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Abstract Urban ecological studies have had a long history, but they have not been a component of mainstream
ecology until recently. The growing interest of ecologists in urban systems provides an opportunity to articulate
integrative frameworks, and identify research tools and approaches that can help achieve a broader ecological
understanding of urban systems. Based on our experience in the Baltimore Ecosystem Study (BES), Long-term
Ecological Research project, located in metropolitan Baltimore, Maryland, USA, we identify several frameworks
that may be useful in comparative urban studies, and may be worthy of consideration in other integrative urban
ecosystem studies: (i) spatial patch dynamics of biophysical and social factors; (ii) the watershed as an integrative
tool; and (iii) the human ecosystem framework. These frameworks build on empirical research investigating urban
biota, nutrient and energy budgets, ecological footprints of cities, as well as biotic classifications aimed at urban
planning. These frameworks bring together perspectives, measurements, and models from biophysical and social
sciences. We illustrate their application in the BES, which is designed to investigate (i) the structure and change
of the urban ecosystem; (ii) the fluxes of matter, energy, capital, and population in the metropolis; and (iii) how
ecological information affects the quality of the local and regional environments. Exemplary results concerning
urban stream nutrient flux, the ability of riparian zones to process nitrate pollution, and the lags in the relationships
between vegetation structure and socio-economic factors in specific neighbourhoods are presented. The current
advances in urban ecological studies have profited greatly from the variety of integrative frameworks and tools that
have been tested and applied in urban areas over the last decade. The field is poised to make significant progress
as a result of ongoing conceptual and empirical consolidation.
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INTRODUCTION

Most American ecologists have been strangers to
urban systems. The vast majority of ecological atten-
tion has been devoted to systems that are considered
to be wild, rural, or only modestly and transiently
affected by humans. This urban ecological vacuum has
been countered by the work of a few pioneering ecol-
ogists and other biologists. However, the primary
locus of research and scholarship on urban systems
has been in social sciences, geography, economics, and
urban planning.

Over the past 15 years, mainstream ecology in the
USA has awakened to its neglect of settlements and
urban systems (McDonnell & Pickett 1993). Conse-
quently, an increasing number of ecologists has begun
to add to the body of knowledge about urban areas.
However, it is still fair to say that urban systems are
an open frontier for ecologists, even if this frontier is
well marked with the signs of other disciplines.

This paper gives an overview of the Baltimore Eco-
system Study (BES), Long-term Ecological Research
(LTER) project. This study is one of two urban
research programs funded by the US National Sci-
ence Foundation (NSF) as part of its 26 site LTER
Network. Long-term ecological studies have been a
strategic funding focus of the NSF since 1980, to
mitigate  for  the  fact  that  most  ecological  research
to that point had been short-term, in spite of the
longevity and slow rates of many ecological processes
(Likens 1989). Ecosystem succession, response to
disturbance, and soil development are notoriously
slow processes, which are either poorly documented
or predicted from studies of short duration. The
LTER sites have produced important data and mod-
els concerning many different ecological systems and
the Network facilitates cross system comparisons. The
prospect of long-term funding may well help cement
the ecological presence on urban frontiers. We present
this overview of BES as a point of reference for other
ecologists embarking on or consolidating urban
research, in hopes of stimulating comparison and
collaboration.
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URBAN ECOLOGICAL SYSTEMS

The term urban is both familiar and difficult.
Although most governments have specific and com-
plex definitions of urban, these are insufficient to
define systems in a way suitable for ecological
research. For example, the US Census Bureau defines
urban in terms of four criteria: 1) human population
density, 2) legal municipal boundaries, 3) colocation
with built-up areas, and 4) daily commuting radius.
Some States, such as those in New England, and the
State of New Jersey, define municipalities in ways that
differ from the remaining 43 States. If ecologists were
to adopt these definitions for all their studies, many
important influences and contexts would be missed in
urban studies. Hence, it is important to specify in a
given ecological study what is meant by urban
(Theobald 2004). McIntyre et al. (2000) suggest that
recognizing urban systems as heterogeneous mosaics
is key to establishing the ecological definition to be
used in a particular study. Such complex habitats can
be ordinated along conceptual gradients (McDonnell
& Pickett 1990), or in some cases, can be usefully
studied as linear transects beginning in dense urban
cores and ending in wild or rural lands. The use of
specified gradients is a plausible solution to the prob-
lem of multiple legitimate concepts of urbanization
(McIntyre et al. 2000; Theobald 2004).

These complexities show that the term urban is a
flexible one, which must be defined explicitly in a
given study. Such definition may be quantitative or
qualitative, or it may be multidimensional or based on
a single parameter. In BES, urban is used in the broad
sense to refer to the entire metropolitan area, which
covers five adjacent counties as well as Baltimore City.
In the narrow sense, BES researchers use urban to
refer to study sites or their surroundings located in the
densest, most intensely settled core of the metropolis.
In this narrow sense, urban contrasts with other cate-
gories such as suburban, exurban, or hinterland.

A HUMAN ECOSYSTEM

Ecologists are quite comfortable studying complex
systems, comprising biotic and abiotic components,
which are linked by flows of matter, energy, and infor-
mation. This basic concept is as applicable to urban
settlements as it is to areas in remote wilderness or
uninhabited locations (Odum 1997). It is clear, how-
ever, that the biotic component of urban ecosystems
needs to be fleshed out in particular ways. Such an
expanded view of ecosystems becomes part of the
connotation of urban ecological studies. We will say
more about a specific framework later. Now it is suf-
ficient to note that urban, and indeed all ecosystems
inhabited by humans, must be modelled to include

the human individuals as well as the social aggrega-
tions they generate or influence. It is not sufficient to
include humans only as demographic entities, charac-
terized by density, birth, death, and migration.
Humans must also be represented by the institutions
that organize and affect daily life, by the cultural and
social resources they and those institutions rely on,
and by the temporal dynamics exemplified by individ-
uals, families, organizations, neighbourhoods, econo-
mies, etc. (Machlis et al. 1997). Social scientists and
geographers have compellingly documented the spa-
tial complexity, and flows of population, information,
capital, and influence, which must be important driv-
ers of urban ecological processes (Logan & Molotch
1987; Gottdiener & Hutchison 2000). It is perfectly
reasonable to incorporate such factors and processes
into ecosystem models. Indeed, Tansley (1935) in
defining the ecosystem concept, was anxious to have
ecologists address the role of people in ecosystems.
Similarly, Odum (1997) exhorted ecologists to
include humans in ecosystems. In spite of the fact that
Odum’s ecosystem modelling strategy shaped ecosys-
tem ecology for decades, ecologists did not, in gen-
eral, heed his advice to include humans. Clearly,
however, the ecosystem concept is fully capable of
accounting for humans. Such an expanded view of
ecosystems is associated with urban ecological studies.
Again, we will say more later about a specific frame-
work for incorporating humans into urban ecological
studies.

