the ecosystem as a tool to organize
research and conceptualize an urban area as an interdisciplinary
research topic (Cadenasso et al., 2006a).

9.1. The ecosystem

The ecosystem concept and its application to humans is
important because of its utility for integrating the physical, bio-
logical, and social sciences. The ecosystem concept owes its origin
to Tansley (1935), who noted that ecosystems can be of any size, as
long as the concernwas with the interaction of organisms and their
environment in a specified area. Further, the boundaries of an
ecosystem are drawn to answer a particular question. Thus, there is
no set scale or way to bound an ecosystem. Rather, the choice of
scale and boundary for defining any ecosystem depends upon the
question asked and is the choice of the investigators. In addition,
each investigator or team may place more or less emphasis on the
chemical transformations and pools of materials drawn on or
created by organisms; or on the flow, assimilation, and dissipation
of biologically metabolizable energy; or on the role of individual
species or groups of species on flows and stocks of energy and
matter. The fact that there is so much choice in the scales and
boundaries of ecosystems, and how to study and relate the
processes within them, indicates the profound degree to which the
ecosystem represents a research approach rather than a fixed scale
or type of analysis (Allen and Hoekstra, 1992; Pickett and
Cadenasso, 2002).

A particular manifestation and context of the ecosystem concept
is the watershed. Hydrologists examine how the abiotic attributes
of different patches within a watersheddsuch as temperature and
physical characteristics including topography, soil properties, water
table depth and antecedent soil moisturedcontribute variable
amounts of water and nutrients to streamflow, depending upon
their spatial location in the watershed (Black, 1991). Hydrologists
have summarized mosaics of the characteristics listed above using
the Variable Source Area (VSA) approach. The VSA approach can be
integrated with a delineation of patches based upon the biotic
attributes of the watersheddsuch as vegetation structure and
species composition (Bormann and Likens 1979)dand the social
attributes of the watersheddsuch as indirect effects from land-use
change, forest/vegetation management and direct effects from
inputs of fertilizers, pesticides and toxinsdto examine how the
abiotic, biotic and social attributes of different patches within
a watershed contribute variable amounts of water and nutrients to
streamflow (Grove, 1996). This integrated approach builds on the
VSA approach introduced by hydrologists to combine nested hier-
archies of land use and land cover, socio-political structures, and
hydrological heterogeneity.

9.2. The human ecosystem framework

An additional integrative framework emerged from the social
sciences. Social scientists have focused on interactions between
humans and their environments since the origin of their discipline.
However, the explicit incorporation of the ecosystem concept
within the social sciences dates to Duncan’s (1961, 1964) articles
“From Social System to Ecosystem” and “Social Organization and
the Ecosystem”. Recently, the social sciences have focused
increasingly on the ecosystem concept because it has been used for
natural resource policy and management (Rebele, 1994).

Although the ecosystem concept is flexible enough to account
for humans and their institutions (Tansley, 1935; Rebele, 1994;
Pickett and Grove, 2009), the application of an ecosystem
approach to the study of human ecosystems requires an additional
analytical framework. The analytical framework we use here (see
Burch and DeLuca, 1984; Machlis et al., 1997; Pickett et al., 1997b) is
not a theory in and of itself. Rather it can be cast as a causal hier-
archy (Fig. 6) that identifies the specific kinds of variables and
interactions to be included in urban ecological models. Machlis
et al. (1997) note that some features of the framework are
“orthodox to specific disciplines and not new”. However, they also
indicate that it also contains some less commonplace features such
as myths as cultural resources, or justice as a critical institution. We
adopt their view that the hierarchical framework is a coherent
entity that is useful in structuring the study of human ecosystems.

There are several elements that are critical to the successful
application of this framework. First, it is important to recognize that
the primary drivers of human ecosystem dynamics are both
biophysical and social. Second, there is no single, determining
driver of anthropogenic ecosystems. Third, the relative significance
of drivers may vary over time. Fourth, components of this frame-
work need to be examined simultaneously in relation to each other
(Machlis et al., 1997). Finally, researchers need to examine how
dynamic biological and social allocation mechanisms such as



Fig. 6. Human ecosystem framework as a causal hierarchy. The framework illustrates the kinds of structures and the interactions that can exist in an integrated human-natural
system. The features of the framework are divided into the biophysical foundations, the social and cultural foundations, and the social system that emerges from the social
interactions and the interactions of humans and their institutions with the biophysical foundations. Modified, with additions to the biophysical component, from Machlis et al.
(1997).
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ecological constraints, economic exchange, authority, tradition and
knowledge, affect the distribution of critical resources including
energy, materials, nutrients, population, genetic and non-genetic
information, labor, capital, organizations, beliefs and myths, within
any human ecosystem (Parker and Burch, 1992).

The human ecosystem concept requires two things to be oper-
ationalized in urban areas. The first is the causal framework laid out
above as the human ecosystem framework (Fig. 6). The second
requirement is a template for how the causes and factors identified
in the human ecosystem framework might actually interact to
generate the complex structures and functions of urban areas. Of
the many human ecosystem model templates currently available,
we select one as an illustration (Fig. 7). All model templates for
urban ecosystems recognize the reciprocal relationships of bio-
logical structures and processes, socio-economic structures and
processes, slowly changing historical or evolutionary templates,
and global or regional external drivers. Furthermore, they
acknowledge the role of social differentiation and the perception by
individuals or institutions as mediators of the interactions between
biophysical and socio-economic patterns and processes. Feedbacks,
often with time lags and indirect effects, are a part of these
conceptual model templates of urban ecosystems.

In order to generate a specific model to translate any model
template and causal framework into an operational model, it is
crucial to take into account the spatial heterogeneity or complexity
within urban systems (Cadenasso et al., 2006b). A new way to
conceptualize the structural heterogeneity of urban systems builds
upon the three dimensions of structure recognized in geography
(Ridd, 1995): 1) built structures, 2) surfaces, and 3) vegetation.
Cadenasso et al. (2007a) developed the HERCULES (High Ecological
Resolution Classification for Urban Landscapes and Environmental
Systems) land-cover classification to express the integrated nature
of spatial heterogeneity that must be considered in translating
a model template to an operational form. Their land-cover classi-
fication identifies patches based on the type and proportional cover
of buildings present, the proportion of paved or bare surfaces, and



Fig. 8. Patches in an urban mosaic based on the High Ecological Resolution Classifi-
cation for Urban Land and Environmental Systems (HERCULES; Cadenasso et al.,
2007a) in western Baltimore City, MD. The classification is based on the nature and
cover of vegetation, surfaces, and buildings, thus integrating biophysically and socially
generated patch elements. Green lines on the image are boundaries between patches.

Fig. 7. A human ecosystem model template. The model specifies a focal concern with an integrated social-ecological system, which depends on both social patterns and processes
and biophysical ecological patterns and processes. External social conditions and external biophysical conditions are capable of modifying the system through their effects on either
the social or the ecological patterns and processes. The structural and interactive details from the human ecosystem causal framework (Fig. 7) can be used to suggest the content of
a specific human ecosystem model. Modified from Redman et al. (2004).
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the proportion of woody or herbaceous cover. It is important that
the classification, unlike the traditional methods used in urban
systems, does not assume that vegetation and anthropogenic
structures are mutually exclusive. While the traditional land-use/
land-cover models assumed a general, high level segregation of
urban structure and vegetation, conceiving of urban covers as
complex and integrated has value. Acknowledging that the kind
and proportion of buildings, the kind and cover of surfaces, and the
kinds and cover of vegetation can vary relative to one another
portrays urban heterogeneity in a flexible and realistic way (Fig. 8).
Indeed, themulti-dimensional land-cover classification has a better
ability to represent ecosystem function compared to traditional
land-use/land-cover classifications (Cadenasso et al., 2007a). We
now turn to several modeling approaches that can be used to
understand feedbacks between socio-economic components and
biophysical components of human ecosystems.

9.3. Land-use science and modeling approaches

A human landscape approachmay be understood as the study of
the reciprocal relationships between patterns of spatial heteroge-
neity and sociocultural and biophysical processes. Further, when
human ecosystem and landscape approaches are combined, human
ecosystem types or patches are defined as homogeneous areas for
a specified set of sociocultural and biophysical variables within
a landscape. Analyses then focus on two issues: 1) the development
and dynamics of spatial heterogeneity, and 2) the influences of
spatial patterns on cycles and fluxes of critical ecosystem resources
(e.g., energy, materials, nutrients, genetic and non-genetic infor-
mation, population, labor, capital, organizations, beliefs or myths;
Fig. 6). For instance, the development and dynamics of heteroge-
neity in a watershed spanning urban-to-rural conditions may
influence and be influenced by sociocultural and biophysical
processes. Patches within the watershed may function as either
sources or sinks as well as regulate flows and cycles of critical
resources between patches. The delineation and classification of
these relatively homogeneous patches are based on a limited
number of representative sociocultural and biophysical indicators
(Burch and DeLuca, 1984; Parker and Burch, 1992) and traditionally
studied as opaque boxes with fluxes and cycles of critical resources
between areas (Zonneveld, 1989). The spatial linkages between the
social and ecological differentiation of the watershed and their
relationship to different types of allocationmechanisms at different
scales are important for understanding the flows and cycles of
critical resources within the watershed.

Land-use science is concerned with the study of land use and
land cover, their changes over space and time, and the social,
economic, cultural, political, decision, environmental and ecolog-
ical processes that produce these patterns and changes (Aspinall,
2006). The objectives of this interdisciplinary research field, also
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referred to as “land change science”, include observation and
monitoring of land changes; understanding of these changes as
a coupled human-environment system; spatially-explicit modeling
of land change and assessment of land change outcomes (Fig. 9),
e.g., including resilience and sustainability (Turner et al., 2007).
Land-use and land-cover change are both the result of biophysical
and human processes and an important factor in determining
biophysical and human processes. For this reason, land-use science
is necessarily an interdisciplinary science (Aspinall, 2006) and is
undertaken by a variety of research communities, including remote
sensing, political ecology, resource economics, institution gover-
nance, landscape ecology, biogeography, and integrated assess-
ment, among others (Turner et al., 2007). Increasingly, land-use and
land change systems are conceptualized as coupled human-natural
systemsmodeled as complex systems characterized by critical two-
way linkages within and between the human and biophysical
subsystems (Parker et al., 2003; Turner et al., 2007). Therefore,
land-use change research relies on the integration of both natural
science and social science approaches that use spatially-explicit
methods, including Geographic Information Systems (GIS), for data
capture and model development (Aspinall, 2006).

Land use and land cover are the result of interactions among
a variety of complex human and biophysical processes that operate
across multiple spatial and temporal scales. For example, house-
hold location decisions are determined by a variety of economic,
social, environmental, political and geographic factors that operate
across a divergent range of spatial and temporal scales (Fig. 9).
These processes are interdependent, exhibiting so-called cross-
scale interactions that flow in bottom-up or top-down directions.
Local interactions among individual agents, e.g., households, firms,
and landowners, represent an important source of bottom-up
interactions: a household’s location choice may be influenced not
only by the “own” house or parcel features, but the neighboring
house or land parcel attributes as well. In such cases a form of
interaction arises that can generate systematic patterns of house-
hold sorting or land-use patterns at a more aggregate scale, such as
segregation and sprawl. Alternatively, metropolitan-wide urban or
natural amenities may induce migration of similar types of
Fig. 9. Temporal and spatial scales of factors i
households into a region, which can have a top-down influence on
the demand for local policies and public services at a neighborhood
scale.

A variety of theoretical, empirical and simulation models have
been developed to study the various patterns and processes asso-
ciated with land-use and land-cover change (e.g., see Agarwal et al.,
2002; Anas et al., 1998; Irwin and Geoghegan, 2001; Parker et al.,
2003 and Verberg et al., 2004 for reviews). Theoretical models
grounded in economic, geographic, political, sociological or
anthropological theories of land use or location behaviormost often
focus on a particular behavioral dimension and explain land-use/
land-cover outcomes as a result. For example, the basic urban bid-
rentmodel posits that transportation costs to a central employment
district bid up land rents in areas close to the employment center,
which results in gradients of declining land rent and urban density.
Alternatively, household sorting models focus on how heteroge-
neous households that differ, for example by income, race, ethnicity
or other distinguishing features, sort themselves into different
neighborhoods according to their ability and willingness to pay for
neighborhood public goods. This in turn determines the important
characteristics of the neighborhood, including the quality and mix
of public goods within the neighborhood.

Theoretical models provide the conceptual framework for
explaining the human or biophysical processes that underlie land-
use and land-cover change. These frameworks are used to motivate
and specify spatially explicit empirical land-use change models,
which seek to identify the statistically significant associations
between land-use change and spatially heterogeneous variables. A
variety of estimation approaches of spatially explicit, micro-scale
models of land-use change are possible. Spatially-explicit models at
the parcel level include discrete choice models of rural-to-urban
land-use change (e.g., Bockstael, 1996) and duration models that
estimate the timing and location of land-use change by incorpo-
rating time-varying explanatory variables (e.g., Irwin and Bockstael,
2002). These models can then be used to generate predictions
regarding future likelihoods of spatial land-use change under
baseline and alternative policy scenarios. For example, Irwin et al.
(2003) examine the predicted influence of growth management
nfluencing household location decisions.
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and agricultural preservation policies on residential sprawl
patterns in an exurban region of central Maryland. Hedonic models
of residential property values provide a related approach to
explicitly modeling the factors influencing land values, which are
often the prime determinants of land-use change (e.g., Geoghegan
et al., 1997). Such spatially explicit approaches to modeling land-
use change provide a useful framework for incorporating the
biophysical spatial processes that interact with land-use/land-
cover change (Costanza et al., 1990). For example, Lohse et al.
(2008) use spatially-explicit parcel-level data to examine the
influence of land use on salmon spawning substrate quality in
tributaries of the Russian River in California and develop a land-use
change model to forecast the probability of losses in high-quality
spawning habitat.

Because of the complexity of the many spatial processes that
underlie land-use/land-cover change and the inevitable limitations
of available data in terms of measuring these processes, identifying
causal effects of land-use change is extremely challenging. Tech-
niques that employ spatial econometrics, quasi-experimental
designs or instrumental variables provide a potential means for
drawing causal inferences and can be extremely useful in isolating
the effects of a spatially varying policy or a heterogeneous land-
scape feature on land-use change (e.g., Lynch and Liu, 2007; Baum-
Snow, 2007).

A key challenge in modeling the processes that underlie land-
use change is modeling cross-scale interactions that link indi-
vidual-level processes with larger-scale outcomes and processes.
These interactions are dynamic, usually non-linear and often path
dependent, implying that future land-use patterns are determined
by past and present outcomes. Statistical modeling alone cannot
fully account for dynamic feedbacks and thus simulation methods
are necessary for a comprehensive approach to modeling land-use
change over time and space (Irwin et al., 2008). Cellular automata
(CA) is one approach to simulating land-use dynamics. These
models consist of spatially and temporally explicit fixed cells whose
states are discrete and evolve according to simple transition rules.
The rules determine how the cells within a local neighborhood, or
at varying spatiotemporal scales, influence the state of each cell at
a particular point in time and how such local interactions lead to
global patterns of land use. Because these models are two-dimen-
sional, multiple sources of heterogeneity can be incorporated, e.g.,
based on remotely-sensed data on land use and other spatial
features (Torrens and O’Sullivan, 2001). Nonetheless, CAs are
limited in their ability to model the underlying human behavioral
and biophysical processes that may flow across the landscape and
generate land-use change (Parker et al., 2003; Benenson and
Torrens, 2004).

