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Abstract 
Increases in urban populations, aging infrastructures and global environmental 
change have begun to highlight the need and urgency to address urban resilience 
through research and stakeholder-based dialog. The number of case studies for 
individual locations and on individual challenges – such as meeting water or 
energy demands – are increasing. Many of those studies reveal the complexity of 
managing interrelations among population, infrastructure, and institutions, though 
many ultimately choose a narrow, sector-specific approach to the issue. Few 
approaches have built on insights from complexity theory and related bodies of 
knowledge which are more consistent with the perspective that urban 
infrastructure systems are tightly coupled with one another and must respond to 
often subtle, long-term changes of technological, social and environmental 
conditions. Drawing on that knowledge, and building on insights from previous 
case studies, this paper explores the potential roles of complexity theory in 
guiding investment and policy decisions in the urban context, focusing on 
strategies to promote resilience and adaptability in the light of population, 
infrastructure, and institutional dynamics. 
 
Key Words 
Urban resilience, complex systems, infrastructure, global change, environmental 
impact, adaptive management 
 
 
Author biographies 
 
Matthias Ruth is visiting professor at artec, Center for Sustainability, University 
of Bremen, Germany, Director of the Center for Integrative Environmental 
Research and co-director of Engineering and Public Policy at the University of 
Maryland, USA. Dr. Ruth holds a Ph.D. in Geography from the University of 
Illinois, Urbana-Champaign, and a M.A. in Economics from the Ruprecht-Karls-
Universität Heidelberg, Federal Republic of Germany. 
 
Dana Coelho is a graduate research assistant at the Center for Integrative 
Environmental Research, University of Maryland, USA. She received her 
Bachelors of Urban and Environmental Planning from the University of Virginia 
in 2003. She currently pursues graduate degrees in the University of Maryland’s 
Sustainable Development & Conservation Biology and Environmental Policy 
programs. 
 
 

 2



1. Introduction 

As the number of people and the volume and intensity of economic activities in 

cities are growing worldwide, the influences of cities on the local and global 

environment are rising. The repercussions of that environmental change, in turn, 

are felt by the inhabitants of cities and their hinterlands, as well as by the 

economic sectors that sustain livelihoods. Traditional urban analysis has focused 

on the individual drivers behind urban change and individual impacts on people, 

the economy, and the environment (e.g., Robson 1969, Dear and Dishman 2002). 

Although urban systems analysis is often rich in empirical detail or theoretical 

conceptualizations dealing with both the temporal and spatial dimensions of urban 

change (e.g. Black and Henderson 1999, Fujita et al. 1999, Brenner 2000), the 

interconnection among the various drivers and repercussions – social, economic, 

and environmental – frequently has been acknowledged but rarely has become, in 

its own right, the object of analysis. Where the focus truly has been on the 

complexity of urban change, the products were often either computer-based 

exercises or conceptual frameworks. Most popular among the former are 

simulation games, such as SimCity™ (EAI 2005), which concentrate on the 

evolution of a hypothetical or stylized urban system. In such games, a single 

player typically interferes in a system’s dynamics through various choice 

variables and learns to appreciate the complexity and uncertainty inherent in 

system intervention.  

Examples of systematic, theory-based conceptualizations of urban change 

include work by Peter Nijkamp and colleagues (e.g. Nijkamp and Reggiani 1992, 
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Camagni et al. 1998), Jan Rotmans (1994, 2006), Michael Batty (2005), Patsy 

Healey (2007 in press), and a large number of others, many of whom have begun 

to view urban dynamics through the lens of modern complexity theory. Some of 

the recent research in this area illustrates a merger between urban simulation and 

complex systems analysis, by explicitly basing computer simulations of urban 

dynamics on, and interpreting outcomes of urban dynamics from the perspective 

of complexity theory. We will briefly discuss some of these studies in more detail 

below. 

More recently, a new flavor of urban analysis has developed, one that is 

pragmatic in nature and that combines, among other approaches, theoretical, 

empirical, simulation-based, and stakeholder-guided assessments. The pragmatic 

aspect of the research lies in the identification and study of issues relevant to 

decision makers, and in efforts to make findings relevant to the decision making 

process. Much of that work has been spawned by the debate about regional 

impacts of, and adaptations to climate change (Ruth 2006a). While promising in 

many regards, several challenges remain for that work to be academically 

rigorous and, at the same time, relevant for investment and policy making. The 

discussion below addresses the state of the art, critically summarizes the promises 

that integrated analysis holds for advancing knowledge and improving decision 

making in the urban context, and highlights the main challenges that remain. 