APPROACHES TO URBAN ECOSYSTEMS

We have noted that mainstream ecology is a late
migrant from country to city.a  Other disciplines, or
pioneering biologists, have been here before. What did
they accomplish, and how does that work shape, moti-
vate and differ from current work?

Botanists, zoologists, and wildlife biologists, some
with ecological credentials, have explored the biota of
cities for a long time. Most work known to us dates
from after World War II, when the devastation of cities
in Europe and Japan suggested cataloguing their biotic
resources, and stimulated understanding of succession
on vacant parcels (Sukopp et al. 1995). From this
foundation, a firm knowledge of urban floras has
emerged in many parts of the world (Schmid 1975;
Clements 1983; Mucina 1990; Zimny 1990; Kent
et al. 1999). Botanists have identified a suite of plant
species that specialize on urban habitats, as well as
many native and exotic species that are predominant
volunteers in city habitats (Rapoport 1993). Biotic
richness is often quite high in cities, as it reflects a

aWe use the term ‘city’ here as a shorthand for the entire range
of urban environments.
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roster of both native and introduced species (Pickett
et al. 2001). While some city habitats, especially inac-
cessible or isolated remnants that escaped develop-
ment or cultivation, support rare or endangered
species, ecologists generalize that the floras and faunas
of cities tend to be dominated by habitat generalists,
early successional trees and herbs, and species that can
tolerate disturbance. An important open research
question is the functional role of species in the ecolog-
ical processes of urban habitats, regardless of their
status as native vs. introduced.

Aggregating species into community types is
another long-standing interest of urban researchers. In
order to understand the biotic resources of cities, ecol-
ogists have mapped the community or biological
habitat types available. Most often labelled ‘biotope
mapping’, this approach has flourished in Europe, but
has also found application elsewhere (Sukopp & Weiler
1988; Frey 1998; Werner 1999). It has helped identify
sites that can support urban wildlife, or which can
provide amenities to residents, or promote plant con-
servation in the city.

Another approach to urban research, which is a
subset of ecosystem ecology, has been a ‘metabolic’ or
budgetary one. The concern here is with the inputs
and outputs of energy and matter. An early example
in this vein was done in Hong Kong (Boyden et al.
1981; Warren-Rhodes & Koenig 2001). These studies
have documented the heterotrophic nature of cities,
the large amounts of waste heat and matter that cities
produce. The budgetary approach has awakened in
many people the desire to make cities more energy
efficient, more retentive of storm water, and more
capable of producing at least some of the food
resource its residents require (Wackernagel & Rees
1996). Wastage of foodstuffs, such as milk, has been
identified as an important part of the nitrogen budget
of cities, and hence provides an opportunity to reduce
the nitrogen pollution of ‘downstream’ ecosystems by
cities (Grimm et al. 2003).

Closely related to the concern with energy and
material budgets of cities, is the focus on ecological
footprints (Rees 2000). This kind of model summa-
rizes the resource requirements, and the needs for
waste disposal and processing in terms of land area.
Figures estimated for various cities show supporting
land areas are often two orders of magnitude greater
than the size of the municipality itself. The ecological
footprint is chiefly a metaphor for the resource and
waste processing requirements of urbanized areas.  It
is not strictly a model of the connections to specific
places that any given city relies on or exploits.  Such
complex and focused networks cannot be represented
by a blanket area estimate.  Some ecologists have
introduced a degree of spatial reality to footprint anal-
ysis by indicating at least some of the specific areas a
particular city is linked to (Luck et al., 2001).

Hydrologists have been quite active in cities. They
have modelled the contributions of various land cover
types to the flow of water from cities. They have also
documented reduced infiltration and lowered ground
water tables. Current work in urban hydrology is
aimed at increasing understanding of the complex flow
paths that water encounters in urban systems (Brun &
Band 2000). This work is built on similar improve-
ments in non-urban hydrological models. Underlying
the approach is a variable source area concept (Black
1991; Pitt 1995; Voinov et al. 1999; Pauleit & Duhme
2000), which suggests that water output is determined
by the combination of spatial areas that have different
capacities to absorb or to shed water. The hydrological
concept of variable source area (VSA) is parallel with
the  ecological concept of patch dynamics (Wu and
Loucks 1995, Pickett et al. 1997).

Social scientists have also claimed an ecological
approach. The earliest expression of this is seen in the
work of the Chicago School, established at the Uni-
versity of Chicago in the early 20th century (Burgess
1925). Social science was consolidating as a discipline
at that time, and Burgess and Park adopted analogies
from ecology as their theoretical basis (Melosi 2003).
Burgess and Park used competition as the driving
mechanism for distribution of different social and eco-
nomic groups in the city. They furthermore described
city dynamics in terms of ecological succession,
assuming the deterministic and end-point orientated
view of the time. This model has been criticized for a
long time, especially by social scientists wishing to
employ individual behaviour rather than group-based
ecological processes as mechanisms. Recent syntheses
that highlight spatial structure and dynamics of the
city critique the ecological basis of the Chicago School
(Gottdiener & Hutchison 2000), apparently not real-
izing that the simple-minded competition theory and
deterministic succession to climax, upon which the
Chicago School were founded, were long ago replaced
in ecology. Indeed, the replacement of the Chicago
School by the socio-spatial approach is parallel to the
patch dynamics approach of ecology (Pickett and
White, 1985), of which Gottdiener and Hutchinson
(2000) were apparently unaware.  Still, the classical
social ecology approach has spawned many important
lines of inquiry. These include political economy,
social ecology of place, and political ecology (Logan
& Molotch 1987; Bryant 1992; Dow 2000). Contem-
porary social ecologists define the field as a biological
science that addresses how humans organize them-
selves to exploit and allocate recources (Grove &
Burch 1997). These social science specialties have
been brought together in the socio-spatial approach by
Gottdiener and Hutchinson (2000).