The integration of CAs with spatially-explicit agent-based
system (ABS) models provides an effective means of modeling
human and biophysical processes that can then be used to simulate
land-use dynamics (Parker et al., 2003; Benenson and Torrens,
2004). Agents are treated as autonomous, interacting objects
within a common environment that is defined by the CA. Agent
decisions may be influenced by each other as well as by environ-
mental conditions, which in turn generate dynamic feedbacks that
bind agents and environment together in a co-evolving system.
These models provide a means of linking micro-scale human or
biophysical spatial processes to the emergence of land-use/land-
cover patterns at more aggregate scales. For example, Brown et al.
(2008) show that initial environmental heterogeneity draws resi-
dents to an exurban region, which in turn alters the spatial distri-
bution of environmental amenities and generates feedbacks at
higher spatial scales as commercial and retail services follow once
a critical mass of residents is reached. The strategy of modeling land
change raises the question of interaction between the practices of
urban design and planning and the ecological aspects of urban
complexes. Goals, intentions, accidents, and indirect effects are all
imbedded in this question, which we will explore in the next
section.

10. From sanitary city to sustainable city: the evolution of
design and application of contemporary ecology

The state factors have been both intentionally manipulated and
indirectly affected by humans in their pursuit of urbanization
(Pouyat and Effland, 1999). In this section, we explore some of the
main themes in urban design and planning that impact the state
factors of the urban ecosystem. Urban ecology and urban design
have developed in parallel, and have only been closely and regularly
linked over the last two decades or so. This section follows the
parallels, and indicates the power of integrating design and ecology.

The move from understanding ecology in the city to the ecology
of the city is a shift toward a more integrated framework for urban
ecology studies. This shift toward an integrated framework
explored earlier (Section 1.1), parallels and compliments the
development in urban design from planning of the city to planning
in the city. The design of cities clearly reveals social attitudes
toward ecology, integration and heterogeneity.

The Commissioners Plan of New York City (1807e1811) is a case
in point. New York State appointed three commissioners who
decided that a grid of 155 streets and 12 avenues creating 1694
blocks, was the most efficient way to plan the city for commercial
development. The commissioners justified the lack of parks,
gardens or open space by the presence of the two estuarial fingers
of the East and Hudson Rivers which embrace the island of
Manhattan, unlike the much smaller streams which pass through
London or Paris. The scores of springs and streams on the island
itself were of no value to the plan.

The blocks created by the Commissioner’s grid are elongated
rectangles which vary from 200 ft (60.7 m) wide, to between 600
(182.9 m) and 800 ft (293.8 m) long. This arrangement allowed for
an efficient subdivision of each block into row houses along the
streets measuring 20 ft wide and 50 ft deep e a dimension set by
the structural limits of wood joists spanning parallel masonry
bearing walls between properties. The plots along the Avenues
were better suited for larger buildings and commercial activities.
The blocks were oriented northewest, southeeast, ensuring that
sunlight enters rooms in both the front and back of all the buildings.
When built out, the block of row houses formed a courtyard space
100 ft (30.4 m) wide by between 500 (152.4m) and 700 ft (213.4 m)
long, and between 30 and 40 ft (9.1e12.2 m) tall divided into
between 40 and 60 private gardens.

The Commissioners Plan was both boldly visionary, and hope-
lessly inadequate, as it could anticipate neither the skyscraper city
of today, nor the public health implications of the population that
filled even half of the grid by the middle of the 19th century. Built
between 1837 and 1842, the Croton waterworks brought fresh
drinking water from 41 miles (66 km) north of the city before
finally erupting in a decorative fountain in front of the old City Hall.
At the same time, reformers such as Henry Jackson Downing called
for a great park or greensward for the city and in 1853 the state
authorized the City of New York to acquire 700 acres of blocks in
the center of the city. Frederick Law Olmsted and Calvert Vaux won
the commission to design the new Central Park around a reservoir
in 1857. The design of these new public spaces e tied to new green
and blue infrastructuree demonstrates a shift from planning of the
city as an ideal ordering system for human economic activity to
planning in the city which needed to balance human activities with
natural resources. Wewill identify that shift as moving fromMaster
Planning to Urban Ecosystem Design, and a shift from the two-
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dimensional abstraction of the layout of streets in blocks to designs
which link environmental resources to human wellbeing and the
public life of the city.

A century after the construction of Central Park, McHarg’s
(1969) Design with Nature and Bacon’s (1969) Design of Cities
were published at a time of a resurgence ofMaster Planning. In New
York, Robert Moses reigned as a supreme power broker and master
planner (Caro, 1974), creating a huge new network of highways,
bridges, parks for active recreation and large swaths of public
housing. Despite its title, McHarg’s text and his work with Wallace,
Roberts, Todd, was a treatise on a more ecologically sensitive
master planning, which emphasized the value of incorporating
knowledge of natural features when developing a regional plan.
McHarg advocated mapping the city region on layers which sepa-
rated various natural resources and risks, buffer zones and pres-
ervation areas. His technique, now aided by Geographical
Information Systems and new visualization technologies (Grove,
1997; McGrath, 2008), became the normal practice of the plan-
ning and landscaping of America’s exurban sprawl cities. Bacon’s
(1969) text justified his own massive urban renewal projects in
downtown Philadelphia as Director of City Planning in relation to
historical cities designed by emperors (e.g., Beijing and Paris), kings
(e.g., London), and popes (Rome).

Social actors barely appear in McHarg’s (1969) work, and are
forcibly dislocated in the urban renewal planning surgery of Moses
and Bacon. However, Jacobs’ (1961) close observation of Harlem
and her own brownstone neighborhood in New York’s Greenwich
Village at that time, demonstrated the rich social network inti-
mately tied to the fine grain 19th century city planned by the
Commissioners. Jacobs’ (1961) book The Death and Life of Great
American Cities is the primary text for urban design and planning in
rather than of the city, and provides concrete evidence for the basis
of an integrated framework in social ecology, social integration,
spatial heterogeneity and human ecosystems. Jacobs was an activist
as well as a writer, and was able to spark community organization
against some of Moses’ most audacious plans such as the Lower
Manhattan Expressway which would have cut across the intricate
neighborhoods of Jacobs’ New York.

This sociocultural shift pushed back against the authority of
government alone to shape the city, and introduced awider array of
urban actors to decision-making. The 1961 Master Plan for New
York was never approved, but the city established community
boards and a review process for both public and private develop-
ment. Jonathan Barnett helped establish the Urban Design Group at
New York’s Department of City Planning in 1964. This new
professional and academic discipline was established just a decade
earlier at Harvard’s Graduate School of Design. The pragmatic
approach of the Urban Design Group abandoned master planning
and moved to a system of urban design modeling and zoning
incentives which included three dimensional bulk and open space
studies that sought to weigh private gain against public good.

The combination of the two post-World War II forces of master
planning: 1) exurban sprawl as a scenic landscape (McHarg, 1969)
and 2) urban renewal (Bacon, 1969; Caro, 1974) has created
considerable challenges and opportunities for urban ecology and
design for the21st century. Thepackedblocks of theCommissioners’
grid in New York became considerably emptied by these twin forces
of planning. However, starting in the 1970s, many urban vacant lots
in New Yorkwere leased by community gardeners for $1 per year in
the Green Thumb Program. Landscape Architect Spirn (1998) began
to look at the relationship between old stream beds and empty
lots in Philadelphia, and began to see an embedded pattern of
relationship between historical legacies of natural processes which
effect economy, health, and human community in the present. For
instance, she showed how the forgotten environmental template of
drainage networks continued to affect infrastructure and the social
structure of a west Philadelphia neighborhood.

The legacies of Olmsted, McHarg, Moses, and Jacobs, together
with Sprin’s rediscovery of embedded socio-natural processes in
the inner city, all enter into the contemporary urban ecosystem
design work as exemplified by the Baltimore Ecosystem Study.
Three neighborhoods in metropolitan Baltimore are being investi-
gated in order to understand ecosystem services correlated with
neighborhood design preferences. In the outer suburbs, BES has
discovered that the planning principles, such as riparian buffers,
advocated byMcHarg do not necessarily create a healthywatershed
(Section 3.5), as subdivisions with well functioning septic systems,
4 acre lots and generous stream buffers continue to export excess
nitrogen (Groffman and Likens, 1994). While the streams run clear,
they also run fast, and continue to incise the land. New designs
would instead retain and spread the water around swampy and
mucky wetlands rather than feed them to streams as if they were
merely storm drains. In the older suburbs, urban parks do a better
job of nitrogen retention than exurban riparian buffers, but dense
neighborhoods of small houses and yards could be redesigned to
manage rain water much better. Finally, in the inner city neigh-
borhoods of row houses and vacant lots, both storm and sanitary
sewer systems leak, and community greening is only locally
considered. Infrastructure repair together with networks of open
space greening projects tied to water retention gardens are
designed with the whole watershed function in mind. Surveys with
residents from these three neighborhoods will demonstrate the
degree people are willing to institute changes in the design and
management of urban neighborhoods.

Urban design and planning in the city, therefore, is much better
positioned to be tied with the ecology of the city. The integrated
framework for urban and social ecology, social integration, spatial
heterogeneity and human ecosystems can be achieved in urban
ecosystem designs for specific localities when tied to larger-scale
ecosystem understanding. The neighborhood design strategies for
the Baltimore Ecosystem Study can be scaled up through analysis of
land-cover patch change from the preferred design changes.
HERCULES, the High-Resolution Classification of Urban Land Cover
and Environmental Systems (Cadenasso et al., 2007a), allows for
such integration through small scale changes occurring over large
areas. This system shifts the interest of master planning in zoning
and land use, to contemporary ecology’s framework of patch
dynamics and urban design (McGrath et al., 2007). This system also
marks a shift from sustainability motivated master planning’s
interest in codified best management practices (BMPs) to patch
dynamics and urban design. Codified BMPs may represent
a premature putting in order as they are based on the success of
prior case histories, on insights from general ecological principles
and assumptions rather than data concerning ecological function.
For these reasons they may not be applicable in novel ecological
circumstances. The changing forms of cities throughout the world
coupled with climate change are in fact generating novel ecological
situations for urban systems.

Back in New York, urban ecosystem research is accompanying
a new comprehensive plan to accommodate one million new
residents in an aging city while achieving new sustainability
initiatives. The inheritors of Olmsted’s and Moses’ parks legacy,
the NYC Department of Parks and Recreation, have expanded the
notion of urban nature beyond the boundaries of parks. In the
million trees program, one hundred thousand trees will be planted
each year over the next 10 years. Each planting plot is georefer-
enced as a research site on tree health and mortality, social stew-
ardship, and urban design factors. This integrated approach will
assure a new understanding of the fine grain relationships of
Jacobs’ close knit neighborhood life inhabiting and observing the
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urban forest. In another initiative New York City Department of City
Planning (DCP) under the directorship of Amanda Burden has fine
tuned a new patchwork approach to zoning. Initially introduced by
Mayor John Lindsay’s Urban Design Group in 1964, Special District
zoning abandoned master planning on a citywide, regional scale
(Shane, 2005). This next generation of Special District Zoning
was tested in the Long Island City Mixed-Use Special District
and presaged similar strategies in Greenpoint-Williamsburg, East
Harlem, and Chelsea. It is a targeted approach that encompassing
micropatches of upzoning, e.g., from residential to commercial
uses, downzoning in the reverse direction, mixed-use, and historic
and industrial preservation (Shane, 2005).

Neighborhood design strategies in Baltimore, and a “million
tree” research sites and patchwork zoning in New York can enable
distributed and bottom-up adaptation to disturbances such as rapid
climate change, rapid transition away from an oil based economy
and immigration fluctuation. Together these design modes engage
an image of the city as an adaptive system that is based on ways
that everyday decisions have large effects. This is not a city where
the scientist as a public figure offers controversial displaced points
of view of the whole that motivates environmentalists and policy
makers to make change based on fear. It is an attuned city where
forestry, gardening, lifestyle, architecture, energy, circulation,
cooking, and policy are understood as urban design innovations
that are continuously modified in iterative consultation with ecol-
ogists, social scientists and policy makers. In other words, accord-
ing to Latour (2004: 139) the scientist as public figure is valued for
“their ability to provide frameworks, models, instruments and
equipment, their capacity to record and listen to the swarming of
different imperceptible propositions that demand to be taken into
account”, as well as “their ability to zoom in on an order of pref-
erence going from large to small that unblocks the situation by
shifting the weight of the necessary compromises to other beings
and other properties”. This new view is exemplified by the study of
nitrogen in Baltimore, and the greening stewardship and neigh-
borhood resilience in NYC. The Commissioners’ grid is an expres-
sion of the era of the sanitary city. Plans were put in place to provide
clean water, efficiently remove waste and stormwater, and provide
healthful living conditions (Melosi, 2000). Yet as the human pop-
ulation of the globe becomes more urban, with growing impacts on
life support systems nearby and at a distance, concern must shift
from sanitation to sustainability. Urban sustainability requires
a reduction in the stress and reliance on engineering alone, while
simultaneously enhancing the capacity of urban ecosystems to
provide services locally and downstream.

Transitioning from sanitary to sustainable cities is a fundamental
challenge that will require sustained effort and collaboration
among researchers, policy makers and community stakeholders.
Interdisciplinary research on urban system dynamics and on the
myriad of social, economic, institutional, geographic and biophys-
ical processes that influence the evolution of urban areas is a critical
component. While we know something about the spatial hetero-
geneity that characterizes human and biophysical components of
urban areas and the patch dynamics of some urban ecological and
social-ecological processes, we lack an integrative understanding of
how these spatially heterogeneous processes interact with each
other across multiple spatial and temporal scales. Understanding
how such cross-scale interactions and fast-slow dynamics influence
the dynamics of urban systems is critical for achieving resilient
urban futures. Resilience, defined both in terms of the amount of
disturbance a system can absorb and still remain within the same
domain of attraction and the adaptive capacity of a system in the
face of small, constant or sudden change (Folke, 2006; Carpenter
et al., 2001), is a characteristic of complex, adaptive systems and
a key component of urban sustainability (Pickett et al., 2004). How
to model resilience, as a part of the broad concern with sustain-
ability, occupies the next section.

10.1. Modeling resilience

Understanding resilience requires a spatially explicit, dynamic
modeling approach that can account for non-linear dynamics and
cross-scale spatial and temporal interactions, key features of
complex systems. Multiscale data analysis of key urban structure
variables, e.g., population, income, employment and land-use
variables, defined at relatively small spatial (e.g., Census block or
block group) and temporal (e.g., annual) scales and over long time
periods is a critical first step in modeling the complexity of urban
systems. The increasing availability of electronic, spatial data on
population, land use and firm location at a micro-scale offers new
potential for better understanding complex dynamics (Batty, 2005)
and some progress has been made in this regard. For example,
Rozenfeld et al. (2008) use a spatial clustering algorithm with
micro-scale population data that accounts for correlations in
localized population growth across space at various scales and tests
for significant differences in the parameters across scales.

Data analysis over a broader range of spatial scales and longer
temporal scales than has previously been done is critical to
understand the processes that underlie complex dynamics (Folke,
2006; Cadenasso et al., 2006b). However, inductive approaches
alone are insufficient for modeling resilience. If urban systems are
indeed path dependent, then qualitatively new dynamics can
emerge in response to stochastic shocks or threshold effects.
Assessing the resilience of any particular state of the system and
comparing resilience of various states requires an understanding of
not just the observed dynamics, but the range of possible dynamics
that the system could exhibit under various conditions. This implies
that models must go beyond predicting future outcomes based on
historical data to a characterization of system-level dynamics for
the full range of plausible values of key parameters. For example, in
assessing the resilience of the City of New Orleans, it is not enough
to identify a systematic relationship between income inequality
and the City’s resilience, e.g., as measured by its ability to
successfully adapt after the sudden shock of Hurricanes Katrina and
Rita. One would also like to know how a hypothetical change in the
poverty rate or in the spatial distribution of poverty would affect its
resilience.