With the intent to contribute to the advancement of urban systems analysis 

for the management of urban systems, this paper first briefly reviews key drivers 

of urban change. Here we concentrate on general urbanization trends, changes in 
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urban metabolism, the role and state of infrastructure, urban environmental 

quality, and urban quality of life. The subsequent section discusses two sets of 

complementary approaches to better understand complex urban change processes 

– one predominantly from the perspective of the basic sciences, the other from a 

more policy-oriented, integrated assessment approach. That discussion raises 

issues germane to the study of complex systems, which we address in Section 4 of 

the paper. We close with a brief summary and conclusions. 

 

2. Drivers and Impacts of Urban Change 

2.1 Urbanization Trends 

Urbanization, though characterized by significant regional differences, is 

following an overwhelming upward trend. The world has seen a fifteen-fold 

increase in urban populations since the beginning of the twentieth century, with 

total urban-dwellers numbering close to three billion in 2000, roughly half of the 

global population. These three billion people occupy only 2.8 percent of the total 

land area of the earth, but exert locally and globally significant influence on 

ecosystems and the well-being of human populations within and outside of their 

borders. In 2000, as measured by the United Nations (UN) Global Rural-Urban 

Mapping Project (GRUMP), approximately 37 percent of the populations in 

Africa and Asia were urban (UNDP 2003). The number is closer to 75 percent in 

Latin America and the Caribbean, North America, Europe, and Oceania 

(McGranahan and Marcotullio 2006). As can be seen in Table 1, both total 
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population and urban population at all levels of development are increasing, 

though at a decreasing rate. Consistently, wealthier and more developed nations 

are characterized by greater levels of urbanization, though the majority of urban 

growth is occurring in lesser developed nations. Indeed, urbanization in the least 

developed places is as much as four times that in the most developed nations.  

A great deal of attention recently has been given to mega-cities (10 million 

or more people), but this focus is somewhat inflated; about half of the world’s 

urban population lives in cities of less than 500,000 people, and the majority of 

urban growth is occurring in medium-sized cities (McGranahan and Marcotullio 

2006). In fact, some of the world’s largest cities have experienced slowed growth 

rates in recent decades. This is not to diminish the fact that the average size of the 

world’s 100 largest cities has increased from 200,000 in 1800 to 5 million in 1990 

(Cohen 2004). This trend is anticipated to continue as transportation and 

communication networks, two of a city’s most extensive infrastructure systems, 

expand outside of traditional inner city boundaries.  

The age composition within nations and within cities is also changing, 

with populations aging across the board. That demographic change has far-

reaching implications for migration to and from cities, demand for urban 

infrastructure, urban material and energy use, environmental quality, and quality 

of urban life. The most pronounced change is seen in middle income and medium 

human development nations where between 2001 and 2015 UN projections are 

for an almost 17 percent decrease in the percentage of the population under the 

age of 15, and a more than 25 percent increase in the percentage of the population 
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over the age of 65. Decreases in youth populations of 12 and 6 percent are 

anticipated in high and low human development nations, respectively. Increases 

of 23 and 7 percent in the elderly population are anticipated in these nations.  

In addition to purely demographic changes are a suite of environmental 

conditions that are influencing and being affected by urbanization. Most cities are 

located in, and are growing primarily in coastal zones, in part because of the 

importance of access to natural resources and transportation networks in an 

increasingly globalizing world. Population densities in coastal areas are 

approximately 45 percent greater than global average densities (McGranahan and 

Marcotullio 2006). For example, 32 percent of Sri Lanka’s total population 

resides in coastal zones, 65 percent of the urban population, 90 percent of 

industrial units, and 80 percent of all tourist infrastructure (UNEP 2001c). Clearly 

stated in the Millennium Ecosystem Assessment report: “As people are 

increasingly living in cities, and as cities act as both human ecosystem habitats 

and drivers of ecosystem change, it will become increasingly important to foster 

urban systems that contribute to human well-being and reduce ecosystem service 

burdens at all scales” (McGranahan and Marcotullio, p797). 