Urban ecology is also used as an approach in urban
planning, especially in Europe. Carried out in city and
regional agencies, the approach combines biological
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information with planning methodologies (Schaaf
et al. 1995; Flores et al. 1997; Thompson & Steiner
1997; Pickett et al. 2004). The goals are often to iden-
tify or design open spaces that provide a contrast from
the noise and hard surfaces of cities, conservation,
microclimatic, or other amenities in cities. Traffic
calming, storm water management, and noise reduc-
tion are other goals aimed to protect pedestrians,
reduce aggressive behavior, provide a pleasant envi-
ronment for local residents, and protect the down-
stream environment. It is not surprising that other
disciplines, such as planning, social science, and eco-
nomics adopted what seemed to them to be reasonable
ecological perspectives, given the relative neglect by
mainstream ecology of the localities about which those
disciplines needed data.

Now that ecologists themselves are attempting to
develop and use frameworks for the study of urban
systems, approaches that are familiar to ecologists are
being adopted and applied (Zipperer et al. 2000). We
give overviews of three frameworks that seem to us to
be especially useful.

Patch dynamics is the first of these. Patch dynamics
recognizes that spatial heterogeneity is a key attribute
of ecological systems. Emerging in the late 1970s, and
originating from much the same impetus as the spa-
tially focused discipline of landscape ecology, patch
dynamics describes the spatial structure of areas, the
flows of materials, energy, and information across spa-
tial mosaics, and the changes in individual spatial
components of the mosaic as well as in the mosaic as
a whole (Pickett et al. 2000). In other words, patch
dynamics is concerned with the spatial structure, func-
tion, and change of mosaic systems. It is important to
note that the mosaics can comprise discrete, bounded
patches, or can be conceived of as gradients or fields
defining continuous surfaces of differentiation. Patch
dynamics is equally applicable to biotic or physical
spatial structure so familiar to ecologists, and to social
patchiness (Field et al. 2003). Earlier, we noted that
patch dynamics parallels the variable source area
approach from hydrology, and the socio-spatial
approach from social science. We will describe this
approach further using examples from BES.

Adapting the ecosystem concept to urban systems
has, as already mentioned, required inclusion of
human and social components. The tool we have
found most useful for accomplishing this addition is
the Human Ecosystem Framework. Originally pro-
posed by social ecologists Bill Burch, Gary Machlis
and colleagues (Machlis et al. 1997), the framework
describes the various structures and kinds of interac-
tions that modelling humans as components of eco-
systems would require. The framework identifies the
resource base of the ecosystem, which includes bio-
physical and social resources (Fig. 1). We recognize
that the human ecosystem has spatially explicit struc-

ture, and this insight is included in the framework as
well (Pickett et al. 1997). The framework also lays out
the kinds of ways in which people organize themselves
to exploit and manage those resources, and to accom-
plish the various functions of life. The framework
finally recognizes that the individuals and institutions
change over time, based on inherent human physio-
logical rhythms, and institutional ‘life cycles’ (Fig. 1).
The Human Ecosystem Framework contains the
menu that will be selected from to construct specific
models of ecosystem function. The framework is not
itself a model.

The third approach is one that recognizes urban
ecosystem as regions. This approach is emerging at
the boundary between planning and ecology (For-
man 2004). Having deep roots in the work of Patrick
Geddes, and hence connections to social sciences
and geography (Welter 2002), the approach is com-
patible with both patch dynamics and the Human
Ecosystem Framework. Urban regionalism empha-
sizes that city dwellers must have access to and
responsibility for the distributed resources and amen-
ities upon which they depend. Watersheds, flood-
plains, large natural areas, connecting corridors,
green buffers, green water management infrastruc-
ture, and recreational parks and playgrounds are all
part of the kinds of patches that must be planned for,
appropriately arranged, and phased in as urban
regions grow and change. The incredible rate of
urban expansion in post-industrial, newly industrial,
and even agriculturally based societies makes this
approach an important one. It is also one that is
hungry for the kinds of ecological data that can be
supported by all the other approaches we have
reviewed here. Although general principles can be
drawn from existing work, each urban region may
require specific data derived locally to make the best
informed decisions about what sorts of biotic, built,
social, and hybrid patches it requires and how they
might appropriately be arranged. Notably, this work
linking design and ecology explicitly incorporates val-
ues of the patrons of the plan, affected communities,
and designers. This approach builds on science, but
it goes beyond science.

THE BALTIMORE ECOSYSTEM STUDY

Baltimore, Maryland, is a metropolitan area compris-
ing the City of Baltimore and five surrounding coun-
ties. Nearly 3 million people live in the metropolitan
area. Three streams drain the city and much of adja-
cent Baltimore County, and these watersheds serve as
important substrates for our ecologically based stud-
ies. An additional watershed, located in Baltimore
County, serves as a forested reference with which to
compare the urban and urbanizing watersheds. The
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physical and biotic characteristics of the region are
described more fully on the BES web site (http://
www.beslter.org/frame2-page_1_4.html). The climate
is humid subcontinental, with warm summers and
mild winters. Rainfall amounts to 1090 mm per year,
and is roughly evenly distributed over the year. The
metropolitan area is located primarily on the Pied-
mont physiographic province, with portions on the
Coastal Plain province. The original forest in the
region was dominated by chestnut oak (Quercus pri-
nus) and American chestnut (Castanea dentata) prior
to its demise due to the chestnut blight, and tulip
poplar (Liriodendron tulipifera), with a variety of other
hardwood species as associates.

The BES project consists of three components: (i)
integrated human ecosystem research, relying on input
and interaction among biological, physical and social
scientists; (ii) education, pursuing an inquiry based
philosophy, and interacting with elementary, second-
ary, and college audiences, in addition to graduate
training, and teacher workshops; and (iii) engagement
with local communities and governmental agencies.

Integrated scientific research is of course our core
activity. The remaining activities serve this central
goal, or serve the communities in which we work. We
conduct education in order to share our results and
expertise with students and teachers, and to assist in
curriculum focused on urban systems (Berkowitz et al.
2003). Community engagement permits us to know
the needs and interests of local residents, managers,
and decision leaders as we plan our research. It also
helps communicate our results and ecological insights
to audiences who have an interest in learning and
applying ecological information. Community engage-
ment also builds the goodwill necessary for us to be
able to work on private properties, the commons, and
agency holdings and operational territories. The suc-
cess of the project requires all three of these seemingly
disparate components – science, education, and
engagement. This strategy requires close interaction
between members of BES who are scientists, manag-
ers, educators, and community facilitators.