Following Irwin et al. (2008), we propose that multiscale data
analysis should be pursued in combination with process-based
models of individual-level behavior and interactions that explain
the emergence of systematic higher-scale patterns and system
dynamics models that facilitate an exploration of dynamics across
the full range of parameter space. This latter point is particularly
important for understanding resilience. We argue that modeling
urban resilience requires not only careful analysis of what is and
what was, but also a systematic means of characterizing what could
be or what could have been. To say that a city is more or less
resilient requires a point of comparison: more or less resilient to
what? Clearly the comparison is to other states of the system, but
given the path dependent nature of urban systems, many of these
states are not observable. Thus a modeling approach that can more
fully represent these hypothetical states and assess the resilience of
observed and hypothetical states of the system is needed. System
dynamics models offer a means of doing so by summarizing the
dynamics of the system for the full range of parameter values, both
observed and potential.

System dynamics models are more comprehensive than
empirical models and are needed for understanding long-term
dynamics, but the necessary abstraction from empirical reality is
also a danger of such models. This underscores the importance of
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grounding their development with extensive data analysis that can
establish a set of empirical regularities with which the systems
dynamic model can be validated by testing the model’s ability to
predict these observed outcomes. Data on one or multiple urban
regions over a very long time period increases the number of
possible outcomes or states of the system that are actually observed
and thus increases confidence in the range of possible dynamics
described by the model. Therefore, while data analysis alone is
insufficient for understanding resilience and modeling long-term
system dynamics, the development of spatially-explicit data on key
urban variables over long time periods is essential.

11. Conclusions

The human habitation of the Earth has shifted from predomi-
nantly rural to majority urban over the last century. Although this
new kind of anthropogenic biome, or anthrome (Ellis and
Ramankutty, 2008), has been neglected by mainstream ecology
for most of that same period, there were important contributions
toward understanding urban ecosystems during that time. As the
reality of the urban signature on metropolitan regions, distant
hinterlands, and even the entire biosphere has become clearer,
however, more and more ecological effort has been devoted to
urban research. This realization has been accompanied in several
countries by increased and long-term investment in urban
ecological research, and indeed, in integrated socio-ecological
research (McDonnell et al., 2009). Therefore, the recent advances in
urban ecology have been swift and multifaceted. We summarize
some of the key attributes, findings, and needs of contemporary
urban socio-ecological research discussed above.

An important finding of urban ecological research, both that
focused on patches within urban complexes and on the structure
and function of entire conurbations, is that ecological function still
persists. This is against the assumptions traditionallymade inmany
disciplines of social science, geography, and economics, but in line
with some pioneering work in these disciplines. A high retention of
limiting nutrients such as nitrogen, and a capacity to contribute to
carbon sequestration are examples of persistent ecological func-
tions in cities. Ongoing long-term research is an important strategy
to unravel the complexity of integrated socio-economic and
ecological functions in cities, suburbs, and their remote exurbs, and
to further evaluate the commonness of ecological functions in them.

Recognizing the ecological functioning within the boundaries of
urban complexes has several benefits. First, by exploiting urban
ecological functioning to process wastes, slow the flow of water,
mitigate climate, and promote health and humanwellbeing, quality
of life in cities and quality of environment downstream can both be
enhanced. Economic savings can demonstrably result from
exploiting the ecological functioning that does or can take place in
urban complexes. Second, the retained or restored ecological
structures and functions in urban systems provide a connection of
humans to nature. By nature we mean organisms, structures, and
functions that reflect their own evolutionary history, inborn
behaviors, and the working out of unmanaged interactions. Such
wild or semi-wild components of urban complexes have their own
intrinsic value, of course, but they are also the raw material for
outdoor education, unstructured play and exploration, and a spiri-
tual connection. Maintaining or restoring such wild places, in both
small and large parcels, is a priority for the sustainable city of the
21st century.

Over the past decade or so, socio-ecological conceptions of
the urban, and ways of modeling them have become more
refined and usefully differentiated. For example, rather than
using only traditional socio-demographic variables that emerged
from the theory of cities as industrial production engines, new
social and demographic concepts have emerged. While there
remains a place for standard variables such as human population
density, age structure, ethnic composition, and measures of
educational attainment and wealth, contemporary social science
has added households, lifestyle niches, and property regimes to
the roster of variables that have explanatory and predictive
power in linking biophysical and social causes and effects. In
this new paradigm, a guiding question becomes, what are the
biophysical and social allocation mechanisms for resources and
justice.

The reciprocal relationship between socio-economic and
biophysical processes in and near urban complexes often can be
focused through one or more critical lenses. Land change science
is a rubric that has emerged to signal the importance of land as
the foundation for both social and biophysical processes. Land
may in fact stand for the more complete concept of the human
ecosystem in this theory. Both land use and land cover are
addressed within this framework. Refined land-cover classifica-
tions, high-resolution social data, and an exploitation of the par-
celized nature of urban complexes are components of advance in
land change science.

Two aspects of urban ecosystems stand in close relation to land
change e vegetation and water. Vegetation is one of the three main
spatial structuring elements of urban areas, and its relationship to
the remaining two e buildings and surfaces e is subject to policy,
regulation, preference, and management resulting from individual,
household, community, and government actions. Vegetation is
a biocomplex parameter because it also reflects unmanaged
succession, interaction with pollination vectors, dispersers, and
climate, for example. Municipal interest in vegetation has become
a new policy and management priority as many cities in mesic
climates have established substantial programs to increase their
tree canopy coverage. Of course, cities in more stressed environ-
ments, such as arid zones or coastal deltas, also desire to become
more ecological. However, new environmentally appropriate
models for “greening” these cities will have to be found that
account for the prevailing environmental stresses or their
economically and ecologically appropriate mitigation. Water is
likewise a feature of urban systems that can serve as a node for
integrated measurement, policy concern, and management. As
drought is increasingly seen to be a problem in all the Earth’s
biomes and anthromes, the centrality of water in urban ecology is
clearly justified. Sustainability has become a concern of many cities,
and vegetation and water will play key roles in advancing this goal.

Our survey of advances in urban socio-ecological research
indicates some conspicuous research needs. This list is not
exhaustive. Urban ecological research on climate suggests that it is
both a leading indicator of global changes that will have force more
widely, and a problem requiring local mitigation and social adap-
tation. The generalizations about urban heat island and urban
hydrological drought are two aspects of urban ecology that are well
established. However, more fine scale focus is required to identify
issues of distribution within urban complexes, and inequitable
distribution of risk and adaptation to heat and water stresses of
urban climate.

In promoting research on urban hydrology, increasing concern
with fine scale budgets, pathways, wet spots, and artificially dryer
patches is required. The hydrological connectivity in urban areas is
enhanced in some places by outfalls from surface and subsurface
drainage infrastructure, while other places are disconnected from
hydrological recharge as a direct or indirect result of that same
infrastructure. More fine scale measurements of soil water, ground
water, and rainfall in and around cities are a research need. A
conceptual framework to address both the longitudinal and the
lateral dynamics in urban stream and water infrastructure
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networks and their watersheds is needed. Something akin to the
stream continuum concept (Vannote et al., 1980) adjusted for urban
realities may be useful. Whether nutrients and contaminants are
processed or transported in urban stream/drain networks is
a question for further research. Transport of nutrients in particulate
as well as dissolved forms must be more widely addressed. Finally,
assessing the content and effects of pharmaceuticals and personal
care products in urban streams and receiving waters should be
a more active area in the future.

How generalizable across the wide range of geographies,
topographies, human densities, histories, cultural, and political
contexts are the findings about urban socio-ecology? This must
remain an open question for now. However, some seemingly robust
generalizations are emerging, as described earlier in this paper.
Several syndromes have been identified for urban ecological
parameters. One, the urban stream syndrome comprises general-
izations about channel incision, flash flooding, chemical composi-
tions, and biotic properties. Another, the urban wildlife syndrome,
comprises generalizations about food subsidies, the roles of
generalist and invasive species, and the alteration of food webs.
Faunistic homogenization has been noted across cities. In addition,
insights about behavioral adjustments and genetic differentiation
in urban populations are emerging. Plants exhibit several similar
trends in terms of exotic species and generalist adaptation. Both the
floras and faunas, especially the more mobile members, exhibit
moderate to high degrees of homogenization across many cities
measured to date.

Ecological homogenization is also seen in soil moisture, carbon
budgets, and soil organic matter. The large nitrogen inputs associ-
ated with automobile use in cities contributes to uniformly
increased nitrogen turnover in many urban studies. These
emerging generalizations require examination across the wide
range of life zones that cities represent. Zipf’s power law of the
distribution of city size also suggests a useful framework for
comparison when temporal and regional contingencies are
accounted for (Bessey, 2002).

A final point with policy relevance is the degree to which the
scale of planning and urban design matches the scale of ecological
functions within urban complexes. The absence of detailed
ecological data within urban complexes coincided with the rise of
master planning, a top-down approach to urban areas that
seemingly assumed an absence of ecological functionality in
urban areas. A counter to this was the European biotope approach,
which identified ecological planning as a goal for cities. Biotopes
were specifically classified to focus on clearly ecological compo-
nents of cities. In the United States a counter was the inclusion of
ecological, cultural, and historic layers in master plans. The reac-
tion against master planning in the United States predated the rise
of a multiscalar, functional, and integrated socio-ecological
approach to urban complexes. However, that fine scale planning
approach, usually identified as urban design, fits well with the
opening of the opaque box of mid 20th century urban ecology.
Urban areas are now conceptualized as internally heterogeneous,
functionally differentiated, and highly interconnected ecosystem
mosaics. Fine scale urban design operates at the same scale that
modern ecosystem and landscape ecology have examined urban
complexes. Thus, ecology has much to learn by measuring the
effects of developments as though they were experiments (Felson
and Pickett, 2005). The linked interactions of social and
biophysical spatial heterogeneities at the fine scale can be
exploited and applied through the practice of a fine scaled urban
design approach that is also well connected with regional,
watershed, airshed, and social connections. In this way, the
growing concern of science and society with sustainability can be
enhanced and applied.
Acknowledgements

The preparation of this review and the research of the authors
into the structure and function of urban socio-ecological systems
was supported by the National Science Foundation’s Long-Term
Ecological Research program. In particular the authors acknowl-
edge support by NSF grants DEB-0423476 and Biocomplexity in
Coupled Natural-Human Systems program (BCS-0508054). The
USDA Forest Service contributes substantially to research in Balti-
more from which we draw here. Any opinions, findings, and
conclusions or recommendations expressed in this material are
those of the authors and do not necessarily reflect the views of the
National Science Foundation. STAP thanks the Office of the Provost
for an M.L. King, Jr., Fellowship, and the Department of Urban
Studies and Planning at the Massachusetts Institute of Technology
for providing a stimulating intellectual environment in which this
paper was completed.

References

Adams, C.E., Lindsey, K.J., Ash, S.J., 2006. Urban Wildlife Management. CRC Press,
Taylor & Francis Group, Boca Raton.

Agrawal, M., 1998. Relative susceptibility of plants in a dry tropical urban envi-
ronment. In: Breuste, J., Feldman, H., Uhlmann, O. (Eds.), Urban Ecology.
Springer-Verlag, Berlin, pp. 603e607.

Agarwal, C., Green, G.M., Grove, J.M., Evans, T.P., Schweik, C.M., 2002. A Review and
Assessment of Land Use Change Models: Dynamics of Space, Time and Human
Choice. GTR NE-297. USDA Forest Service, Northeastern Research Station,
Newton Square.

Akbari, H., Pomerantz, M., Taha, H., 2001. Cool surfaces and shade trees to reduce
energy use and improve air quality in urban areas. Sol. Energ. J. 70, 295e310.

Akbari, H., Rosenfeld, A., Taha, H., Gartland, L., 1996. Mitigation of summer urban
heat islands to save electricity and smog. In: 76th Annual Meteorological
Society Meeting, Atlanta, GA.

Alberti, M., Marzluff, J.M., Shulenberger, E., Bradley, G., Ryan, C., Zumbrunnen, C.,
2003. Integrating humans into ecology: opportunities and challenges for
studying urban ecosystems. Bioscience 53, 1169e1179.

Alexander, R.B., Boyer, E.W., Smith, R.A., Schwarz, G.E., Moore, R.B., 2007. The role of
headwater streams in downstream water quality. J. Am. Water Resour. Assoc.
43, 41e59.

Allen, T.F.H., Hoekstra, T.W., 1992. Toward a Unified Ecology. Columbia University
Press, New York.

Anas, A., Arnott, R., Small, K.,1998. Urban spatial structure. J. Econ. Lit. 36,1426e1464.
Andrzejewski, R., Babinska-Werka, J., Gliwicz,J, Goszczynski, J., 1978. Synurbization

processes in population of Apodemus agrarius. I. Characteristics of populations
in an urbanization gradient. Acta Theriol. 23, 341e358.

Arango, C.P., Tank, J.L., 2008. Land use influences the spatiotemporal controls on
nitrification and denitrification in headwater streams. J. N. Am. Benthol. Soc.
27, 90e107.

Armentano, T.V., Loucks, O.L., 1983. Air pollution threats to US national parks of the
Great Lakes region. Environ. Conserv. 10, 303e313.

Arnfield, A.J., 2003. Two decades of urban climate research: a review of turbulence,
exchanges of energy and water, and the urban heat island. Int. J. Climatol.
23, 1e26.

Aspelin, A.L., 1997. Pesticide Industry Sales and Usage: 1994 and 1995 Market
Estimates. US Environmental Protection Agency, Biological and Economic
Analysis Division, Office of Pesticide Programs, Washington, DC.

Aspinall, R., 2006. Editorial. J. Land Use Sci. 1, 1e4.
Bacon, E., 1969. Design of Cities. Viking Penguin, Inc., New York.
Bagnall, R.G., 1979. A study of human impact on an urban forest remnant: Redwood

Bush, Tawa, near Wellington, New Zealand. N.Z. J. Bot. 17, 117e126.
Baker, L.A., Brazel, A.J., Selover, N., Martin, C., McIntyre, N., Steiner, F.R., Nelson, A.,

Musacchio, L., 2001a. Urbanization and warming in Phoenix (Arizona USA):
impacts, feedback and mitigation. Ecosystems 6, 183e203.

Baker, L.A., Hope, D., Xu, Y., Edmonds, J., Lauver, L., 2001b. Nitrogen balance for the
central Arizona-Phoenix (CAP) ecosystem. Ecosystems 4, 582e602.

Ballach, H.-J., Goevert, J., Kohlmann, S., Wittig, R., 1998. Comparative studies on the
size of annual rings, leaf growth and structure of treetops of urban trees in
Frankfurt/Main. In: Breuste, J., Feldman, H., Uhlmann, O. (Eds.), Urban Ecology.
Springer-Verlag, Berlin, pp. 699e701.

Balling, R.C., Brazell, S.W., 1988. High resolution surface temperature pattern in
a complex urban terrain. Photogramm. Eng. Remote Sensing 54, 1289e1293.

Batty, M., 2005. Cities and Complexity: Understanding Cities with Cellular
Automata, Agent-based Models and Fractals. The MIT Press, Cambridge.

Batty, M., 2008. The size, scale, and shape of cities. Science 319, 769e771.
Baum-Snow, N., 2007. Did highways cause suburbanization? Q. J. Econ. 122,

775e805.
Benedict, M.A., McMahon, E.T., 2002. Green infrastructure: smart conservation for

the 21st century. Renew. Resour. J. 20, 12e17.



S.T.A. Pickett et al. / Journal of Environmental Management 92 (2011) 331e362 357
Benenson, I., Torrens, P.M., 2004. Geosimulation: Automata-based Modeling of
Urban Phenomenon. Wiley & Sons, West Sussex.

Bernhardt, E.S., Band, L.E., Walsh, C.J., Berke, P.E., 2008. Understanding, managing,
and minimizing urban impacts on surface water nitrogen loading. Ann. N. Y.
Acad. Sci. 1134, 61e96.

Bernot, M.J., Dodds, W.K., 2005. Nitrogen retention, removal, and saturation in lotic
ecosystems. Ecosystems 8, 442e453.