2.2 Urban Infrastructures and Institutions 

Adequate supply of infrastructure systems and services, such as water, sanitation, 

power, communication, and transportation, allows cities to grow and prosper. In 

some regions, particularly in Africa and Asia, very basic deficiencies characterize 

urban systems of all sizes. According to some estimates, as much as 50 percent of 

the urban population in Africa and Asia may be living without “adequate” 
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provision of water and sanitary services. In many of these areas single points of 

service (i.e. water pumps or latrines) are shared by dozens or hundreds of 

individuals, significantly limiting sufficient access and safety. Similarly, solid 

waste disposal, wastewater treatment and transportation networks are frequently 

insufficient and poorly maintained (see, e.g. UNEP 2001b, c). 

However, the challenges of inadequate or declining infrastructures are not 

confined to the developing world. In some developed nations, particularly 

Australia, public spending on infrastructure has decreased over the last few 

decades. Private investment in the provision of electricity and water has 

increased, but distribution suffers from decentralized services, and concerns 

abound over the ability of profit-seeking firms to equitably provide public 

services such as water and transportation (Newton 2001). This concern is 

pervasive not only in Australia, but in other nations as well (WDR 2006). In the 

U.S., infrastructure systems have regularly received “poor” or “failing” grades in 

report cards issued by the American Society of Civil Engineers (ASCE 2005). 

ASCE evaluates infrastructure systems based on condition and performance, as 

well as capacity and funding with respect to need. Based on their analysis, there 

has been little to no improvement since 1998, and there are some $1.6 trillion in 

recommended infrastructure improvements over a five-year period. 

It is the role of institutions, such as government and planning agencies, 

markets and non-government organizations to anticipate and assess the adequacy 

of existing infrastructure and the desirability of new infrastructure, to facilitate 

decision making, and to oversee implementation, operation, maintenance and 
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decommissioning of infrastructure systems. This is particularly crucial in cities, 

given the close spatial and functional relationships among the various social, 

economic and environmental processes. Challenges in fulfilling that mission often 

are related to inabilities to secure adequate funds, inequitable access, the 

lumpiness and irreversibility of infrastructure investments, and the roles of risk, 

uncertainty and surprise in investment decision making. Each challenge is 

discussed briefly here, before we proceed to turn to the ramifications of 

urbanization for material and energy use, environmental quality, and quality of 

life. 

2.2.1 Infrastructure Investment 

Typically, large-scale infrastructure investments are undertaken by government to 

provide public goods. Examples include the building of dams, wastewater 

collection and treatment systems, energy supply systems, ports, and roads. 

However, investment by private enterprises in infrastructure systems should not 

be overlooked. Notable examples include investments in communication and data 

storage capacity that made possible the explosion in information exchange and 

internet commerce. While public investments are typically funded with long-term 

bonds or loans and with the goal of providing public goods, private infrastructure 

investments are usually made with much shorter time periods in mind, and with 

greater attention towards pay-off to the investing parties.  

Increasingly, public-private partnerships are used to leverage access to 

capital with clear profitability goals in mind, while at the same time creating 

synergistic effects among infrastructure investments, regional competitiveness, 
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and larger-scale socioeconomic development. For example, funding for 

transportation networks or wastewater treatment may come in part from private 

enterprises who may, in return, receive revenues from user fees. Private 

investment in electricity and telecommunications infrastructure in Latin America 

has increased access to services; however overall public investment in 

infrastructure fell from three percent of GDP in 1980 to less than one percent in 

2001 (WDR 2006). Local authorities may help support the development of eco-

industrial parks so that a range of diverse businesses can allocate in close 

proximity to one another in order to close material cycles, reduce cost of material 

inputs and minimize effluents while at the same time offering centralized 

employment opportunities and improved environmental quality. The reduction in 

investment risk is spread across different parties, allowing for longer planning 

horizons than would be chosen by private enterprises under normal 

circumstances.  

However, under any model – purely public, purely private, or public–

private partnerships – few provisions are typically made to deal with the cost 

associated with decommissioning infrastructure at the end of its useful lifetime or 

the cost of retrofitting after expiration of bonds or loans. As a result, the time-

delayed burden to deal with the legacy of obsolete infrastructure is often placed 

on future generations, which considerably contributes to the complexity of urban 

dynamics and adds challenges to future decision making. 
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2.2.2 Equitable Access to Infrastructure Systems and Services  

Criteria for equality and fairness must include the needs of current and future 

businesses and households at different locations in the economic landscape. While 

their needs for infrastructure services will influence the choice of location and 

type of infrastructure systems, the reverse holds as well – once put in place, 

infrastructure will affect economic performance of businesses and income of 

households, as well as their need for infrastructure services. Access to 

infrastructure, in turn, determines access to resources (natural and human made) 

and thus affects quality of life. 