The principal participants in BES come from 34
different institutions, ranging from research universi-

Fig. 1. The Human Ecosystem Framework, which includes a complete roster of the structural and functional variables that
can motivate hypotheses and inform models addressing inhabited or managed ecosystems. Modifed from Machlis et al. (1997).

Human ecosystem framework
Human social system

Resource system

Social institutions
Health
Justice
Faith
Commerce
Education
Leisure
Sustenance
Government

Social order
identity

Age
   Gender
   Class
   Clan
Norms

Informal
    Formal
Social status
   Wealth
   Power
   Status
   Knowledge
   Territory

Social cycles
Physiological
Individual
Environmental
Organizational
Institutional

Cultural resources
Organizations
Beliefs
Myth
Organizational

Socio-economic 
   resources
Information
Population
Labor
Capital

Biophysical resources

Biophysical processes
Energy, Water,
Nutrients, Materials, Air

Biophysical patterns
Species, Soil, Vegetation,
Patch mosaic

http://


FRAMEWORKS, CONCEPTS, AND RESULTS FROM THE BES 119

ties, teaching colleges, private research institutions,
federal agencies, public and private schools, not-for-
profit community action organizations, and commu-
nity associations. The project hosts quarterly meetings
to discuss new and existing research and application,
an annual technical scientific meeting, and an annual
community open house. BES researchers are members
of two important committees that facilitate exchange
between research, agency, and community leaders: the
Revitalizing  Baltimore  Technical  Committee,  and
the Watershed Linkages Committee. The important
community  engagement  function  is  spearheaded
by the Parks & People Foundation (http://www.
parksandpeople.org).

RESEARCH QUESTIONS FOR BALTIMORE

Baltimore Ecosystem Study research is driven by three
general questions. Each researcher or interdisciplinary
research team must of course ask much more specific
questions than these in order to conduct well-justified,
focused research based on clearly articulated hypoth-
eses. However, these general questions are a common
touchstone for all projects that contribute to BES
research, and they are helpful in communicating gen-
eral project goals to people outside the project. The
three questions are:
1. How do the spatial structures of socio-economic,

ecological, and physical features of an urban area
relate to one another, and how do they change
through time?

2. What are the fluxes of energy, matter, human-,
built-, and social-capital in an urban system; how
do they relate to one another, and how do they
change over the long-term?

3. How can people develop and use an understand-
ing of  the  metropolis  as  an  ecological  system
to improve the quality of their environment, and
to reduce pollution to downstream air and
watersheds?

The first two questions address the structure and
function of urban systems from an integrated multi-
disciplinary perspective. The third question assesses
how people understand and use the information in
their decisions. Before presenting some illustrative –
and in some cases surprising – results from these ques-
tions, we will identify key tools used to integrate this
diverse group of researchers addressing a complex
system.

INTEGRATIVE CONCEPTUAL TOOLS

BES uses several conceptual tools to provide centrip-
etal force for the project: (i) the Human Ecosystem
Framework; (ii) watersheds; (iii) patch dynamics;

(iv) comparative studies; (v) long-term data; (vi)
simulation modelling; and (vii) participatory action
research. We have introduced several of these tools in
our overview of approaches used in urban ecological
research. Here we indicate how those tools plus the
additional ones just listed, are used to integrate
BES.

Human ecosystem framework

The Human Ecosystem Framework (HEF) is cru-
cially important for reminding all participants that
they are studying, explaining, or contributing to
management of a complex, inhabited ecosystem
(Machlis et al. 1994, 1997). In particular, it reminds
groups of investigators of the parameters they must
consider when building joint models. This has been
especially important in linking biophysical scientists
with social ecologists and political ecologists (Grove
& Burch 1997; Grove et al. 2005, Pickett et al. 2005).
For example, ongoing research is examining how
social status, which is one of the parameters identi-
fied by the HEF, functions as a driver of ecological
processes and structures in the metropolis. Social sta-
tus as represented by different marketing groups, or
clusters of similar lifestyle and purchasing patterns
affects vegetation status throughout the metropolis. A
commercially available market segmentation data-
base, called PRIZM (Claritas 1999) provides a basis
for assessing lifestyle groupings. This research ques-
tion has promoted a new theoretical construct, the
‘ecology of prestige’ (Grove et al. 2006), which posits
that environmentally relevant household behaviours
are driven by desire to express membership in differ-
ent social groups, rather than by simpler measures of
income or education. Note that this shift from sole
reliance on indices of demographics, wealth, educa-
tion, and ethnicity, which dominated explanations of
industrial era urban dynamics, to a consumption
based social theory, reflects a shift to a post-industrial
economy and mode of urban organization (Grove et
al. 2006).

Watersheds

Watersheds are another powerful integrative tool for
BES (Band & Moore 1995; Law et al. 2004). The
directional flow of water, along with its ability to trans-
port resources and pollutants, are two key integrative
functions of watersheds. Although differences in below
ground flow and overland flow may complicate the use
of watersheds in some cases, they remain a compelling
tool. Hydrologists, as already noted, recognize the
variable source area approach as a way to understand
watershed function (Black 1991). By dividing water-

http://www
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sheds into areas that differ in their ability to absorb or
yield water, a more mechanistic understanding of the
water yield from a watershed can be achieved. One of
the powers of the watershed approach is that large
catchments can be divided into smaller catchments, or
aggregated into still larger drainages. In other words,
the source areas can be subdivided or grouped
together. Therefore, the watershed approach can be
scaled to match the extent or grain of the research
question, or of the model or theory used to link with
another discipline. This approach resonates with the
hierarchical patch dynamics approach (Wu & Loucks
1995) discussed below.