Bessey, K.M., 2002. Structure and dynamics in an urban landscape: toward a mul-
tiscale view. Ecosystems 5, 360e375.

Beckmann, J.P., Berger, J., 2003. Rapid ecological and behavioural changes in
carnivores: the responses of black bears (Ursus americanus) to altered food.
J. Zool. 261, 207e212.

Bityukova, L., Shogenova, A., Birke, M., 2000. Urban geochemistry: a study of
element distributions in the soils of Tallinn (Estonia). Environ. Geochem. Health
22, 173e193.

Black, P.E., 1991. Watershed Hydrology. Prentice Hall, Englewood Cliffs.
Blair, R.B., 1996. Land use and avian species diversity along an urban gradient. Ecol.

Appl. 6, 506e519.
Blair, R.B., 1999. Birds and butterflies along an urban gradient: surrogate taxa for

assessing biodiversity? Ecol. Appl. 9, 164e170.
Blair, R.B., 2001. Creating a homogeneous avifauna. In: Marzluff, J.M., Bowman, R.,

Donnelley, R. (Eds.), Avian Ecology in an Urbanizing World. Kluwer, Boston,
pp. 455e486.

Blumin, S., 1989. The Emergence of the Middle Class: Social Experience in the
American City, 1760e1900. Cambridge University Press, Cambridge.

Bockstael, N., 1996. Modeling economics and ecology: the importance of a spatial
perspective. Am. J. Agr. Econ. 78, 1168e1180.

Bohlen, P.J., Groffman, P.M., Fahey, T.J., Fisk, M.C., Suarez, E., Pelletier, D.M.,
Fahey, R.T., 2004. Ecosystem consequences of exotic earthworm invasion of
north temperate forests. Ecosystems 7, 1e12.

Bolin, B., Grineski, S., Collins, T., 2005. The geography of despair: environmental
racism and the making of south Phoenix, Arizona, USA. Hum. Ecol. Rev.
12, 156e168.

Boni, C., Caruso, E., Cereda, E., Lombardo, G., Braga, G.M., Redaelli, P., 1988. Partic-
ulate matter elemental characterization in urban areas: pollution and source
identification. J. Aerosol Sci. 19, 1271e1274.

Boone, C.G., Cadenasso, M.L., Grove, J.M., Schwarz, K., Buckley, G.L., 2010. Landscape,
vegetation characteristics, and group identity in an urban and suburban
watershed: why the 60s matter. Urban Ecosystems 13, 255e271.

Boone, C.G., Modarres, A., 2006. City and Environment. Temple University Press,
Philadelphia.

Borgmann, K.L., Rodewald, A.D., 2004. Nest predation in an urbanizing landscape:
the role of exotic shrubs. Ecol. Appl. 14, 1757e1765.

Bormann, F.H., Likens, G.E., 1979. Pattern and Process in a Forested Ecosystem.
Springer-Verlag, New York.

Botkin, D.B., 1990. Discordant Harmonies: a New Ecology for the Twenty-first
Century. Oxford University Press, New York.

Botkin, D.B., Beveridge, C.E., 1997. Cities as environments. Urban Ecosyst. 1, 3e19.
Bowers, M.A., Breland, B., 1996. Foraging of gray squirrels on an urbanerural

gradient: use of the GUD to assess anthropogenic impact. Ecol. Appl.
6, 1135e1142.

Boyden, S., 1979. An Integrative Ecological Approach to the Study of Human
Settlements. UNESCO, Paris.

Bradley, G.A. (Ed.), 1995. Urban Forest Landscapes: Integrating Multidisciplinary
Perspectives. University of Washington Press, Seattle.

Brady, R.F., Tobias, T., Eagles, P.F.J., Ohrner, R., Micak, J., Veale, B., Dorney, R.S., 1979. A
typology for the urban ecosystem and its relationship to larger biogeographical
landuse units. Urban Ecol. 4, 11e28.

Brazel, A., Selover, N., Vose, R., Heisler, G., 2000. The tale of two cities e Baltimore
and Phoenix urban LTER sites. Clim. Res. 15, 123e135.

Brett, M.T., Arhonditsis, G.B., Mueller, S.E., Hartley, D.M., Frodge, J.D., Funke, D.E.,
2005. Non-point source impacts on stream nutrient concentrations along
a forest to urban gradient. Environ. Manage. 35, 56e71.

Breuste, J., Feldman, H., Uhlmann, O. (Eds.), 1998. Urban Ecology. Springer-Verlag,
Berlin.

Bromley, D.W., 1991. Environment and Economy: Property Rights and Public Policy.
TJ Press, Cornwall.

Brooks, R.T., Rowntree, R.A., 1984. Forest area characteristics for metropolitan and
nonmetropolitan counties of three northeastern states of the United States.
Urban Ecol. 8, 341e346.

Brown, D.G., Robinson, D.T., An, L., Nassauer, J.I., Zellner, M., Rand, W., Riolo, R.,
Page, S.E., Low, B., Zhifang, W., 2008. Exurbia from the bottom-up: confronting
empirical challenges to characterizing a complex system.Geoforum39, 805e818.

Brumm, H., Todt, D., 2002. Noise-dependent song amplitude regulation in a terri-
torial songbird. Anim. Behav. 63, 891e897.

Bullock, P., Gregory, P.J., 1991. Soils: a neglected resource in urban areas. In: Bul-
lock, P., Gregory, P.J. (Eds.), Soils in the Urban Environment. Blackwell Scientific
Publications, Oxford, pp. 1e5.

Bunce, M., 1998. Thirty years of farmland preservation in North America: discourses
and ideologies of a movement. J. Rural Stud. 14, 233e247.

Burch Jr., W.R., 1988. Human ecology and environmental management. In: Agee, J.K.,
Darryll, J. (Eds.), Ecosystem Management for Parks and Wilderness. University
of Washington Press, Seattle, pp. 145e159.

Burch Jr., W.R., Cheek Jr., N.H., Taylor, L. (Eds.), 1972. Social Behavior, Natural
Resources, and the Environment. Harper & Row, New York.
Burch Jr., W.R., DeLuca, D., 1984. Measuring the Social Impact of Natural Resource
Policies. University of New Mexico Press, Albuquerque.

Burch Jr., W.R., Grove, J.M., 1993. People, trees, and participation on the urban
frontier. Unasylva 44, 19e27.

Byrne, L.B., Bruns, M.A., Kim, K.C., 2008. Ecosystem properties of urban land covers
at the aboveground-belowground interface. Ecosystems 11, 1065e1077.

Bytnerowicz, A., Fenn, M.E., Miller, P.R., Arbaugh, M.J., 1999. Wet and dry pollutant
deposition to the mixed conifer forest. In: Miller, P.R., McBride, J.R. (Eds.),
Oxidant Air Pollution Impacts in the Montane Forests of Southern California:
a Case Study of the San BernardinoMountains. Springer, New York, pp. 235e269.

Cadenasso, M.L., Pickett, S.T.A., Band, L.E., Brush, G.S., Galvin, M.F., Groffman, P.M.,
Grove, J.M., Hagar, G., Marshall, V., McGrath, B., O’Neil-Dunne, J., Stack, B.,
Troy, A., 2008. Exchanges across land-water-scape boundaries in urban
systems: strategies for reducing nitrate pollution. Ann. N. Y. Acad. Sci. 1134,
213e232.

Cadenasso, M.L., Pickett, S.T.A., Grove, J.M., 2006a. Integrative approaches to
investigating human-natural systems: the Baltimore ecosystem study. Nat. Sci.
Soc. 14, 1e14.

Cadenasso, M.L., Pickett, S.T.A., Grove, J.M., 2006b. Dimensions of ecosystem
complexity: heterogeneity, connectivity, and history. Ecol. Complex 3, 1e12.

Cadenasso, M.L., Pickett, S.T.A., Schwarz, K., 2007a. Spatial heterogeneity in urban
ecosystems: reconceptualizing land cover and a framework for classification.
Front. Ecol. Environ. 5, 80e88.

Cadenasso,M.L., Pickett, S.T.A.,McDonnell,M.J., Pouyat, R.V., 2007b. Forest vegetation
along an urbanerural gradient in the New York City metropolitan area: patterns
and relationships to ecosystem processes. Trans. Linnean Soc. N. Y. 10, 79e99.

Caro, R., 1974. The Power Broker. Alfred A. Knopf, New York.
Carpenter, S.R., Walker, B.H., Anderies, J.M., Abel, N., 2001. From metaphor to

measurement: resilience of what to what? Ecosystems 4, 765e781.
Carreiro, M.M., Pouyat, R.V., Tripler, C.E., Zhu, W., 2009. Carbon and nitrogen cycling

in soils of remnant forests along urbanerural gradients: case studies in New
York City and Louisville, Kentucky. In: McDonnell, M.J., Hahs, A., Breuste, J.
(Eds.), Comparative Ecology of Cities and Towns. Cambridge University Press,
New York, pp. 308e328.

Catton Jr., W.R., 1994. Foundation of human ecology. Sociol. Perspect. 37, 75e95.
Chace, J.F., Walsh, J.J., 2006. Urban effects on native avifauna: a review. Landsc.

Urban Plan. 74, 46e69.
Chapin III, F.S., Matson, P.A., Mooney, H.A., 2002. Principles of Terrestrial Ecosystem

Ecology. Springer-Verlag, New York.
CIESIN, 2004. Gridded Population of the World (GPW), Version 3. Center for

International Earth Science Information Network (CIESIN), Columbia Univer-
sity; and Centro Internacional de Agricultura Tropical (CIAT). GPW3 data are
available at. http://beta.sedac.ciesin.columbia.edu/gpw/index.jsp.

Clergeau, P., Jokimäki, J., Snep, R., 2006. Using hierarchical levels for urban ecology.
Trends Ecol. Evol. 21, 660e661.

Collins, J.P., Kinzig, A., Grimm, N.B., Fagan, W.F., Hope, D., Wu, J.G., Borer, E.T., 2000.
A new urban ecology. Am. Sci. 88, 416e425.

Costanza, R., Sklar, F.H., White, M.L., 1990. Modeling coastal landscape dynamics.
BioScience 40, 91e107.

Coutts, A.M., Beringer, J., Tapper, N.J., 2007. Characteristics influencing the vari-
ability of urban CO2 fluxes in Melbourne, Australia. Atmos. Environ. 41, 51e62.

Craig, L.S., Palmer, M.A., Richardson, D.C., Filoso, S., Bernhardt, E.S., Bledsoe, B.P.,
Doyle, M.W., Groffman, P.M., Hassett, B., Kaushal, S.S., Mayer, P.M., Smith, S.M.,
Wilcock, P.R., 2008. Stream restoration strategies for reducing river nitrogen
loads. Front. Ecol. Environ. 6, 529e538. doi:10.1890/070080.

Craul, P.J., 1992. Urban Soil in Landscape Design. John Wiley & Sons, New York.
Craul, P.J., 1999. Urban Soils: Applications and Practices. John Wiley & Sons,

New York.
Craul, P.J., Klein, C.J., 1980. Characterization of streetside soils of Syracuse, New York.

METRIA 3, 88e101.
Cronon, W., 1991. Nature’s Metropolis: Chicago and the Great West. Norton,

New York.
Crooks, K.R., Suarez, A.V., Bolger, D.T., Soule, M.E., 2001. Extinction and colonization

of birds on habitat islands. Conserv. Biol. 15, 159e172.
Davis, M., 1998. Ecology of Fear: Los Angeles and the Imagination of Disaster.

Metropolitan Books, New York.
de Boer, J., Dijst, M., 1998. Urban development and environmental policy objectives

e an outline of a multi-disciplinary research programme. In: Breuste, J., Feld-
man, H., Uhlmann, O. (Eds.), Urban Ecology. Springer-Verlag, Berlin, pp. 38e42.

De Kimpe, C.R., Morel, J.L., 2000. Urban soil management: a growing concern. Soil
Sci. 165, 31e40.

De Miguel, E., Llamas, J.F., Chacon, E., Berg, T., Larssen, S., Royset, O., Vadset, M., 1997.
Origin and patterns of distribution of trace elements in street dust: unleaded
petrol and urban lead. Atmos. Environ. 31, 2733e2740.

Deelstra, T., 1998. Towards ecological sustainable cities: strategies, models and
tools. In: Breuste, J., Feldman, H., Uhlmann, O. (Eds.), Urban Ecology. Springer-
Verlag, Berlin, pp. 17e22.

De Rudder, B., Linke, F., 1940. Biologie der Großstadt. Theodor Steinkopff Dresden
and Leipzig.

DeStefano, S., DeGraaf, R.M., 2003. Exploring the ecology of suburban wildlife.
Front. Ecol. Environ. 1, 95e101.

Diamond, J.M., 1997. Guns, Germs, and Steel: The Fate of Human Societies. W.W.
Norton Company, New York.

Ditchkoff, S., Saalfeld, S., Gibson, C., 2006. Animal behavior in urban ecosystems:
modifications due to human-induced stress. Urban Ecosyst. 9, 5e12.

http://beta.sedac.ciesin.columbia.edu/gpw/index.jsp


S.T.A. Pickett et al. / Journal of Environmental Management 92 (2011) 331e362358
Donnelly, R., Marzluff, J.M., 2004. Importance of reserve size and landscape context
to urban bird conservation. Conserv. Biol. 18, 733e745.

Dorney, R.S., 1977. Biophysical and cultural-historic land classification and mapping
for Canadian urban and urbanizing landscapes. In: Wiken, E.B., Ironside, G.
(Eds.), Ecological/Biophysical Land Classification in Urban Areas. Environment
Canada, Ottawa, pp. 57e71.

Douglas, I., 1983. The Urban Environment. Edward Arnold, Baltimore.
Dow, K., 2000. Social dimensions of gradients in urban ecosystems. Urban Ecosyst.

4, 255e275.
Drayton, B., Primack, R.B., 1996. Plant species lost in an isolated conservation area in

metropolitan Boston from 1894 to 1993. Conserv. Biol. 10, 30e39.
Duguay, S., Eigenbrod, F., Fahrig, L., 2007. Effects of surrounding urbanization on

non-native flora in small forest patches. Landsc. Ecol. 22, 589e599.
Duncan, O.D., 1961. From social system to ecosystem. Sociol. Inq. 31, 140e149.
Duncan, O.D., 1964. Social organization and the ecosystem. In: Faris, R.E.L. (Ed.),

Handbook of Modern Sociology. Rand McNally & Co., Chicago, pp. 37e82.
Effland, W.R., Pouyat, R.V., 1997. The genesis, classification, and mapping of soils in

urban areas. Urban Ecosyst. 1, 217e228.
Ehrenfeld, J.G., 2003. Effects of exotic plant invasions on soil nutrient cycling

processes. Ecosystems 6, 503e523.
Ehrenfeld, J.G., Kourtev, P., Huang, W., 2001. Changes in soil functions following

invasions of exotic understory plants in deciduous forests. Ecol. Appl.
11, 1278e1300.

Ellis, E.C., Ramankutty, N., 2008. Putting people in the map: anthropogenic biomes
of the world. Front. Ecol. Environ. 6, 439e447.

Elmore, A.J., Kaushal, S.S., 2008. Disappearing headwaters: patterns of stream burial
due to urbanization. Front. Ecol. Environ. 6, 308e312. doi:10.1890/070101.

Facchinelli, A., Sacchi, E., Mallen, L., 2001. Multivariate statistical and GIS-based
approach to identify heavy metal sources in soils. Environ. Pollut. 114, 313e324.

Faeth, S.H., Warren, P.S., Shochat, E., Marussich, W.A., 2005. Trophic dynamics in
urban communities. BioScience 55, 399e407.

Felson, A.J., Pickett, S.T.A., 2005. Designed experiments: new approaches to
studying urban ecosystems. Front. Ecol. Environ. 3, 549e556.