As a consequence, equality and fairness in space are closely related to 

equality and fairness through time and across different parts of the socioeconomic 

system (small and large producers, households from different income groups, 

etc.). These interrelationships are particularly pronounced in the development of 

urban relative to rural infrastructure. With urbanization increasing across the 

globe, the danger exists to concentrate infrastructure development in urban areas 

at the expense of investing in their surroundings.  

The international community recognizes differential mobility, access to 

education, provision of clean water and sanitary sewer service, life expectancy, 

and exposure to disease between urban and rural areas, particularly to the extent 

that greater poverty is associated with rural areas (WDR 2006). For example, 

enlarged transportation networks require dealing with drainage of water from 

impervious surfaces, handling construction waste and managing larger traffic 

volumes. The presence or enlargement of one type of infrastructure system begets 
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investments in another. Increased economic activity in cities and suburbs 

promotes attraction of companies and consumers alike to urban areas. Several 

consequences may be felt. Enlarging the urban–rural divide, with growing income 

differentials, may reduce the sustainability of rural life – undermining cultural and 

socioeconomic integrity. Conversely, high concentrations of people and economic 

activities may result in diseconomies of agglomeration, such as congestion, social 

friction, and consequently an unsustainable urban system.  

The rate of change in urban densities themselves can make it virtually 

impossible for planners and investors to take a long view on infrastructure 

investment – current efforts to provide infrastructure may be too low to keep up 

with current growth in population and economic activity, let alone be able to 

adequately address future needs or long-term environmental concerns. Those 

problems are exacerbated by the fact that the very activity of creating new 

infrastructure – both hard structures, such as bridges and sewer systems, as well 

as the soft structures of institutions – disrupts the performance of already existing 

systems. For example, expanding or building a new transportation route, almost 

certainly, will affect accessibility and operation of existing routes. Creating new 

bureaucracies inevitably raises, at least in the interim, information and transaction 

cost. But there is also the possibility for infrastructure change to leap frog, as the 

example of wireless telecommunication technology in many transition economies 

shows, its development skipping intermediate stages observed in already 

developed nations. 
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2.2.3 Dealing with Indivisibilities, Complementarities and 

Irreversibilities in Investment  

Infrastructure systems, such as water supply, flood control, and transportation 

networks are typically large and often function as a whole or not at all. A break in 

a water main, dike, or bridge can render the respective system incapable of 

providing a service. Investment in redundancy is key to being prepared for 

disruptions, such as during construction or an emergency. For example, having 

well-developed private transportation, bus, and rail systems in place can help to 

cut down on traffic jams in case one of the three is disrupted. Investing in 

redundancies, however, is costly. Similarly, ensuring adequate and reliable 

performance of one kind of infrastructure system often requires coordination with 

other infrastructure systems. Smooth operation of highways, for example may 

require development of drainage and flood management systems. Not only are 

there opportunity costs to sinking large investments in complementary 

infrastructure systems, but such investments can cause irreversible environmental 

degradation – in addition to degradation caused by putting the primary system in 

place. Developing complementary infrastructure systems can also lead to 

technology lock-in (Arthur 1989), and the associated phenomenon of carbon lock-

in (Unruh 2000). With few exceptions, urban transport systems around the world 

are directly or indirectly fossil-fuel based. The ease and reliability of movement 

that they guarantee have spawned suburbanization in much of the Western 

hemisphere, and have fostered an increase in private car ownership, use of buses 

and rail. With the enlarged role of these systems in modern day-to-day life, 
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institutions have developed to manage these systems and to meet the needs of 

their constituents, and as a result have further locked in the existing infrastructure. 

As a consequence, institutional development in the past often has added to the 

inertia that makes adaptive management of infrastructure systems difficult in light 

of changing environmental conditions or technologies (Unruh 2002). 

2.2.4 Risk, Uncertainty and Surprise in Planning and 

Management of Infrastructure Systems  

Since infrastructure systems typically have long life spans, their presence reflects 

knowledge and perceptions that decision makers have about the physical, 

biological and economic environment, as well as their expectations for the future. 