BES concentrates on six watersheds for different
purposes. Gwynns Falls is the largest of our inten-
sively sampled watersheds, covering 17 150 ha.
Gwynns Falls is sampled by three stations on the
main stem of the stream, focusing on headwaters,
middle and upper reaches, and the downstream
reach. The sampling stations represent a gradient of
urbanization, and the downstream reach represents
the net output of the watershed. The contribution of
the upper reaches can be assessed by subtraction. In
addition, four tributary subwatersheds of Gwynns
Falls, representing contrasting land covers are sam-
pled. The tributary watersheds represent (i) dense
urban, with industrial and commercial as well as res-
idential land; (ii) early 20th century rowhouse sub-
urbs; (iii) agricultural land in a suburban matrix;
and (iv) recent low density suburban development.
All Gwynns Falls stations are sampled weekly for
water flow and quality. Pond Branch, a tributary of
the Baisman Run, serves as the forested reference
watershed for comparison to the more built-up
watersheds. This gauged catchment has been sam-
pled weekly for flow and water chemistry. Smaller
watersheds were added to the sampling network to
address specific situations of land cover and manage-
ment. The remainder of Baisman Run represents
recent large-lot, suburban development. Moore’s
Run is the location of the atmospheric eddy flux
tower, and drains heavily wooded older suburbs.
Mine Bank Run is the site of a restoration project
conducted by Baltimore County, in which BES sci-
entists measure variables that can assess the success
of the restoration. The Minebank Run project seeks
to restore stream channel geomorphology, riparian
function, and in-stream nutrient and organic matter
retention. Finally, a 367-ha storm drain catchment,
Watershed 263, in Baltimore City has recently been
added to the network. Sampling is conducted in the
storm drain pipes in two subwatersheds on the same
schedule as the major surface drainages. Watershed
263 is an urban restoration and greening project to
test the impact of extensive tree planting and
removal of impervious surfaces on storm water
quality.

Patch dynamics

Patch dynamics is another of the integrative tools in
BES. This concept, introduced earlier, focuses on
spatially explicit structure of ecological systems, and
the functional and dynamic properties of spatial
mosaics. This concept has been important in main-
stream ecology as a way to address and evaluate the
role of spatial heterogeneity in a wide variety of sys-
tems (Pickett & White 1985; Pickett & Rogers 1997;
Pickett et al. 1999). We hypothesized that it would be
important in urban systems as well, because they are
notoriously patchy (Fig. 2). Urbanists have com-
mented on this patchy nature extensively (Jacobs
1961; Clay 1973).

Biophysical patches are a conspicuous layer of het-
erogeneity in cities. The basic topography, although
sometimes highly modified, continues to govern
important processes in the city. The watershed
approach has highlighted the importance of slopes,
and of patchiness along slopes, in water flow and
quality. Steep areas are often the sites of remnant or
successional forest and grassland in and around cit-
ies. Soil and drainage differ with the underlying
topography. Vegetation, both volunteer and planted,
is an important aspect of biophysical patchiness. The
contrast in microclimate between leafy, green neigh-
bourhoods vs. those lacking a tree canopy is a strik-
ing example of biotic heterogeneity (Nowak 1994).
Additional functions may be influenced by such
patchiness, including carbon storage (Jenkins & Rie-
mann 2003), animal biodiversity (Adams 1994; Platt
et al. 1994), social cohesion, and domestic violence
(Dow 2000).

Patchiness is not restricted to biological and
physical properties of the metropolis. Indeed, social
and economic differences are spatially pronounced
in and around cities. Patchiness can exist in such
social phenomena as family structure and size, age
distribution of the human population, wealth, edu-
cational level, social status, consumer preferences,
and environmentally relevant behaviours (Burch &
DeLuca 1984; Field et al. 2003). The ecology of
prestige, introduced earlier (Grove et al. 2006), is
an example of a theoretical structure that is best
expressed in a spatially explicit framework, such as
patch dynamics. Because none of these social pat-
terns are fixed in time, the dynamic aspect is as
important as the spatial aspect. This insight is a key
feature of the socio-spatial approach (Gottdiener
and Hutchinson 2000).

Because urban areas are coupled human-biophysi-
cal systems, it is important to exercise patch dynam-
ics on combined or hybrid patches, not simply on
biophysical or social patches separately. For example,
in  BES  a  patch  mosaic  is  being  constructed  using
a field survey that combines physical characteristics
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of the buildings present, aspects of the vegetation,
indices of social cohesion, and evidence of specific
human behaviours (e.g. litter, lawn furniture, play
equipment, graffiti).

A final kind of patch dynamics appears when eco-
logical concerns are combined with those from
urban design. Most people, and indeed most archi-
tects and designers, assume that the built environ-
ment is a permanent fixture. However, buildings
and infrastructure change, as does their built and
biophysical context. This sort of elasticity in the
urban system suggests a powerful way to reconcep-
tualize urban design as an adaptive, contextualized
pursuit (Pickett et al. 2004). Such dynamism com-
bines with the growing recognition of the role of
urban design in improving the ecological efficiencies
and processes in cities. Although this application of
patch dynamics is quite new, it has great promise to
promote the interdisciplinary melding of ecology
and design, and to generate novel designs with

enhanced environmental benefit (McGrath et al.
2006).

Additional integrative tools

We will only briefly mention some of the remaining
tools for integration, with a short example of each.
Comparison brings our project together. BES research
is exploring faunistic similarities and differences with
Budapest, Hungary, and nitrogen dynamics with
Paris, France. Long-term data are a focal point for
interdisciplinary work. For example, the permanent
forest sampling plots have brought together bio-
geochemists with zoologists and botanists. Social sci-
entists have explored structural contrasts between
neighbourhoods surrounding the different long-term
stream sampling stations. Finally, simulation model-
ling has brought social scientists, economists, and
hydrologists together.

Fig. 2. False colour infrared aerial photography of the Rognel Heights neighbourhood, and the adjacent Edmonson Avenue
commercial district, obtained in October 1999, before leaf drop. The patches outlined on the image differ in kinds and density
of built structures and vegetation. Photo courtesy Baltimore Ecosystem Study Long-term Ecological Research.



122 S. T. A. PICKETT AND M. L. CADENASSO 

EXAMPLES OF RESULTS FROM 
INTEGRATED URBAN ECOLOGICAL 
STUDIES

We will give three examples of integrated research that
uses several of the tools and frameworks discussed
above. We emphasize examples that have practical
importance in our region, or which seek to link pat-
terns and processes across disciplines. We cast the
results in terms of the surprises they revealed to us.

Urban areas are usually considered to be so thor-
oughly dominated by the built and human, that eco-
logical processes are assumed to be overwhelmed by
human alterations. The stream sampling mentioned
above, coupled with estimates of other components of
the ecosystem nitrogen budget allowed us to test this
assumption. Atmospheric N input is constant across
the Mid Atlantic region in which Baltimore is located,
so that forms a baseline for all our sites. Fertilizer
input is derived from Maryland Department of Envi-
ronment recommendations, and the absence of fertil-
ization in native forest. Stream outputs are from the
weekly sampling described earlier.