Fenn, M.E., 1991. Increased site fertility and litter decomposition rate in high
pollution sites in the San Bernardino Mountains. For. Sci. 37, 1163e1181.

Fenn, M.E., Bytnerowicz, A., 1993. Dry deposition of nitrogen and sulfur to pon-
derosa and Jeffrey pine in the San Bernardino National Forest in southern
California. Environ. Pollut. 81, 277e285.

Fenn, M.E., Dunn, P.H., 1989. Litter decomposition across an air-pollution gradient in
the San Bernardino Mountains. Soil Sci. Soc. Am. J. 53, 1560e1567.

Fernández-Juricic, E., Jokimaki, J., 2001. A habitat island approach to conserving
birds in urban landscapes: case studies from southern and northern Europe.
Biodiver. Conserv. 10, 2023e2043.

Field, D.R., Burch Jr., W.R., 1988. Rural Sociology and the Environment. Social
Ecology Press, Middleton.

Flores, A., Pickett, S.T.A., Zipperer, W.C., Pouyat, R.V., Pirani, R., 1997. Adopting
a modern ecological view of the metropolitan landscape: the case of a green-
space system for the New York City region. Landsc. Urban Plan. 39, 295e308.

Folke, C., 2006. Resilience: the emergence of a perspective for social-ecological
systems analyses. Glob. Environ. Chang. 16, 253e267.

Forman, R.T.T., 2008. Urban Regions: Ecology and Planning Beyond the City. Cam-
bridge University Press, New York.

Frey, J., 1998. Comprehensive biotope mapping in the city of Mainz e a tool for
integrated nature conservation and sustainable urban planning. In:
Breuste, J., Feldman, H., Uhlmann, O. (Eds.), Urban Ecology. Springer-Verlag,
Berlin, pp. 641e647.

Fuller, R.A., Irvine, K.N., Devine-Wright, P., Warren, P.H., Gaston, K.J., 2007.
Psychological benefits of greenspace increase with biodiversity. Biol. Lett.
3, 390e394.

Galbraith, J.M., Bryant, R.B., Russell-Anelli, J.M., 1999. Major kinds of humanly
altered soils. In: Kimble, J.M., Ahrens, R.J., Bryant, R.B. (Eds.), Classification,
Correlation, and Management of Anthropogenic Soils, ProceedingsdNevada
and California, September 21eOctober 2, 1998. USDA-NRCS, National Soil
Survey Center, Lincoln, pp. 115e119.

Galloway, J.N., Aber, J.D., Erisman, J.W., Seitzinger, S.P., Howarth, R.W., Cowling, E.B.,
Cosby, B.J., 2003. The nitrogen cascade. Bioscience 53, 341e356.

Garreau, J., 1991. Edge City: Life on the New Frontier. Doubleday, New York.
George, K., Ziska, L.H., Bunce, J.A., Quebedeaux, B., Hom, J.L., Wolf, J., Teasdale, J.R.,

2009. Macroclimate associated with urbanization increases the rate of
secondary succession from fallow soil. Oecologia 159, 637e647.

Geoghegan, J., Wainger, L.A., Bockstael, N.E., 1997. Spatial landscape indices in
a hedonic framework: an ecological economics analysis using GIS. Ecol. Econ.
23, 251e264.

Gibb, H., Hochuli, D.F., 2002. Habitat fragmentation in an urban environment: large
and small fragments support different arthropod assemblages. Biol. Conserv.
106, 91e100.

Gibson, C.A., Meyer, J.L., 2007. Nutrient uptake in a large urban river. J. Am. Water
Resour. Assoc. 43, 576e587.

Gliwicz, J., Goszczynski, J., Luniak, M., 1994. Characteristic features of animal pop-
ulations under synurbizationdthe case of the Blackbird and of the Striped Field
Mouse. Mem. Zool. 49, 237e244.

Golley, F.B., 1993. A History of the Ecosystem Concept in Ecology: More than the
Sum of the Parts. Yale University Press, New Haven.

Golubiewski, N., 2006. Urbanization transforms prairie carbon pools: effects of
landscaping in Colorado’s Front Range. Ecol. Appl. 16, 555e571.
Gompper, M.E., 2002. Top carnivores in the suburbs? Ecological and conservation
issues raised by colonization of north-eastern North America by coyotes.
BioScience 52, 185e190.

Gottdiener, M., Hutchison, R., 2000. The New Urban Sociology, second ed. McGraw
Hill, New York.

Govil, P.K., Reddy, G.L.N., Krishna, A.K., 2001. Contamination of soil due to heavy
metals in the Patancheru industrial development area, Andhra Pradesh, India.
Environ. Geol. 41, 461e469.

Gregg, J.W., Jones, C.G., Dawson, T.E., 2003. Urbanization effects on tree growth in
the vicinity of New York City. Nature 424, 183e187.

Grimm, N.B., Faeth, S.H., Golubiewski, N.E., Redman, C.L., Wu, J., Bai, X., Briggs, J.M.,
2008. Global change and the ecology of cities. Science 319, 756e760.

Grimm, N.B., Grove, J.M., Pickett, S.T.A., Redman, C.L., 2000. Integrated approaches
to long-term studies of urban ecological systems. BioScience 50, 571e584.

Grimm, N.B., Sheibley, R.W., Crenshaw, C.L., Dahm, C.N., Roach, W.J., 2005.
N retention and transformation in urban streams. J. N. Am. Benthol. Soc.
24, 626e642.

Groffman, P.M., Bain, D.J., Band, L.E., Belt, K.T., Brush, G.S., Grove, J.M., Pouyat, R.V.,
Yesilonis, I.C., Zipperer, W.C., 2003. Down by the riverside: urban riparian
ecology. Front. Ecol. Environ. 6, 315e321.

Groffman, P.M., Boulware, N.J., Zipperer, W.C., Pouyat, R.V., Band, L.E.,
Colosimo, M.F., 2002. Soil nitrogen cycling processes in urban riparian zones.
Environ. Sci. Technol. 36, 4547e4552.

Groffman, P.M., Crawford, M.K., 2003. Denitrification potential in urban riparian
zones. J. Environ. Qual. 32, 1144e1149.

Groffman, P.M., Dorsey, A.M., Mayer, P.M., 2005. Nitrogen processing within
geomorphic features in urban streams. J. N. Am. Benthol. Soc. 24, 613e625.

Groffman, P.M., Law, N.L., Belt, K.T., Band, L.E., Fisher, G.T., 2004. Nitrogen fluxes and
retention in urban watershed ecosystems. Ecosystems 7, 393e403.

Groffman, P.M., Likens, G.E. (Eds.), 1994. Integrated Regional Models: Interactions
Between Humans and Their Environment. Chapman & Hall, New York.

Grove, J.M., 1995. Excuse me, could I speak to the property owner please? Comm.
Prop. Resour. Dig. 35, 7e8.

Grove, J.M., 1996. The relationship between patterns and processes of social strat-
ification and vegetation of an urbanerural watershed. Ph.D. Dissertation, Yale
University, New Haven.

Grove, J.M., 1997. New tools for exploring theory and methods in human ecosystem
and landscape analyses: computer modeling, remote sensing and geographic
information systems. In: Cordell, H.K., Bergstrom, J.C. (Eds.), Integrating Social
Sciences and Ecosystem Management. Sagamore, Champaign, pp. 219e236.

Grove, J.M., Burch Jr., W.R., 1997. A social ecology approach and application of urban
ecosystem and landscape analyses: a case study of Baltimore, Maryland. Urban
Ecosyst. 1, 259e275.

Grove, J.M., Burch, W.R., Pickett, S.T.A., 2005. Social mosaics and urban forestry
in Baltimore, Maryland. In: Lee, R.G., Field, D.R. (Eds.), Communities
and Forests: Where People Meet the Land. Oregon State University Press,
Corvalis, pp. 248e273.

Grove, J.M., Cadenasso, M., Burch Jr., W.R., Pickett, S.T.A., O’Neil-Dunne, J.P.M.,
Schwarz, K., Wilson, M., Troy, A.R., Boone, C., 2006a. Data and methods
comparing social structure and vegetation structure of urban neighborhoods in
Baltimore, Maryland. Soc. Nat. Resour. 19, 117e136.

Grove, J.M., Hohmann, M., 1992. GIS and social forestry. J. Forestry 90, 10e15.
Grove, J.M., Troy, A.R., O’Neil-Dunne, J.P.M., Burch, W.R., Cadenasso, M.L.,

Pickett, S.T.A., 2006b. Characterization of households and its implications for
the vegetation of urban ecosystems. Ecosystems 9, 578e597.

Grusky, D.B. (Ed.), 1994. Social Stratification: Class, Race, and Gender in Sociological
Perspective. Westview Press, Boulder.

Guest, A.M., 1977. Residential segregation in urban areas. In: Schwirian, K.P. (Ed.),
Contemporary Topics in Urban Sociology. General Learning Press Morristown,
pp. 269e336.

Guilden, J.M., Smith, J.R., Thompson, L., 1990. Stand structure of an old-growth
upland hardwood forest in Overton Park, Memphis, Tennessee. In:
Mitchell, R.S., Shevial, C.J., Leopold, D.J. (Eds.), Ecosystem Management: Rare
Species and Significant Habitats. New York State Museum, Albany, pp. 61e66.

Hale, R., Groffman, P.M., 2006. Chloride effects on nitrogen dynamics in forested
and suburban stream debris dams. J. Environ. Qual. 35, 2425e2432.

Hawley, D., 1950. Human Ecology: a Theory of Community Structure. Ronald Press,
New York.

Heneghan, L., Clay, C., Brundage, C., 2002. Observations on the initial decomposition
rates and faunal colonization of native and exotic plant species in an urban
forest fragment. Ecol. Restor. 20, 108e111.

Higley, S.R., 1995. Privilege, Power, and Place: The Geography of the American
Upper Class. Rowman & Littlefield Publishers, Inc., Lanham.

Hobbs, E.R., 1988. Species richness in urban forest patches and implications for
urban landscape diversity. Landsc. Ecol. 1, 141e152.

Holbrook, M.B., 2001. Market clustering goes graphic: the Weiss trilogy and
a proposed extension. Psychol. Market 18, 67e85.

Hope, D., Gries, C., Warren, P., Katti, M., Stuart, G., Oleson, J., Kaye, J., 2004. How do
humans restructure the biodiversity of the Sonoran desert? In: Connecting
Mountain Islands and Desert Seas: Biodiversity and Management of the
Madrean Archipelago II, vol. RMRS-P-26, USDA Forest Service Proceedings, Fort
Collins, pp. 189e194.

Hope, D., Gries, C., Zhu, W., Fagan, W., Redman, C.L., Grimm, N.B., Nelson, A.L.,
Martin, C., Kinzig, A., 2003. Socioeconomics drive urban plant diversity. Proc.
Natl. Acad. Sci. U.S.A. 100, 8788e8792.



S.T.A. Pickett et al. / Journal of Environmental Management 92 (2011) 331e362 359
Horowitz, D., 1985. The Morality of Spending: Attitudes Towards the Consumer
Society in America, 1876e1940. Johns Hopkins University Press, Baltimore.

Hough, M., 1995. Cities and Natural Processes. Routledge, London.
Huntington, E., 1920. The control of pneumonia and influenza by weather. Ecology

1, 1e23.
Iida, S., Nakashizuka, T., 1995. Forest fragmentation and its effect on species

diversity in sub-urban coppice forests in Japan. For. Ecol. Manage. 73, 197e210.
Inman, J.C., Parker, G.R., 1978. Decomposition and heavy metal dynamics of forest

litter in northwestern Indiana. Environ. Pollut. 17, 34e51.
Irwin, E.G., Bell, K.A., Geoghegan, J., 2003. Modeling and managing urban growth at

the rural-urban fringe: a parcel-level model of residential land use change.
Agr. Resour. Econ. Rev. 32, 83e102.

Irwin, E.G., Bockstael, N.E., 2002. Interacting agents, spatial externalities, and the
endogenous evolution of residential land use pattern. J. Econ. Geogr. 2, 31e54.

Irwin, E.G., Geoghegan, J., 2001. Theory, data, methods: developing spatially-explicit
economic models of land use change. Agr. Ecosyst. Environ. 85, 7e24.

Irwin, E.G., Jayaprakash, C., Munroe, D.K., 2008. Towards a comprehensive model of
urban spatial dynamics. Landsc. Ecol.. doi:10.1007/s10980-009-9353-9.

Jacobs, J., 1961. The Death and Life of Great American Cities: The Failure of Town
Planning. Random House, New York.

Jang, A., Seo, Y., Bishop, P.L., 2005. Removal of heavy metals in runoff by sorption on
mulch. Environ. Pollut. 133, 117e127.

Jenerette, G.D., Wu, J., Grimm, N.B., Hope, D., 2006. Points, patches, and regions:
scaling soil biogeochemical patterns in an urbanized arid ecosystem. Glob.
Change Biol. 12, 1532e1544.

Jenkins, V.S., 1994. The Lawn: a History of an American Obsession. Smithsonian
Institution Press, Washington, DC.

Jim, C.Y., 1993. Soil compaction as a constraint to tree growth in tropical and
subtropical urban habitats. Environ. Conserv. 20, 35e49.

Jim, C.Y., 1998. Physical and chemical properties of a Hong Kong roadside soil in
relation to urban tree growth. Urban Ecosyst. 2, 171e181.

Jones, C.G., Lawton, J.H. (Eds.), 1995. Linking Species and Ecosystems. Chapman &
Hall, New York.

Kaminski, M.D., Landsberger, S., 2000. Heavy metals in urban soils of East St. Louis,
IL, part I: total concentration of heavy metals in soils. J. Air Waste Manage.
50, 1667e1679.

Kaplan, R., Kaplan, S., 1990. The restorative experience: the healing power of nearby
nature. In: Francis, M., Hester Jr., R.T. (Eds.), The Meaning of Gardens. MIT Press,
Cambridge, pp. 238e243.

Katz, B., Bradley, J., 1999. Divided we sprawl. Atl. Mon. 284, 26e42.
Kaushal, S.S., 2009. Chloride. In: Likens, G.E. (Ed.), Encyclopedia of Inland Waters,

vol. 2. Elsevier, Oxford, pp. 23e29.
Kaushal, S.S., Groffman, P.M., Band, L.E., Shields, C.A., Morgan, R.P., Palmer, M.A.,

Belt, K.T., Fisher, G.T., Swan, C.M., Findlay, S.E.G., 2008a. Interaction between
urbanization and climate variability amplifies watershed nitrate export in
Maryland. Environ. Sci. Technol. 42, 5872e5878.

Kaushal, S.S., Groffman, P.M., Findlay, S.E.G., Fischer, D.T., 2005a. The effects of land
use on the dynamics of organic carbon, nitrogen, and phosphorus exported
from coastal watersheds. Eos Trans. AGU 86 (18) Jt. Assem. Suppl., Abstract
B53A-04.

Kaushal, S.S., Groffman, P.M., Likens, G.E., Belt, K.T., Stack, W.P., Kelly, V.R.,
Weathers, K.C., Band, L.E., Fisher, G.T., 2005b. Increased salinization of fresh
water in the northeastern U.S.P. Proc. Natl. Acad. Sci. U.S.A. 102, 13517e13520.

Kaushal, S.S., Groffman, P.M., Mayer, P.M., Striz, E., Doheny, E.J., Gold, A.J., 2008b.
Effects of stream restoration on denitrification in an urbanizing watershed. Ecol.
Appl. 18, 789e804.

Kaushal, S.S., Lewis Jr., W.M., 2005. Fate and transport of dissolved organic
nitrogen in minimally disturbed streams of Colorado, U.S.A. Biogeochemistry
74, 303e321.

Kaushal, S.S., Lewis Jr., W.M., McCutchan Jr., J.H., 2006. Land use change and
nitrogen enrichment of a Rocky Mountain watershed. Ecol. Appl. 16, 299e312.