Capacity and design criteria for infrastructure systems typically are based on 

historic observations and extrapolations into the future. Planners ask themselves: 

What will be the size and income of the population over the next 20 years? What 

will be the rate of car ownership and travel demand? What are likely changes in 

land use, industrial, and residential location? How rapidly will relative 

employment and output shift among sectors of the economy? Answers to such 

questions are found on the basis of economic and planning models, most of which 

base their projections on an analysis of historic data. Safety margins are 

introduced into the projections to deal with risk and uncertainty. Yet, since 

planners and decision makers deal with socioeconomic systems that co-evolve in 

close relationship with other socioeconomic systems and their environment, there 

is ample room for surprises to occur and for projections to fail. For example, few 

investments in sea and airports, tunnels, and roadways reflect the impacts that 
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climate change may have on sea level rise or increased adverse weather 

conditions, and therefore a need for better drainage and flood management. 

Current investments in transport infrastructure may also be misplaced if 

telecommuting and internet commerce gain in economic importance – those 

investments are too high if the advent of new communication technology leads to 

a reduction in transport demand; too low or geographically misplaced if new 

communication technology boosts economic activity and requires increased (long-

distance) transport of goods, services, and people (Golob and Regan 2001). 

The size of capital requirements, long lifetimes, pivotal role in 

socioeconomic development, and environmental impacts of infrastructure require 

institutions to take the long view. At times of rapid change in population size, 

economic activity or technology, traditional methods of forecasting future 

demands for infrastructure systems and services on the basis of past trends is 

likely to be inadequate. By the same token, a host of large-scale, long-term drivers 

such as climate change require that current design criteria are revisited, and that 

existing and new infrastructure is (re-)built to withstand, for example, higher 

wind, heavier snow and ice loads, higher surface temperatures, increased drought 

and precipitation, or elevated sea levels. As infrastructures adjust, volumes and 

patterns of material and energy use in urban areas (and their surroundings) 

change.  

2.3 Changes in Urban Metabolism 

Urban metabolism can be understood as the total flow of materials, energy and 

information into and out of an urban system (akin to our bodies’ circulatory 

 15



system) in order to generate goods and services (physical output), as well as 

increases in human well-being (non-material or social output) (Newcombe et al. 

1978, Huang and Hsu 2003, Warren-Rhodes and Koenig 2001). Studies of urban 

metabolism measure inputs, outputs, and material recycling within a city or 

metropolitan area, often paying particular attention to the embodied energy 

(emergy) of goods, activities, and physical structures (Huang and Hsu 2003). The 

conversion of diverse physical quantities into units of energy allows for consistent 

comparison between cities.  

By some accounts, urban metabolism can also be understood more 

explicitly in terms of sustainability. Mitchell (1998) defines urban metabolism as 

the “social as well as biophysical [means] by which cities acquire or lose the 

capacity for sustainability in the face of diverse and competing problems.” By 

sustainability he means the maintenance of resources and quality of life in the 

face of hazards and risk. This conception of urban metabolism aligns with the 

“ecological footprint” concept, often an integral part of any limits to growth 

argument. According to Wackernagel et al. (1999), “[t]he ecological footprint 

represents the critical natural capital requirements of a defined economy or 

population in terms of the corresponding biologically productive areas.” These 

biologically productive areas are taken to mean the amount of land available to 

create the low entropy (highly useful) energy needed to sustain consumption 

(production plus imports, minus exports) patterns of a given human population, as 

well as the land capacity needed to assimilate waste products and greenhouse gas 

emissions (Wackernagel et al. 1999, Wackernagel et al. 2000). The ecological 
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footprint, as a relatively abstract idea, does not require specific information on the 

location of resources.  It offers a common unit for analysis of consumption 

patterns, and may thus serve as a complement to energy-based assessments of 

urban metabolism. 

At the scale of a city or region, most of the biologically productive land 

will be found outside of the system. This realization illuminates the ability of 

wealthy nations to externalize the effects of higher levels of consumption by both 

importing resources and exporting wastes, often over tremendous distances. A 

number of studies have been done calculating municipal ecological footprints, and 

the Global Footprint Network produces national ecological footprints, a summary 

of which is presented in Table 2. These national studies also calculate 

“biocapacity”, the amount of productive land each nation has at its disposal, in 

order to relate consumption to natural resource endowment. On the whole, human 

society is consuming more materials and energy than is globally available over 

the long-term, shown as an overall global “ecological deficit”.  