The amount of N retained on an annual basis is, as
expected, greater in the forested watershed (94% on
a mass basis). Agriculture retains 85% of N applied to
that land cover type, while suburban watersheds retain
71% of N inputs. The suburban retention rate is sur-
prisingly high, and suggests that the combination of
maintained lawns, volunteer vegetation, and engi-
neered retention basins as biophysical infrastructure
trap substantial amounts of N. This suggests that
human structures have not obliterated all biological
processes that determine ecosystem function in this
suburban catchment (Groffman et al. 2003).

Urban land use change decreases stream water qual-
ity. Urbanization is known to severely impact stream
quality in many ways (Paul & Meyer 2001). However,
we discovered that it is not always the densest and
most intense form of urban settlement that has the
greatest impact. Again, using BES long-term stream
data, a surprising pattern has emerged. We maintain
our focus on N loading, because of concern with it as
a pollutant in drinking water and in the near shore
marine or estuarine systems (Groffman et al. 2003).
Given that Baltimore is located on the Chesapeake
Bay, a large but fragile and highly impaired water
body, N loading in urban streams is an increasing
concern as urbanization spreads rapidly in Maryland
and other tributary areas of the Chesapeake.

BES researchers discovered that the N loading in
the forested stream was negligible, as expected. How-
ever, they discovered that suburban catchments had
substantially and significantly higher loading than the
dense urban settlement mixing row houses, commer-
cial, and old industrial parcels near downtown Balti-
more. The high loading in suburban streams may

result from lawn runoff, septic inputs, or be a legacy
of prior agricultural land uses. Preliminary results
using stable isotopes of N to identify sources, suggest
that the high suburban loading is a legacy of the
agricultural land use that these particular suburbs
replaced.

The third example of research results combines
social and biophysical characteristics. It has been
hypothesized that greenness of neighbourhoods is
related to their socio-economic conditions. Grove
(1996) tested this assumption by comparing vegeta-
tion cover throughout the Gwynns Falls watershed
with an index of income and education derived from
Census Bureau data. Furthermore, he compared data
between the 1970 and 1990 censuses, which were the
ones available to him at the time. His results show a
good correlation between vegetation cover and high
levels of income and education. However, the surprise
was that the correlations were better between 1970
income and education and 1990 vegetation. The 1990
vegetation and social factors correlated less well with
one another than the lagged correlation. This lag sug-
gests that vegetation responds only relatively slowly
to changes in the socio-economic conditions in a
neighbourhood.

CONCLUSION

Urban ecology has deep roots, although it has failed
to flourish in mainstream ecology until now. This
neglect by the profession of ecology has left a void that
has been filled by other disciplines. However, these
other disciplines have been focused either more nar-
rowly than biological ecology – as in the case with
botany or zoology – or have appropriately emphasized
the core concerns of their focus – as in the case of
social science, geography, economics or planning. This
leaves much work still for biological ecology to do, and
much still to contribute to the larger dialogue with
other disciplines that have already claimed the terri-
tory of urban ecology. The prior claim on terminology
is one reason that some ecologists, for example, M. J.
McDonnell (pers. comm. 1991) prefer to speak of
urban ecological research rather than ‘urban ecology.’
The slightly unfamiliar terminology – urban ecological
research – is meant to emphasize that mainstream
ecological science has both much to learn and much
to contribute to the data base on urban ecosystems.
Ecologists need to understand urban hydrology, nutri-
ent cycles, disturbance, succession, biodiversity, and
so on. But we also need to understand the social,
economic, historical, engineering, and architectural
controls and consequences of those ecological phe-
nomena when addressed in the city.

Ecology, and indeed the term ecosystem, has been
used metaphorically by many other specialties to indi-
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cate concern with a certain kind of environment, or
with a certain suite of interactions. Ecology is defined
as the science that studies the reciprocal relationships
of organisms to their environment. Of course, ecolo-
gists mean environment in a particular way, as
required by the focus on organisms. Social scientists,
or historians, among others, also use the term envi-
ronment. However, what specifically is intended by the
term environment when used by those specialists likely
differs from the things that ecologists would mean.
Traditionally, ecologists mean to include such things
as soil, water, climate and other organisms. Planners
may include in the environment such things as eco-
nomic, regulatory, and aesthetic variables. Social sci-
entists may include cultural aspects, ethnic identities,
or institutional structures among the environmental
parameters used in a particular model. Economists
may include international trade relations, and the
activities of different sectors among their driving
variables. Other disciplines would have their own
favourite environmental parameters. Local residents
include such things as crime and violence as parame-
ters of their environment. Environment is context-
dependent, discipline-dependent and perspective-
dependent. Each discipline and stakeholder group has
its own, legitimate idea of what the environment is.

It is clear that a systems perspective that can tie such
diverse concerns together is needed. Ecologists are of
course well versed in systems approaches. But as a
discipline, there is much to learn and to contribute to
systems models that give equal and serious attention
to the concerns of bioecologists and to other disci-
plines, many but not all of which have been mentioned
in this paper. We think that ecology should in fact play
a central role in conceptualizing and studying the city.
Without its contribution to the models and images of
the city, attention to the underlying biologically driven
processes, which ultimately support the metropolis,
will be missing from the public dialogue. As more and
more of the world’s human population moves to cities,
the call for sustainable cities becomes all the more
urgent. If cities can be designed and operated to press
more lightly on their regional ecological systems, and
if ecological functions of nutrient, biomass, and water
flow can be integrated more effectively into built and
designed lands, then many benefits can accrue. These
benefits can be reaped by urban dwellers, rural deni-
zens, and the plants, animals, and landscapes in the
hinterlands and downstream.

We hope the approaches we have outlined, and the
integrative tools we have enumerated and illustrated
using the BES, will prove useful to the globally crucial
task of understanding the ecology of metropolitan sys-
tems, and to weaving the science of ecological research
into the ongoing flow of interdisciplinary research on
cities, and the public dialogue aimed at improving city
life and impact.

ACKNOWLEDGEMENTS

We thank the US National Science Foundation, grant
DEB 9714835, for support of the BES, LTER. We
thank the University of Maryland, Baltimore County
Center for Urban Environmental Research and Edu-
cation for space, administrative support, and intellec-
tual partnership, and the USDA Forest Service for
substantial in kind support and research partnership.
We are grateful for the insights shared by our col-
leagues whose work we abstract here. In particular, we
thank Morgan Grove and Bill Burch for their patient
introduction and guidance through the territory of
social science, which is new to us.