Kaye, J.P., Groffman, P.M., Grimm, N.B., Baker, L.A., Pouyat, R.V., 2006. A distinct
urban biogeochemistry? Trends Ecol. Evol. 21, 192e199.

Kaye, J.P., McCulley, R.L., Burke, I.C., 2005. Carbon fluxes, nitrogen cycling, and soil
microbial communities in adjacent urban, native and agricultural ecosystems.
Glob. Change Biol. 11, 575e587.

Kellert, S.R., 1984. Urban American perceptions of animals and the natural envi-
ronment. Urban Ecol. 8, 209e228.

Kinouchi, T., Yagi, H., Mivamoto, M., 2007. Increase in stream temperature related to
anthropogenic heat input from urban wastewater. J. Hydrol. 335, 78e88.

Kinzig, A.P., Warren, P.S., Martin, C., Hope, D., Katti, M., 2005. The effects of human
socioeconomic status and cultural characteristics on urban patterns of biodi-
versity. Ecol. Soc. 10, 23.

Klausnitzer, B., Richter, K., 1983. Presence of an urban gradient demonstrated for
carabid associations. Oecologia 59, 79e82.

Klocker, C.A., Kaushal, S.S., Groffman, P.M., Mayer, P.M., Morgan, R.P., 2009. Nitrogen
uptake and denitrification in restored and unrestored streams in urban
Maryland, USA. Aquat. Sci. 71, 411e424.

Klotz, S., 1990. Species/area and species/inhabitants relations in European cities.
In: Sukopp, H., Hejny, S., Kowarik, I. (Eds.), Urban Ecology: Plants and Plant
Communities in Urban Environments. SPB Academic Publishers, The Hague,
pp. 100e112.

Korsós, Z., Hornung, E., Kontschán, J., Szlavecz, K., 2002. Isopoda and Diplopoda of
urban habitats: new data to the fauna of Budapest. Ann. Hist.-Nat. Mus. Nat.
Hung. 94, 193e208.
Kourtev, P.S., Ehrenfeld, J.G., Huang, W., 2002. Exotic plant species alter microbial
structure and function in the soil. Ecology 85, 3152e3166.

Kowarik, I., 1990. Some responses of flora and vegetation to urbanization in Central
Europe. In: Sukopp, H., Hejny, S., Kowarik, I. (Eds.), Urban Ecology: Plants and
Plant Communities in Urban Environments. SPB Academic Publishers, The
Hague, pp. 45e74.

Kuperman, R.G., 1999. Litter decomposition and nutrient dynamics in oak-hickory
forests along a historic gradient of nitrogen and sulfur deposition. Soil Biol.
Biochem. 31, 237e244.

Landsberg, H.E., 1981. The Urban Climate. Academic Press, New York.
Lang, R., LeFurgy, J.B., 2007. Boomburbs: The Rise of America’s Accidental Cities.

Brookings Institution Press, Washington.
Latour, B., 2004. Politics of Nature. Harvard University Press, Cambridge.
Law, N.L., Band, L.E., Grove, J.M., 2004. Nutrient input from residential lawn care

practices. J. Environ. Manage. 47, 737e755.
Lawrence, H.W., 1995. Changing forms and persistent values: historical perspectives

on the urban forest. In: Bradley, G.A. (Ed.), Urban Forest Landscapes: Integrating
MultidisciplinaryPerspectives. UniversityofWashingtonPress, Seattle, pp.17e40.

Lee, D.S., Longhurst, W.J.S., 1992. A comparison between wet and bulk deposition at
an urban site in the U.K. Water Air Soil Pollut. 64, 635e648.

Lenski, G.E., 1966. Power and Privilege: a Theory of Social Stratification. McGraw-
Hill, New York.

Leston, L.F.V., Rodewald, A.D., 2006. Are urban forests ecological traps for
understory birds? An examination using Northern cardinals. Biol. Conserv.
131, 566e574.

Li, X.D., Lee, S.L., Wong, S.C., Shi, W.Z., Thornton, L., 2004. The study of metal
contamination in urban soils of Hong Kong using a GIS-based approach.
Environ. Pollut. 129, 113e124.

Lidman, A., 2008. Vegetation, neighborhood satisfaction, and crime: case studies in
Baltimore, Maryland. Rubenstein School of Environment & Natural Resources.
Master’s Thesis, Master of Natural Resources, University of Vermont, Burlington,
131 pp.

Light, J.S., 2009. The Nature of Cities: Ecological Visions and the American Urban
Professions 1920e1960. Johns Hopkins University Press, Baltimore.

Likens, G.E., Bormann, F.H., Pierce, R.S., Eaton, J.S., Johnson, N.M., 1977. Biogeo-
chemistry of a Forested Ecosystem. Springer-Verlag Inc., New York.

Liu, J., Daily, G.C., Ehrlich, P.R., Luck, G.W., 2003. Effects of household dynamics on
resource consumption and biodiversity. Nature 1359, 1e3.

Lo, C.P., Quattrochi, D.A., Luvall, J.C., 1997. Application of high-resolution thermal
infrared remote sensing and GIS to assess the urban heat island effect. Int.
J. Remote Sens. 18, 287e304.

Lockwood, J.L., Brooks, T.M., McKinney, M.L., 2000. Taxonomic homogenization of
the global avifauna. Anim. Conserv. 3, 27e35.

Logan, J.R., Molotch, H.L., 1987. Urban Fortunes: The Political Economy of Place.
University of California Press, Berkeley.

Lohse, K.A., Newburn, D.A., Opperman, J.J., Merenlender, A.M., 2008. Forecasting
relative impacts of land use on anadromous fish habitat to guide conservation
planning. Ecol. Appl. 18, 467e482.

Loucks, O.L., 1994. Sustainability in urban ecosystems: beyond an object of study.
In: Platt, R.H., Rowntree, R.A., Muick, P.C. (Eds.), The Ecological City: Preserving
and Restoring Urban Biodiversity. University of Massachusetts Press, Amherst,
pp. 48e65.

Lovett, G.M., Traynor, M.M., Pouyat, R.V., Carreiro, M.M., Zhu, W., Baxter, J., 2000.
Nitrogen deposition along an urbanerural gradient in the New York City
metropolitan area. Environ. Sci. Technol. 34, 4294e4300.

Luck, M., Jenrette, J.D., Wu, J.G.N.B., 2001. The urban funnel model and spatially
explicit ecological footprint. Ecosystems 4, 782e796.

Luniak, M., Pisarski, B., 1994. State of research into the fauna of Warsaw (up to
1990). Mem. Zool. 49, 155e165.

Lynch, L., Liu, X., 2007. Impact of designated preservation areas on rate of
preservation and rate of conversion: preliminary evidence. Am. J. Agr. Econ.
89, 1205e1210.

Machlis, G.E., Force, J.E., Burch Jr., W.R., 1997. The human ecosystem part I: the
human ecosystem as an organizing concept in ecosystem management.
Soc. Nat. Resour. 10, 347e367.

Makse, H.A., Havlin, S., Stanley, H.E., 1995. Modeling urban growth patterns. Nature
377, 608e612.

Marzluff, J.M., Bowman, R., Donnelly, R., 2001. A historical perspective on urban bird
research: trends, terms, and approaches. In: Marzluff, J.M., Bowman, R.,
Donnelly, R. (Eds.), Avian Ecology in an Urbanizing World. Kluwer Academic
Publishers, Boston, pp. 1e17.

Marzluff, J., Rodewald, A., 2008. Conserving biodiversity in urbanizing areas:
nontraditional views from a bird’s perspective. Cities Environ. 1, 1e27. http://
escholarship.bc.edu/cate/vol1/iss2/6.

Matlack, G.R., 1997. Land use and forest habitat distribution in the hinterland of
a large city. J. Biogeogr. 24, 297e307.

Matt, S.J., 2003. Keeping up with the Joneses: Envy in American Consumer Society,
1890e1930. University of Pennsylvania Press, Philadelphia.

McDonnell, M.J., Hahs, A., Breuste, J. (Eds.), 2009. Ecology of Cities and Towns:
a Comparative Approach. Cambridge University Press, New York.

McDonnell, M.J., Pickett, S.T.A. (Eds.), 1993. Humans as Components of Ecosystems:
The Ecology of Subtle Human Effects and Populated Areas. Springer-Verlag,
New York.

McDonnell, M.J., Pickett, S.T.A., Pouyat, R.V., 1993. The application of the ecological
gradient paradigm to the studyof urban effects. In:McDonnell,M.J., Pickett, S.T.A.

http://escholarship.bc.edu/cate/vol1/iss2/6
http://escholarship.bc.edu/cate/vol1/iss2/6


S.T.A. Pickett et al. / Journal of Environmental Management 92 (2011) 331e362360
(Eds.), Humans as Components of Ecosystems: The Ecology of Subtle Human
Effects and Populated Areas. Springer-Verlag, New York, pp. 175e189.

McDonough, W., Braungart, M., 2002. Cradle to Cradle: Remaking the Way We
Make Things. North Point Press, New York.

McGrath, B.P., 2008. Digital Modelling for Urban Design. Wiley, London.
McGrath, B., Marshall, V., Cadenasso, M.L., Grove, J.M., Pickett, S.T.A., Plunz, R.,

Towers, J. (Eds.), 2007. Designing Urban Patch Dynamics. Columbia University
Graduate School of Architecture, Planning and Preservation, Columbia Univer-
sity, New York.

McHarg, I., 1969. Design with Nature. Doubleday/Natural History Press, Garden City.
McKinney, M.L., 2001. Effects of human population, area, and time on non-native

plant and fish diversity in the United States. Biol. Conserv. 100, 243e252.
McKinney, M.L., 2002. Urbanization, biodiversity, and conservation. Bioscience

52, 883e890.
McKinney, M.L., 2004. Measuring floristic homogenization by non-native plants in

North America. Glob. Ecol. Biogeogr 13, 47e53.
McKinney, M.L., 2005. Species introduction from nearby sources have a more

homogenizing effect than species from distant sources: evidence from plants
and fishes in the USA. Divers. Distrib. 11, 367e374.

McKinney, M.L., 2006. Urbanization as a major cause of biotic homogenization. Biol.
Conserv. 127, 247e260.

McKinney,M.L., Lockwood, J.L.,1999. Biotic homogenization: a fewwinners replacing
many losers in the next mass extinction. Trends Ecol. Evol. 14, 450e453.

McPherson, E.G., Nowak, D., Heisler, G., Grimmond, S., Souch, C., Grant, R.,
Rowntree, R., 1997. Quantifying urban forest structure, function, and value: the
Chicago urban forest climate project. Urban Ecosyst. 1, 49e61.

Melles, S., Glenn, S., Martin, K., 2003. Urban bird diversity and landscape
complexity: specieseenvironment associations along a multiscale habitat
gradient. Conserv. Ecol. 7, 5.

Melosi, M.V., 2000. The Sanitary City: Urban Infrastructure in America from Colonial
Times to the Present. Johns Hopkins University Press, Baltimore.

Merton, R.K., Kitt, A., 1950. Contributions to the Theory of Reference Group
Behavior. Free Press, Glencoe.

Meyer, J.L., Paul, M.J., Taulbee, W.K., 2005. Stream ecosystem function in urbanizing
landscapes. J. N. Am. Benthol. Soc. 24, 602e612.

Meyer, J.L., Strayer, D.L., Wallace, J.B., Eggert, S.L., Helfman, G.S., Leonard, N.E., 2007.
The contribution of headwater streams to biodiversity in river networks. J. Am.
Water Resour. Assoc. 43, 86e103.

Mielke, H.W., 1999. Lead in the inner cities. J. Am. Sci. 87, 62e73.
Milesi, C., Running, S.W., Elvidge, C.D., Dietz, J.B., Tuttle, B.T., Nemani, R.R., 2005.

Mapping and modeling the biogeochemical cycling of turf grasses in the United
States. Environ. Manage. 36, 426e438.

Mohai, P., Saha, R., 2007. Racial inequality in the distribution of hazardous waste:
a national-level reassessment. Soc. Probl. 54, 343e370.

Moore, A.A., Palmer, M.A., 2005. Invertebrate biodiversity in agricultural and urban
headwater streams: implications for conservation and management. Ecol. Appl.
15, 1169e1177.

Møller, A.P., 2009. Successful city dwellers: a comparative study of the ecological
characteristics of urban birds in theWestern Palearctic. Oecologia 159, 849e858.

Moran, M.A., 1984. Influence of adjacent land use on understory vegetation of New
York forests. Urban Ecol. 8, 329e340.

Morey, P.S., Gese, E.M., Gehrt, S., 2007. Spatial and temporal variation in the diet of
coyotes in the Chicago metropolitan area. Am. Midl. Nat. 158, 147e161.

Morgan, R.P., Cushman, S.F., 2005. Urbanization effects on stream fish assemblages
in Maryland, USA. J. N. Am. Benthol. Soc. 24, 643e655.

Morrill, R.L., 1974. The Spatial Organization of Society. Duxbury Press, Duxbury.
Mount, H., Hernandez, L., Goddard, T., Indrick, S., 1999. Temperature signatures for

anthropogenic soils in New York City. In: Kimble, J.M., Ahrens, R.J., Bryant, R.B.
(Eds.), Classification, Correlation, and Management of Anthropogenic Soils,
ProceedingsdNevada and California, September 21eOctober 2, 1998. USDA-
NRCS, National Soil Survey Center, Lincoln, pp. 137e140.

Mucina, L., 1990. Urban vegetation research in European COMECON countries and
Yugoslavia: a review. In: Sukopp, H., Hejny, S., Kowarik, I. (Eds.), Urban Ecology:
Plants and Plant Communities in Urban Environments. SPB Academic
Publishers, The Hague, pp. 23e43.

Mulholland, P.J., Helton, A.M., Poole, G.C., Hall, R.O., Hamilton, S.K., Peterson, B.J.,
Tank, J.L., Ashkenas, L.R., Cooper, L.W., Dahm, C.N., Dodds, W.K., Findlay, S.E.G.,
Gregory, S.V., Grimm, N.B., Johnson, S.L., McDowell,W.H., Meyer, J.L., Valett, H.M.,
Webster, J.R., Arango, C.P., Beaulieu, J.L., Bernot, M.J., Burgin, A.J., Crenshaw, C.L.,
Johnson, L.T., Niederlehner, B.R., O’Brien, J.M., Potter, J.D., Sheibley, R.W.,
Sobota, D.J., Thomas, S.M., 2008. Stream denitrification across biomes and its
response to anthropogenic nitrate loading. Nature 452, 202e205.

Neil, K., Wu, J., 2006. Effects of urbanization on flowering phenology: a review.
Urban Ecosyst. 9, 243e257.

Nelson, K.C., Palmer, M.A., 2007. Stream temperature surges under urbanization and
climate change: data,models, responses. J. Am.Water Resour. Assoc. 43, 440e452.

Niemelä, J., Kotze, D.J., Venn, S., Penev, L., Stoyanov, I., Spence, J., Hartley, D., Montes
de Oca, E., 2002. Carabid beetle assemblages (Coleoptera, Carabidae) across
urbanerural gradients: an international comparison. Landsc. Ecol. 17, 387e401.

Nilon, C.H., Huckstep, S., 1998. Impacts of site disturbance on the small mammal
fauna of urban woodlands. In: Breuste, J., Feldman, H., Uhlmann, O. (Eds.),
Urban Ecology. Springer-Verlag, Berlin, pp. 623e627.

Nilon, C.H., Pais, R.C., 1997. Terrestrial vertebrates in urban ecosystems: developing
hypotheses for the Gwynns Falls Watershed in Baltimore, Maryland. Urban
Ecosyst. 1, 247e257.
Nowak, D.J., 1993. Atmospheric carbon reduction by urban trees. J. Environ. Manage.
37, 207e217.