Locally, cities are also consuming more than is regionally or globally 

available over the long-term. A study of York, UK calculated the total ecological 

footprint of the city to be 1,254,000 ha, yielding an average per capita figure of 

6.98 ha (Barrett et al. 2002). This is not only significantly larger than the total 

land area of York, but is higher than the 5.6 ha per capita ecological footprint for 

the UK and developed nations as a whole, calculated in 2002 (European 

Environment Agency and Global Footprint Network 2005). Just under half of the 

total amount of materials consumed actually entered the city; the remainder 
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accounted for the production and transportation of goods as well as other hidden 

energy flows and losses. A second regional study, of the Isle of Wight found total 

material consumption to be in excess of 750,000 tonnes (5.8 tonnes per capita) in 

1998–99 (Best Foot Forward 2000). This consumption resulted in an ecological 

footprint of 5.15 ha per capita, the majority belonging to the tourist population 

visiting the region each year.  

In general, urbanization increases energy demand as the needs of physical 

and social infrastructure grows within cities (Huang and Chen 2005). Much of 

this increased energy demand has been met with, and indeed facilitated by, the 

use of fossil fuels (Smil 1994, Unruh 2000). The relations between fossil fuel use 

and overall urban metabolisms is most notable in rapidly developing and 

urbanizing economies, such as the Democratic Republic of Korea (UNEP 2003) 

and India (UNEP 2001a), where per capita fossil fuel use across all sectors has 

increased rapidly over the last decade. A study by Warren-Rhodes and Koenig 

(2001) of the city of Hong Kong showed significant increases in both 

consumption and waste outputs between 1970 and 1997. The first urban 

metabolism study conducted on a North American region was completed in 

Toronto in 2003, suggesting slow development of the concept (Sahely 2003). This 

study showed that, in general, inputs (consumption) were increasing more rapidly 

than outputs (waste). Observed residential solid waste and wastewater outflows 

decreased in real terms over the study period (1987–1999).  

The degree to which an urban area makes responsible use of its regional 

natural resources – both for the creation of material goods and the assimilation of 
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waste products – has a significant influence on local environmental quality and 

quality of life. These effects are felt differently within and across countries, as 

well as across socioeconomic gradients, a topic explored in the next section.  

2.4 Environmental Quality and Quality of Life 

Urbanization means increasing rates of direct and indirect consumption of energy, 

materials, and ecosystem services, as well as significant displacement of natural 

ecosystems (McGranahan and Marcotullio 2006). Urban environmental problems, 

founded upon this appropriation and degradation of natural ecosystem structure 

and function, as well as stress on social institutions and urban infrastructure, vary 

regionally and through time as cities develop economically; a number of 

researchers (eg. McGranahan et al. 2001) have supplied graphic representations of 

this phenomenon. As can be seen in Figure 1, local environmental concerns, such 

as indoor air quality and sanitation, are much more pronounced in rural and low-

income urban conditions. These problems are largely driven by development 

paths characterized by rapid demographic change that do not significantly account 

for key biological and ecological processes, such as the dynamics of infectious 

diseases and the provision of ecosystem services. Regional problems, such as 

declining outdoor air quality, emerge as cities develop and incomes increase. 

Industrialization and the increased use of private automobiles, characteristic of a 

development path in larger cities that fails to consider effects on regional 

ecosystems, are indirect drivers of these problems. More global problems, such as 

climate change, increase with increasing development and wealth. Excessive 

material wealth, exaggerated ecological footprints, generation of greenhouse gas 

 19



emissions and solid waste, and a development path ignorant of (or unconcerned 

with) global effects of consumption are driving these changes. The time scale 

over which these concerns are experienced also changes, more local concerns 

posing much more immediate threats to health and well-being, global problems 

occurring slowly, damage being harder to see, understand and react to. Some of 

the most serious conditions at present are due to rapid urbanization that is causing 

more local and immediate environmental health issues (i.e. inadequate sanitation 

and access to clean drinking water) to be experienced at the same time as more 

modern, global concerns (i.e. climate change), effectively reducing cities’ 

capacity to respond to all problems.  

 

3. Urban Regional Assessments 

Recognition of the complexity of urban change – environmental, economic, and 

social – has spawned research programs to improve knowledge about complexity 

and to use that improved knowledge as an input into policy and investment 

decision making. Two related strands of research are discussed here. The first 

concentrates on monitoring and understanding biophysical processes and 

associated technological change, the second more readily addresses the 

interdependencies of environmental and socioeconomic change in cities.  