REFERENCES

Adams L. W. (1994) Urban Wildlife Habitats: A Landscape Per-
spective. University of Minnesota Press, Minneapolis.

Band L. E. & Moore I. D. (1995) Scale: landscape attributes
and geographical information systems. Hydrol. Process. 9,
401–22.

Berkowitz A. R., Nilon C. H. & Holweg K. S., eds (2003)
Understanding Urban Ecosystems: A New Frontier for Science
and Education. Springer-Verlag, New York.

Black P. E. (1991) Watershed Hydrology. Prentice Hall, Engle-
wood Cliffs.

Boyden S., Millar S., Newcombe K. & O’Neill B. (1981) The
Ecology of A City and Its People: The Case of Hong Kong.
Australian National University Press, Canberra.

Brun S. E. & Band L. E. (2000) Simulating runoff behavior in
an urbanizing watershed. Comput. Environ. Urban Syst. 24,
5–22.

Bryant R. L. (1992) Political ecology: an emerging research
agenda in Third World studies. Polit. Geogr. 11, 12–36.

Burch W. R. Jr & DeLuca D. (1984) Measuring the Social Impact
of Natural Resource Policies. University of New Mexico Press,
Albuquerque.

Burgess E. W. (1925) The growth of the city: an introduction
to a research project. In: The City (eds R. E. Park & E.
W. Burgess) pp. 47–62. University of Chicago Press, Chi-
cago.

Claritas  (1999) PRIZM cluster snapshots: getting to know the 62
clusters. Claritas Corporation, Ithaca, NY.

Clay G. (1973) Close Up: How to Read the American City. Praeger
Publishers, New York.

Clements A. M. (1983) Surburban development and resultant
changes in the vegetaion of the bushland of the northern
Sydney region. Aust. J. Ecol. 8, 307–19.

Dow K. (2000) Social dimensions of gradients in urban ecosys-
tems. Urban Ecosyst. 4, 255–75.

Field D. R., Voss P. R., Kuczenski T. K., Hammer R. B. &
Radeloff V. C. (2003) Reaffirming social landscape analysis
in landscape ecology: a conceptual framework. Soc. Nat.
Resour. 16, 349–61.

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 greenspace system for
the New York City region. Landscape Urban Plan. 39, 295–
308.

Forman R. T. T. (2004) Mosaico territorial para la región metro-
politana de Barcelona. Editorial Gustavo Gili, SA, Barcelona.



124 S. T. A. PICKETT AND M. L. CADENASSO 

Frey J. (1998) Comprehensive biotope mapping in the city of
Mainz – a tool for integrated nature conservation and sus-
tainable urban planning. In: Urban Ecology (eds J. Breuste,
H. Feldmann & O. Uhlmann) pp. 641–7. Springer-Verlag,
New York.

Gottdiener M. & Hutchison R. (2000) The New Urban Sociology,
2nd edn. McGraw-Hill, New York.

Grimm N. B., Baker J. T. & Hope D. (2003) An ecosystem
approach to understanding cities: familiar foundations and
uncharted frontiers. In: Understanding Urban Ecosystems: A
New Frontier for Science and Education (eds A. R. Berkowitz,
C. H. Nilon & K. S. Hollweg) pp. 95–114. Springer Verlag,
New York.

Groffman P. M., Bain D. J., Band L. E. et al. (2003) Down by
the riverside: urban riparian ecology. Frontiers Ecol. Environ.
1, 315–21.

Grove J. M. (1996) The Relationship between Patterns and Processes
of Social Stratification and Vegetation of an Urban-rural Water-
shed. Yale Univsersity, New Haven.

Grove J. M. & Burch W. R. Jr (1997) A social ecology approach
and application of urban ecosystem and landscape analyses:
a case study of Baltimore, Maryland. Urban Ecosyst. 1, 259–
75.

Grove J. M., Burch W. R. & Pickett S. T. A. (2005) Social
mosaics and urban forestry in Baltimore, Maryland. In:
Community Forestry: Continuities in Social Ecology of Natural
Resources. Oregon (eds R. G. Lee, D. R. Field & W. R.
Burch) pp. 249–273. State University Press, Corvallis.

Grove J. M., Cadenasso M. L., Burch W. Jr et al. (2006) Earlier,
we noted that patch dynamics parallels the variable source
area approach from hydrology, and the socio-spatial
approach from social science. Soc. Nat. Res. 19, 119–136.

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

Jenkins J. C. & Riemann R. (2003) What Does Nonforest Land
Contribute to the Global C Balance? McRoberts, R. St. Paul,
MN, USDA Forest Service North Central Research Sta-
tion. General Technical Report NC.

Kent M., Stevens R. A. & Zhang L. (1999) Urban plant ecology
patterns and processes: a case study of the flora of the City
of Plymouth, Devon, UK. J. Biogeogr. 26, 1281–98.

Law N. L., Band L. E. & Grove J. M. (2004) Nitrogen input
from residential lawn care practices in suburban watersheds
in Baltimore County, MD. J Environ. Manage. 47, 737–
755.

Likens G. E., ed. (1989) Long-term Studies in Ecology: Approaches
and Alternatives. Springer-Verlag, New York.

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

Luck M., Jenerette  G. D., Wu J.  & Grimm  N. B. (2001) The
urban funnel model and spatially heterogeneous ecological
footprint. Ecosystems 4, 782–796.

McDonnell M. J. & Pickett S. T. A. (1990) Ecosystem structure
and function along urban-rural gradients: an unexploited
opportunity for ecology. Ecology 71, 1232–7.

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.

McGrath B. P., Cadenasso M. L., Grove J. M., Marshall V.,
Pickett S. T. A. & Towers J. eds (2006) Designing Urban
Patch Dynamics. Princeton Architectural Press, Princeton.

Machlis G. E., Force J. E. & Burch W. R. Jr (1997) The human
ecosystem part I: the human ecosystem as an organizing
concept in ecosystem management. Soc. Nat. Resour. 10,
347–67.

Machlis G. E., Force J. E. & Dalton S. E. (1994) Monitoring
Social Indicators for Ecosystem Management. College of For-
estry, Wildlife and Range Sciences, University of Idaho,
Moscow.

McIntyre N. E., Knowles-Yanez K. & Hope D. (2000) Urban
ecology as an interdisciplinary field: differences in the use
of ‘urban’ between the social and natural sciences. Urban
Ecosyst. 4, 5–24.