Nowak, D.J., 1994. Urban forest structure: the state of Chicago’s urban forest. In:
McPherson, E.G., Nowak, D., Rowntree, R.A. (Eds.), Chicago’s Urban Forest
Ecosystem: Results of the Chicago Urban Forest Climate Project. USDA Forest
Service, Radnor, pp. 140e164.

Nowak, D.J., Rowntree, R., McPherson, E.G., Sisinni, S.M., Kerkmann, E., Stevens, J.C.,
1996. Measuring and analyzing urban tree cover. Landsc. Urban Plan. 36, 49e57.

Odum, E.P., 1997. Ecology: a Bridge Between Science and Society. Sinauer Associates,
Sunderland.

Odum, H.T., Odum, E.C., 1980. Energy Basis for Man and Nature. McGraw-Hill,
New York.

Oke, T.R., 1973. City size and urban heat island. Atmos. Environ. 7, 769e779.
Oke, T.R., 1995. The heat island of the urban boundary layer: characteristics, causes

and effects. In: Cermak, J.E. (Ed.), Wind Climate in Cities. Kluwer Academic
Publishers, Amsterdam, pp. 81e107.

Oldfield, T.E.E., Smith, R.J., Harrop, S.R., Leader-Williams, N., 2003. Field sports and
conservation in the United Kingdom. Nature 423, 531e533.

Opschoor, H., 2000. The ecological footprint: measuring rod or metaphor?
Ecol. Econ. 32, 363e365.

Orsini, C.Q., Tabacniks, M.H., Artaxo, P., Andrade, M.F., Kerr, A.S., 1986. Character-
istics of fine and coarse particles of natural and urban aerosols of Brazil. Atmos.
Environ. 20, 2259e2269.

Overmyer, J.P., Noblet, R., Armbrust, K.L., 2005. Impacts of lawn-care pesticides on
aquatic ecosystems in relation to property value. Environ. Pollut. 137, 263e272.

Palmer, J.F., 1984. Neighborhoods as stands in the urban forest. Urban Ecol.
8, 229e241.

Parker, J.K., Burch Jr., W.R., 1992. Toward a social ecology for agroforestry in Asia. In:
Burch Jr., W.R., Parker, J.K. (Eds.), Social Science Applications in Asian Agrofor-
estry. IBH Publishing, New Delhi, pp. 60e84.

Parker, D.C., Manson, S.M., Janssen, M.A., Hoffman, M.J., Deadman, P., 2003. Multi-
agent systems for the simulation of land-use and land-cover change: a review.
Ann. Assoc. Am. Geogr. 93, 314e337.

Parker, T., Nilon, C., 2008. Gray squirrel density, habitat suitability, and behavior in
urban parks. Urban Ecosyst. 11, 243.

Pataki, D.E., Alig, R.J., Fung, A.S., Golubiewski, N.E., Kennedy, C.A., Mcpherson, E.G.,
Nowak, D.J., Pouyat, R.V., Lankao, P.R., 2006. Urban ecosystems and the North
American carbon cycle. Glob. Change Biol. 12, 2092e2102.

Pataki, D.E., Xu, T., Luo, Y.Q., Ehleringer, J.R., 2007. Inferring biogenic and anthro-
pogenic carbon dioxide sources across an urban to rural gradient. Oecologia
152, 307e322.

Patten, M.A., Bolger, D.T., 2003. Variation in top-down control of avian reproductive
success across a fragmentation gradient. Oikos 101, 479e488.

Patterson, J.C., Murray, J.J., Short, J.R., 1980. The impact of urban soils on vegetation.
METRIA 3, 33e56.

Paul, M.J., Meyer, J.L., 2001. Riverine ecosystems in an urban landscape. Annu. Rev.
Ecol. Syst. 32, 333e365.

Pavao-Zuckerman, M.A., 2003. Soil ecology along an urban to rural gradient in the
southern Appalachians. Ph.D. dissertation, University of Georgia, Athens.

Pellerin, B., Kaushal, S.S., McDowell, W.H., 2006. Does anthropogenic nitrogen
enrichment increase organic nitrogen concentrations in runoff from forested
and human-dominated watersheds? Ecosystems 9, 852e864.

Perry, G., Perry, D., 2008. Animal rights and conservation. Conserv. Biol. 22,
816e818.

Pickett, S.T.A., Burch Jr., W.R., Dalton, S.D., Foresman, T.W., 1997a. Integrated urban
ecosystem research. Urban Ecosyst. 1, 183e184.

Pickett, S.T.A., Burch, W.R., Dalton, S.E., Foresman, T.W., Grove, J.M., Rowntree, R.,
1997b. A conceptual framework for the study of human ecosystems. Urban
Ecosyst. 1, 185e199.

Pickett, S.T.A., Cadenasso, M.L., 2002. The ecosystem as a multidimensional concept:
meaning, model, and metaphor. Ecosystems 5, 1e10.

Pickett, S.T.A., Cadenasso, M.L., 2009. Altered resources, disturbance, and hetero-
geneity: a framework for comparing urban and non-urban soils. Urban Ecosyst.
12, 23e44.

Pickett, S.T.A., Cadenasso, M.L., Grove, J.M., 2004. Resilient cities: meaning, models,
and metaphor for integrating the ecological, socio-economic, and planning
realms. Landsc. Urban Plan. 69, 369e384.

Pickett, S.T.A., Cadenasso, M.L., Grove, J.M., Groffman, P.M., Band, L.E., Boone, C.G.,
Burch Jr., W.R., Grimmond, C.S.B., Hom, J., Jenkins, J.C., Law, N.L., Nilon, C.H.,
Pouyat, R.V., Szlavecz, K., Warren, P.H., Wilson, M.A., 2008. Beyond urban
legends: an emerging framework of urban ecology, as illustrated by the Balti-
more Ecosystem Study. BioScience 58, 139e150.

Pickett, S.T.A., Cadenasso, M.L., Grove, J.M., Nilon, C.H., Pouyat, R.V., Zipperer, W.C.,
Costanza, R., 2001. Urban ecological systems: linking terrestrial ecological,
physical, and socioeconomic components of metropolitan areas. Annu. Rev.
Ecol. Syst. 32, 127e157.

Pickett, S.T.A., Grove, J.M., 2009. Urban ecosystems: what would Tansley do? Urban
Ecosyst. 12, 1e8. doi:10.1007/s11252-008-0079-2.

Pickett, S.T.A., Kolasa, J., Jones, C.G., 1994. Ecological Understanding: The Nature of
Theory and the Theory of Nature. Academic Press, San Diego.

Pizzuto, J., Moglen, G., Palmer, M.A., Nelson, K., 2008. Two model scenarios illus-
trating the effects of land use and climate change on gravel riverbeds of
suburban Maryland, U.S.A. In: Rinaldi, M., Ergenzinger, P., Habersack, H.,
Hoey, T., Piegay, H. (Eds.), In Gravel Bed Rivers 6-From Process Understanding to
River Restoration. Elsevier, Amsterdam, pp. 359e381.



S.T.A. Pickett et al. / Journal of Environmental Management 92 (2011) 331e362 361
Platt, R.H., 1994. The ecological city: introduction and overview. In: Platt, R.H.,
Rowntree, R.A., Muick, P.C. (Eds.), The Ecological City: Preserving and Restoring
Urban Biodiversity. University of Massachusetts Press, Amherst, pp. 1e17.

Pouyat, R.V., Effland, W.R., 1999. The investigation and classification of humanly
modified soils in the Baltimore Ecosystem Study. In: Kimble, J.M., Ahrens, R.J.,
Bryant, R.B. (Eds.), Classification, Correlation, and Management of Anthropogenic
Soils.USDA-NRCS,National Soil SurveyCenter,Nevada andCalifornia, pp.141e154.

Pouyat, R.V., Belt, K., Pataki, D., Groffman, P.M., Hom, J., Band, L., 2007a. Urban land-
use change effects on biogeochemical cycles. In: Canadell, J.G., Pataki, D.E.,
Pitelka, L.F. (Eds.), Terrestrial Ecosystems in a Changing World. Global Change,
the IGBP Series. Springer, Berlin-Heidelberg-New York, pp. 45e58.

Pouyat, R.V., Carreiro, M.M., Groffman, P.M., Zuckerman, M., 2009. Investigative
approaches to urban biogeochemical cycles: New York metropolitan area and
Baltimore as case studies. In: McDonnell, M.J., Hahs, A., Breuste, J. (Eds.),
Ecology of Cities and Towns: a Comparative Approach. Cambridge University
Press, Cambridge, UK, pp. 329e354.

Pouyat, R.V., Groffman, P.M., Yesilonis, I., Hernandez, L., 2002. Soil carbon pools and
fluxes in urban ecosystems. Environ. Pollut. 116, 107e118.

Pouyat, R.V., Russell-Anelli, J., Yesilonis, I.D., Groffman, P.M., 2003. Soil carbon in
urban forest ecosystems. In: Kimble, J.M., Heath, L.S., Birdsey, R.A., Lal, R. (Eds.),
The Potential of U.S. Forest Soils to Sequester Carbon and Mitigate the Green-
house Effect. CRC Press, Boca Raton, pp. 347e362.

Pouyat, R.V., Yesilonis, I.D., Golubiewsky, N., 2008a. A comparison of soil organic
carbon stocks between residential turf grass and native soil. Urban Ecosyst.
12, 45e62. doi:10.1007/s11252-008-0059-6.

Pouyat, R.V., Yesilonis, I.D., Nowak, D.J., 2006. Carbon storage by urban soils in the
USA. J. Environ. Qual. 35, 1566e1575.

Pouyat, R.V., Yesilonis, I., Russell-Anelli, J., Neerchal, N.K., 2007b. Soil chemical and
physical properties that differentiate urban land-use and cover. Soil Sci. Soc.
Am. J. 71, 1010e1019.

Pouyat, R.V., Yesilonis, I.D., Szlavecz, K., Csuzdi, C., Hornung, E., Korsos, Z., Russell-
Anelli, J., Giorgio, V., 2008b. Response of forest soil properties to urbanization
gradients in three metropolitan areas. Landsc. Ecol. 23, 1187e1203.

Pu, R., Gong, P., Michishita, R., Sasagawa, T., 2006. Assessment of multi-resolution
and multi-sensor data for urban surface temperature retrieval. Remote Sens.
Environ. 10, 211e225.

Qian, Y.L., Bandaranayake, W., Parton, W.J., Mecham, B., Harivandi, M.A.,
Mosier, A.R., 2003. Long-term effects of clipping and nitrogen management in
turfgrass on soil organic carbon and nitrogen dynamics: the CENTURY model
simulation. J. Environ. Qual. 32, 1695e1700.

Raciti, S.M., Groffman, P.M., Fahey, T.J., 2008. Nitrogen retention in urban lawns and
forests. Ecol. Appl. 18, 1615e1626.

Rapoport, E.H., 1993. The process of plant colonization in small settlements and
large cities. In: McDonnell, M.J., Pickett, S.T.A. (Eds.), Humans as Components of
Ecosystems: The Ecology of Subtle Human Effects and Populated Areas.
Springer-Verlag, New York, pp. 190e207.

Rebele, F., 1994. Urban ecology and special features of urban ecosystems. Global
Ecol. Biogeogr. Lett. 4, 173e187.

Redman, C., Grove, J.M., Kuby, L., 2004. Integrating social science into the Long-Term
Ecological Research (LTER) Network: social dimensions of ecological change
and ecological dimensions of social change. Ecosystems 7, 161e171.

Rees, W.E., 1996. Revisiting carrying capacity: area-based indicators of sustain-
ability. Pop. Environ. 17, 195e215.

Ridd, M.K., 1995. Exploring a V-I-S (vegetation-impervious surface-soil) model for
urban ecosystem analysis through remote sensing: comparative anatomy for
cities. Int. J. Remote Sens. 16, 2165e2185.

Roach, W.J., Heffernan, J.B., Grimm, N.B., Arrowsmith, J.R., Eisinger, C., Rychener, T.,
2008. Unintended consequences of urbanization for aquatic ecosystems: a case
study from the Arizona desert. BioScience 58, 715e727.

Rodewald, A.D., Shustack, D.P., 2008a. Consumer resource matching in urbanizing
landscapes: are synanthropic species over-matching? Ecology 89, 515e521.

Rodewald, A.D., Shustack, D.P., 2008b. Urban flight: understanding individual and
population-level responses of Nearctic-Neotropical migratory birds to urbani-
zation. J. Anim. Ecol. 77, 83e91.

Roetzer, T., Wittenzeller, M., Haeckel, H., Nekovar, J., 2000. Phenology in central
Europe e differences and trends of spring phenophases in urban and rural
areas. Int. J. Biometeorol. 44, 60e66.

Rogers, G.F., Rowntree, R.A., 1988. Intensive surveys of structure and change in
urban natural areas. Landsc. Urban Plan. 15, 59e78.

Roth, T.C., Lima, S.L., 2003. Hunting behavior and diet of Cooper’s Hawks: an urban
view of the small-bird-in-winter paradigm. Condor 105, 474e483.

Rowntree, R.A., 1995. Toward ecosystem management: shifts in the core and the
context of urban forest ecology. In: Bradley, G.A. (Ed.), Urban Forest Landscapes:
Integrating Multidisciplinary Perspectives. University of Washington Press,
Seattle, pp. 43e59.

Roy, A.H., Faust, C.L., Freeman, M.C., Meyer, J.L., 2005a. Reach-scale effects of
riparian forest cover on urbanizing stream ecosystems. Can. J. Fish. Aquat. Sci.
62, 2312e2329.

Roy, A.H., Freeman, M.C., Freeman, B.J., Wenger, S.J., Ensign, W.E., Meyer, J.L., 2005b.
Investigating hydrologic alteration as a mechanism of fish assemblage shifts in
urbanizing streams. J. N. Am. Benthol. Soc. 24, 656e678.

Rozenfeld, H.D., Rybski, D., Andrade Jr., J.S., Batty, M., Stanley, H.E., Makse, H.A.,
2008. Laws of population growth. Proc. Natl. Acad. Sci. U.S.A. 105, 18702e18707.

Rudnicky, J.L., McDonnell, M.J., 1989. Forty-eight years of canopy change in a hard-
wood-hemlock forest in New York City. Bull. Torr. Bot. Club 116, 52e64.
Russell-Anelli, J.M., 1998. Soil Characteristics, Land Practices and Element Content:
Evaluating the Predictive Properties of Soil Survey at the Latourette Park
Demonstration Site in New York City. Cornell University, Ithaca.

Salisbury, E.J., 1943. The flora of bombed areas. Proc. Roy. Anthropol. Inst. Great Brit.
Ireland 32, 435e455.

Savva, Y., Szlavecz, K., Pouyat, R., Groffman, P., Heisler, G., 2010. Effects of land use
and vegetation cover on soil temperature in an urban ecosystem. Soil Sci. Soc.
Am. J. 74, 469e480.

Schleub, U., Wu, Q., Blume, H.P., 1998. Variability of soils in urban and periurban
areas in Northern Germany. Catena 33, 255e270.

Schmid, J.A., 1975. Urban Vegetation: a Review and Chicago Case Study. University
of Chicago Department of Geography, Chicago.

Schor, J.B., Holt, D.B., 2000. The Consumer Society Reader. The New Press, New York.
Schuhmacher, M., Meneses, M., Granero, S., Llobet, J.M., Domingo, J.L., 1997. Trace

element pollution of soils collected near a municipal solid waste incinerator:
human health risk. Bull. Environ. Contam. Toxicol. 59, 861e867.

Schwartz, M.W., Thorne, J.H., Viers, J.H., 2006. Biotic homogenization of the Cal-
ifornia flora in urban and urbanizing regions. Biol. Conserv. 127, 282e291.

Scoggins, M., McClintock, N.L., Gosselink, L., 2004. Occurrence of polycyclic aromatic
hydrocarbons below coal-tar-sealed parking lots and effects on stream benthic
macroinvertebrate communities. J. N. Am. Benthol. Soc. 26, 694e707.