Melosi M. V. (2003) The historical dimension of urban ecology:
frameworks and concepts. In: Understanding Urban Ecosys-
tems: A New Frontier for Science and Education (eds A. R.
Berkowitz, C. H. Nilon & K. S. Hollweg) pp. 187–200.
Springer Verlag, New York.

Mucina L. (1990) Urban vegetation research in European
COMECON countries and Yougoslavia: a review. In: Urban
Ecology: Plants and Plant Communities in Urban Environments
(eds H. Sukopp, S. Hejny & I. Kowarik) pp. 23–43. SPB
Academic Publishers, The Hague.

Nowak D. J. (1994) Urban forest structure: the state of Chi-
cago’s urban forest. McPherson, E. G. Chicago’s urban
forest ecosystem: results of the Chicago urban forest climate
project. Gen. Tech. Rep. NE-186, 140-164. Radnor, USDA
Forest Service.

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

Paul M. J. & Meyer J. L. (2001) Riverine ecosystems in an urban
landscape. Annu. Rev. Ecol. Syst. 32, 333–65.

Pauleit S. & Duhme F. (2000) Assessing the environmental
performance of land cover types for urban planning. Land-
scape Urban Plan. 52, 1–20.

Pickett S. T. A., Burch W. Jr, Dalton S., Foresman T. W. &
Rowntree R. (1997) A conceptual framework for the study
of human ecosystems in urban areas. Urban Ecosyst. 1, 185–
99.

Pickett S. T. A., Cadenasso M. L. & Grove J. M. (2004) Resil-
ient cities: meaning, models, and metaphor for integrating
the ecological, socio-economic, and planning realms. Land-
scape Urban Plan. 69, 369–84.

Pickett S. T. A., Cadenasso M. L. & Grove J. M. (2005)
Biocomplexity in coupled natural-human systems: a multi-
dimensional framework. Ecosystems 8, 225–32.

Pickett S. T. A., Cadenasso M. L., Grove J. M. et al. (2001)
Urban ecological systems: linking terrestrial ecological,
physical, and socioeconomic components of metropolitan
areas. Annu. Rev. Ecol. Syst. 32, 127–57.

Pickett S. T. A., Cadenasso M. L. & Jones C. G. (2000) Gen-
eration of heterogeneity by organisms: creation, mainte-
nance, and transformation. In: Ecological Consequences of
Habitat Heterogeneity (ed. M. Hutchings) pp. 33–52. Black-
well, New York.

Pickett S. T. A. & Rogers K. H. (1997) Patch dynamics: the
transformation of landscape structure and function. In:
Wildlife and Landscape Ecology: Effects of Pattern and Scale
(ed. J. A. Bissonette) pp. 101–27. Springer-Verlag, New York.

Pickett S. T. A. & White P. S., eds (1985) The Ecology of
Natural Disturbance and Patch Dynamics. Academic Press,
Orlando.

Pickett S. T. A., Wu J. & Cadenasso M. L. (1999) Patch dynam-
ics and the ecology of disturbed ground: a framework for
synthesis. In: Ecosystems of the World: Ecosystems of Disturbed
Ground (ed. L. R. Walker) pp. 707–22. Elsevier Science,
Amsterdam.

Pitt R. E. (1995) Biological effects of urban runoff discharges.
In: Stormwater Runoff and Receiving Systems (ed. E. E. Her-
ricks) pp. 127–62. CRC Press, Boca Raton.



FRAMEWORKS, CONCEPTS, AND RESULTS FROM THE BES 125

Platt R. H., Rowntree R. A. & Muick P. C., eds (1994) The
Ecological City: Preserving and Restoring Urban Biodiversity.
University of Massachusetts Press, Amherst.

Rapoport E. H. (1993) The process of plant colonization in
small settlements and large cities. In: Humans as Components
of Ecosystems: The Ecology of Subtle Human Effects and Popu-
lated Areas (eds M. J. McDonnell & S. T. A. Pickett) pp.
190–207. Springer-Verlag, New York.

Rees W. E. (2000) Eco-footprint analysis: merits and brickbats.
Ecol. Econ. 32, 371–4.

Schaaf T., Zhao X., Keil G. et al., eds (1995) Towards a Sustain-
able City: Methods of Urban Ecological Planning and Its Appli-
cation in Tianjin, China. Urban System Consult GmbH,
Berlin.

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

Sukopp H., Numata M. & Huber A. (1995) Urban Ecology as
the Basis of Urban Planning. SPB Academic Publishing, The
Hague.

Sukopp H. & Weiler S. (1988) Biotope mapping and nature
conservation strategies in urban areas of the Federal Repub-
lic of Germany. Landscape Urban Plan. 15, 39–58.

Tansley A. G. (1935) The use and abuse of vegetational concepts
and terms. Ecology 16, 284–307.

Theobald D. M. (2004) Placing exurban land-use change in a
human modification framework. Frontiers Ecol. Environ. 2,
139–44.

Thompson G. F. & Steiner F. R. (1997) Ecological Design and
Planning. John Wiley and Sons, New York.

Voinov A., Costanza R., Wainger L. et al. (1999) Patuxent land-
scape model: integrated ecological economic modelling of
a watershed. J. Environ. Model. Software 14, 473–91.

Wackernagel M. & Rees W. (1996) Our Ecological Footprint:
Reducing Human Impact on the Earth. New Society Publish-
ing, Philadelphia.

Warren-Rhodes K. & Koenig A. (2001) Escalating trends in the
urban metabolism of Hong Kong: 1971–1997. Ambio 30,
429–38.

Welter V. M. (2002) Biopolis: Patrick Geddes and the City of Life.
MIT Press, Cambridge.

Werner P. (1999) Why biotope mapping in populated areas? In:
Biotope Mapping in the Urban Environment (eds J. W. F.
Reumer & M. J. Epe) pp. 9–26, DEINSEA, Mainz.

Wu J. & Loucks O. L. (1995) From balance of nature to hier-
archical patch dynamics: a paradigm shift in ecology. Quart.
Rev. Biol. 70, 439–466.

Zimny H. (1990) Ecology of urbanized systems – problems and
research in Poland. In: Urban Ecological Studies in Central
and Eastern Europe (ed. M. Luniak) pp. 8–18. Polish Acad-
emy of Sciences Institute of Zoology, Warsaw.

Zipperer W., Wu J., Pouyat R. & Pickett S. (2000) The appli-
cation of ecological principles to urban and urbanizing land-
scapes. Ecol. Appl. 10, 685–8.