Seitzinger, S.P., Sanders, R.W., Styles, R., 2002. Bioavailability of DON from
natural and anthropogenic sources to estuarine plankton. Limnol. Oceanogr.
47, 353e366.

Shane, D.G., 2005. Recombinant Urbanism. John Wiley & Sons, London.
Shibutani, T., 1955. Reference groups as perspectives. In: Hyman, H., Singer, E.

(Eds.), Readings in Reference Group Theory and Research. Free Press, New York,
pp. 103e114.

Shields, C.A., Band, L.E., Law, N.L., Groffman, P.M., Kaushal, S.S., Savvas, K.,
Fisher, G.T., 2008. Streamflow distribution of nitrogen export from urbanerural
catchments in the Chesapeake Bay watershed. Water Resour. Res. 44 (W09416).
doi:10.1029/2007WR006360.

Short, J.R., Fanning, D.S., Foss, J.E., Patterson, J.C., 1986. Soils of the mall in Wash-
ington, DC: I, statistical summary of properties. Soil Sci. Soc. Am. J. 50, 699e705.

Shochat, E., 2004. Credit or debit? Resource input changes population dynamics of
city-slicker birds. Oikos 106, 622e626.

Shochat, E., Lerman, S.B., Katti, M., Lewis, D.B., 2004. Linking optimal foraging
behavior to bird community structure in an urban-desert landscape: field
experiments with artificial food patches. Am. Nat. 164, 232e243.

Shochat, E., Warren, P.S., Faeth, S.H., McIntyre, N.E., Hope, D., 2006. From patterns
to emerging processes in mechanistic urban ecology. Trends Ecol. Evol.
21, 186e191.

Singer, E., 1981. Reference groups and social evaluations. In: Rosenberg, M.,
Turner, R.H. (Eds.), Social Psychology: Sociological Perspectives. Basic Books,
New York, pp. 66e93.

Sissini, S.M., Emmerich, A., 1995. Methodologies, results and applications of natural
resource assessment in New York City. Nat. Areas J. 15, 175e188.

Slabbekoorn, H., Peet, M., 2003. Birds sing at a higher pitch in urban noise. Nature
424, 267.

Spirn, A.W., 1984. The Granite Garden: Urban Nature and Human Design. Basic
Books, New York.

Spirn, A.W., 1998. The Language of Landscape. Yale University Press, New Haven.
Stearns, F.W., 1971. Urban botany e an essay on survival. Univ. Wis. Field Sta. Bull.

4, 1e6.
Steinberg, D.A., Pouyat, R.V., Parmelee, R.W., Groffman, P.M., 1997. Earthworm

abundance and nitrogen mineralization rates along an urbanerural land use
gradient. Soil Biol. Biochem. 29, 427e430.

Steiner, F.R., 2002. Human Ecology: Following Nature’s Lead. Island Press,
Washington.

Sukopp, H., 1998. Urban ecology e scientific and practical aspects. In: Breuste, J.,
Feldman, H., Uhlmann,O. (Eds.), Urban Ecology. Springer-Verlag, Berlin, pp. 3e16.

Sukopp, H., 1990. Urban ecology and its application in Europe. In: Sukopp, H.,
Hejny, S., Kowarik, I. (Eds.), Urban Ecology: Plants and Plant Communities in
Urban Environments. SPB Academic Publishers, The Hague, pp. 1e22.

Sukopp, H., Hejny, S., Kowarik, I. (Eds.), 1990. Urban Ecology: Plants and Plant
Communities in Urban Environments. SPB Academic Publishers, The Hague.

Sukopp, H., Weiler, S., 1988. Biotope mapping and nature conservation strategies in
urban areas of the Federal Republic of Germany. Landsc. Urban Plan. 15, 39e58.

Sun, J.W.C., Narins, P.M., 2005. Anthropogenic sounds differentially affect
amphibian call rate. Biol. Conserv. 121, 419e427.

Szlavecz, K., Placella, S., Pouyat, R.V., Groffman, P.M., Csuzdi, C., Yesilonis, I.D., 2006.
Invasive earthworms and N-cycling in remnant forest patches. Appl. Soil Ecol.
32, 54e62.

Taha, H., 1997. Modeling the impacts of large-scale albedo changes on ozone air
quality in the South Coast air basin. Atmos. Environ. 11, 1667e1676.

Tansley, A.G., 1935. The use and abuse of vegetational concepts and terms. Ecology
16, 284e307.

Thornton, I., 1991. Metal contamination in soils of urban areas. In:
Bullock, P., Gregory, P.J. (Eds.), Soils in the Urban Environment. Blackwell,
Oxford, pp. 47e75.

Torrens, P.M., O’Sullivan, D., 2001. Cellular automata and urban simulation: where
do we go from here? Environ. Plan. B. 28, 163e168.

Trippler, D.J., Schmitt, M.D.C., Lund, G.V., 1988. Soil lead in Minnesota. In:
Davies, B.E., Wixson, B.G. (Eds.), Lead in Soil: Issues and Guidelines. Environ-
mental Geochemistry and Health. Springer, Amsterdam, pp. 273e280.



S.T.A. Pickett et al. / Journal of Environmental Management 92 (2011) 331e362362
Troy, A.R., Grove, J.M., O’Neil-Dunne, J.P.M., Cadenasso, M., Pickett, S.T.A., 2007.
Predicting patterns of vegetation and opportunities for greening on private
urban lands. Environ. Manage. 40, 394e412.

Turner II, B.L., Lambin, E.F., Reenberg, A., 2007. Land change science special feature:
the emergence of land change science for global environmental change and
sustainability. Proc. Natl. Acad. Sci. U.S.A. 104, 20666e20671.

Turner, W.R., Nakamura, T., Dinetti, M., 2004. Global urbanization and the separa-
tion of humans from nature. Bioscience 54, 585e590.

United Nations Population Fund, 2007. State of the World Population 2007:
Unleashing the Potential of Urban Growth. United Nations Population Fund,
New York.

Van Bohemen, H.D., Janssen van de Laak, W.H., 2003. The influence of road infra-
structure and traffic on soil, water, and air quality. Environ. Manage. 31, 50e68.

van den Berghe, P.L., 1975. Man in Society: a Biosocial View. Elsevier, New York.
Vannote, R.L., Minshall, G.W., Cummins, K.W., Sedell, J.R., Cushing, C.E., 1980. The

river continuum concept. Can. J. Fish. Aquat. Sci. 37, 130e137.
Veblen, T., 1981 [1899]. The Theory of the Leisure Class. Penguin Books, New York.
Velguth, P.H., White, D.B., 1998. Documentation of genetic differences in a volunteer

grass, Poa annua (annual meadow grass), under different conditions of golf
course turf, and implications for urban landscape plant selection and
management. In: Breuste, J., Feldman, H., Uhlmann, O. (Eds.), Urban Ecology.
Springer-Verlag, Berlin, pp. 613e617.

Verberg, P.H., Schot, P.P., Dijst, M.J., Veldkamp, A., 2004. Land use change modeling:
current practice and research priorities. GeoJournal 61, 309e324.

Vogt, K.A., Grove, J.M., Asbjornsen, H., Maxwell, K., Vogt, D.J., Sigurdardottir, R.,
Dove, M., 2002. Linking ecological and social scales for natural resource manage-
ment. In: Lui, J., Taylor, W.W. (Eds.), Integrating Landscape Ecology into Natural
Resource Management. Cambridge University Press, Cambridge, pp. 143e175.

Voogt, J.A., Oke, T.R., 2003. Thermal remote sensing of urban climates. Remote Sens.
Environ. 86, 370e384.

Walsh, C.J., Fletcher, T.D., Ladson, A.R., 2005a. Stream restoration in urban catch-
ments through redesigning stormwater systems: looking to the catchment to
save the stream. J. N. Am. Benthol. Soc. 24, 690e705.

Walsh, C.J., Roy, A.H., Feminella, J.W., Cottingham, P.D., Groffman, P.M., Morgan, R.P.,
2005b. The urban stream syndrome: current knowledge and the search for
a cure. J. N. Am. Benthol. Soc. 24, 706e723.

Walsh, C.J., Waller, K.A., Gehling, R., MacNally, R., 2007. Riverine invertebrate
assemblages are degraded more by catchment urbanization than by riparian
deforestation. Freshwat Ecol. 52, 574e587.

Walsh, D.C., Chillrud, S.N., Simpson, H.J., Bopp, R.F., 2001. Refuse incinerator
particulate emissions and combustion residues for New York City during the
20th century. Environ. Sci. Technol. 35, 2441e2447.

Walton, B.M., 2005. Salamanders in forest-floor food webs: environmental hetero-
geneity affects the strength of top-down effects. Pedobiologia 49, 381e393.

Walton, B.M., Tsatiris, D., Rivera-Sostre, M., 2006. Salamanders in forest-floor food
webs: invertebrate species composition influences top-down effects. Pedobio-
logia 50, 313e321.

Warren, P.S., Katti, M., Ermann, M., Brazel, A., 2006a. Urban bioacoustics: it’s not just
noise. Anim. Behav. 71, 491e502.

Warren, P.S., Tripler, C., Bolger, D., Faeth, S., Huntly, N., Lepczyk, C., Meyer, J.,
Parker, T., Shochat, E., Walker, J., 2006b. Urban food webs: predators, prey, and
the people who feed them. Bull. Ecol. Soc. Am. 87, 387e394.

Weiss, M.J., 2000. The Clustered World: How We Live, What We Buy, and What It
All Means About Who We Are. Little, Brown and Company, New York.

Weng, Q., 2003. Fractal analysis of satellite-detected urban heat island effect.
Photogramm. Eng. Remote Sensing 69, 555e566.

Weng, Q., Lu, D., Schubring, J., 2004. Estimation of land surface temper-
atureevegetation abundance relationship for urban heat island studies. Remote
Sens. Environ. 89, 467e483.
Werner, P., 1999. Why biotope mapping in populated areas? Deinsea 5, 9e26.
Whitall, D.R., Paerl, H.W., 2001. Spatiotemporal variability of wet stratospheric

nitrogen deposition to the Neuse River Estuary, North Carolina. J. Environ. Qual.
30, 1508e1515.

White, C.S., McDonnell, M.J., 1988. Nitrogen cycling processes and soil character-
istics in an urban versus rural forest. Biogeochemistry 5, 243e262.

White, M.A., Nemani, R.R., Thornton, P.E., Running, S.W., 2002. Satellite evidence of
phenological differences between urbanized and rural areas of the eastern
United States deciduous broadleaf forest. Ecosystems 5, 260e277.

Whitney, G., Adams, S., 1980. Man e a maker of new plant communities. J. Appl.
Ecol. 17, 431e448.

Wittig, R., 1998. Urban development and the integration of nature: reality or
fiction? In: Breuste, J., Feldman, H., Uhlmann, O. (Eds.), Urban Ecology. Springer-
Verlag, Berlin, pp. 593e599.

Wittig, R., 2009. What is the main object of urban ecology? Determining demar-
cation using the example of research into urban flora. In: McDonnell, M.J.,
Hahs, A., Breuste, J. (Eds.), Eclogy of Cities and Towns: a Comparative Approach.
Cambridge University Press, New York, pp. 523e529.

Wolf, J.M., Gibbs, J.P., 2004. Silphids in urban forests: diversity and function. Urban
Ecosyst. 7, 371.

Wollheim, W.M., Pellerin, B.A., Hopkinson, C.S., Vörösmarty, C.J., 2005. Nitrogen
retention in urbanizing headwater catchments. Ecosystems 8, 871e884.

Wong, C.S.C., Li, X.D., Thornton, I., 2006. Urban environmental geochemistry of trace
metals. Environ. Pollut. 142, 1e16.

Wong, F., Harner, T., Liu, Q., Diamond, M.L., 2004. Using experimental and forest
soils to investigate the uptake of polycyclic aromatic hydrocarbons (PAHs) along
an urbanerural gradient. Environ. Pollut. 129, 387e398.

Wrong, D.H., 1988. Power: Its Forms, Bases, and Uses. University of Chicago Press,
Chicago.

Yesilonis, I.D., Pouyat, R.V., Neerchal, N.K., 2008. Spatial distribution of metals in
Baltimore, Maryland: role of native parent material, proximity to major roads,
housing age and screening guidelines. Environ. Pollut. 156, 723e731.
doi:10.1016/j.envpol.2008.06.010.

Zhang, C.S., 2006. Using multivariate analyses and GIS to identify pollutants
and their spatial patterns in urban soils in Galway, Ireland. Environ. Pollut.
142, 501e511.

Zhou, W., Troy, A., Grove, J.M., 2008a. Modeling residential lawn fertilization
practices: integrating high resolution remote sensing with socioeconomic data.
Environ. Manage. 41, 742e752.

Zhou, W., Troy, A., Grove, J.M., 2008b. Object-based land cover classification and
change analysis in the Baltimore metropolitan area using multi-temporal high
resolution remote sensing data. Sensors 8, 1613e1636.

Zhou, W., Troy, A., Grove, J.M., Jenkins, J.C., 2009. Can money buy green? demo-
graphic and socioeconomic predictors of lawncare expenditures and lawn
greenness in urban residential areas. Soc. Nat. Resour. 22, 744e760.

Zhu, W.X., Dillard, N.D., Grimm, N.B., 2004. Urban nitrogen biogeochemistry: status
and processes in green retention basins. Biogeochemistry 71, 177e196.

Zhu, W.X., Hope, D., Gries, C., Grimm, N.B., 2006. Soil characteristics and
the accumulation of inorganic nitrogen in an arid urban ecosystem. Ecosystems
9, 711e724.

Zimmerer, K.S., 1994. Human geography and the “new ecology”: the prospect and
promise of integration. Ann. Assoc. Am. Geogr. 84, 108e125.

Zimny, H., 1990. Ecology of urbanized systems e problems and research in Poland.
In: Luniak, E. (Ed.), Urban Ecological Studies in Central and Eastern Europe.
Polish Academy of Sciences Institute of Zoology, Warsaw, pp. 8e18.

Zipperer, W.C., Foresman, T.W., Sisinni, S.M., Pouyat, R.V., 1997. Urban tree cover: an
ecological perspective. Urban Ecosyst. 1, 229e247.

Zonneveld, I.S., 1989. The land unit e a fundamental concept in landscape ecology
and its applications. Landsc. Ecol. 3, 67e89.


	Urban ecological systems: Scientific foundations and a decade of progress
	The urban world
	Conceptions of the urban

	Features of urban ecosystems
	Urban climates
	The urban heat island: patterns and causes
	Heat island effects
	Atmospheric accumulation
	Urban hydrology
	Urban stream syndrome and urban stream restoration
	Streams as bioreactors/transformers of nutrients

	Substrate: urban soils
	Urban soil alterations
	Soil moisture
	Soil contamination
	Soil C and N dynamics

	Organisms: urban vegetation
	Urban vegetation heterogeneity

	Organisms: urban animals
	Trophic dynamics

	Interaction of the substrate and organism factors: urban biogeochemistry
	Budgets of nitrogen and carbon: processing, retention, and sequestration
	Urban footprints and their critiques
	Pollution and nutrient dynamics
	Urban convergence: lawns and soil carbon
	Invasive species and biogeochemistry

	Human actors in urban ecosystems
	Social ecology and social differentiation
	Assumptions of social theory and links to ecology
	Social differentiation: causes and ecological effects
	Households as a key node in social differentiation
	Group identity and the ecology of prestige
	Space, scale, and social differentiation
	The power of parcels: new data and social approaches

	Frameworks and integration
	The ecosystem
	The human ecosystem framework
	Land-use science and modeling approaches

	From sanitary city to sustainable city: the evolution of design and application of contemporary ecology
	Modeling resilience

	Conclusions
	Acknowledgements
	References