3.1 Environmental and Technical Change in Cities 

Among the first efforts to advance understanding of complex environmental 

processes from a basic science perspective in the U.S.A. are the Long Term 
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Ecological Research (LTER) programs established by the U.S. National Science 

Foundation. The LTER programs, established in 1980, support interdisciplinary 

research at 26 sites across the United States. Research projects investigate 

ecological processes – and in the case of the two urban LTER sites (Central 

Arizona–Phoenix and Baltimore, Maryland), social-ecological interactions – over 

large temporal and spatial scales. There are five “core areas” on which each 

LTER site focuses: primary productivity, populations, movement of organic and 

inorganic matter, and disturbance patterns (Long Term Ecological Research 

Network 2006). Major results from the LTER research projects include support 

for the link between biodiversity and large scale ecosystem disturbance (i.e. 

climate extremes associated with global climate change) and insights into the 

relationship between urbanization and desertification, particularly in the U.S. 

Southwest (Pehr 2006).  

The two urban LTER sites recognize the fundamental importance of 

humans in urban landscapes and seek to place humans within the context of larger 

ecosystems, recognizing their relations to local natural systems. The urban LTER 

sites are being carried out in geographically, hydrologically, socially, and 

economically distinct places. Phoenix is a relatively young city on the rise, 

characterized by high quality of life but also significant water stress. Baltimore, 

on the other hand, is well known for its degraded infrastructure, crime and 

population decline. Its major environmental concerns include water pollution of 

the Chesapeake Bay. Accompanying programs by the U.S. National Science 

Foundation include, for example, initiatives to “Improve Urban Interactions”, 
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which focuses on new tools for urban research in interdisciplinary settings (e.g. 

NSF 1997). Similar and related research programs are also being promoted in 

Europe such as in the EU Fifth Framework Program on the “Cities of Tomorrow” 

(EC 2006) and the International Human Dimensions Program on Global 

Environmental Change (IHDP) on “Cities and Industrial Transformation” (IHDP 

2001). 

3.2 Integrated Urban Assessment of Global Change 

Impacts 

Significantly younger than the LTER sites, and less formally connected, are a host 

of current urban assessment projects that were spawned by the recognition that 

global environmental change influences urban dynamics. The resulting impacts on 

cities and possible response options hitherto were neglected in research, policy, 

and investment decision making. These projects have paid special attention to the 

influences of climatic change on the adequacy and reliability of urban 

infrastructures, associated changes in urban environmental quality and quality of 

life. In many instances, the underlying conceptual framework for analysis is some 

variant of the “drivers-pressure-state-impacts-response” (DPSIR) approach 

proposed by the OECD (1993) and widely used by the European Environmental 

Agency (1998) and other institutions. In its basic form it distinguishes 

environmental, economic, and social components of the (urban) system, 

sometimes with a refined representation of individual infrastructure elements and 

their relationship to each other and to the overarching socioeconomic and 

environmental system as shown in the larger rectangle of Figure 2.  
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Integrated urban assessments, for each selected system element, describe 

its state, identify impacts on the respective element, and determine the responses 

of system elements to impacts. For example, water treatment infrastructure may 

be characterized by treatment capacities and capacity utilization. Impacts on those 

state variables may come from changes in population, economic activity, 

technology, or rainfall and runoff. Responses may be in the form of system 

failure, retrofits, upgrades, or changes in technology or demand elsewhere in the 

larger system. In many instances, changes in one element of the system (water 

treatment) may trigger changes elsewhere (e.g. energy supply for water 

treatment), thus creating ripple effects with often time-lagged, non-linear 

relationships to the original stimulus for change. 

Indicators for element-specific and integrated (system-wide) impacts are 

quantified to inform investment and policy choices, which in turn feed back as 

new impacts to influence system states. To some extent, system changes are 

related (or, at least in principle, relatable) to the metabolism and overall 

macrobehaviors and emergent properties of the city. The latter are the subject of 

the next section of this paper.  

Examples of more narrow assessments of global change impacts on cities 

– without explicit accounting for material and energy flows and without explicit 

efforts to provide a complex systems perspective to the emergent behaviors – are 

presented in Table 3. This table suggests that more recently, urban integrated 

assessments generally have become more ambitious with respect to the number of 

infrastructure systems and interactions they analyze, the diversity and roles of 
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stakeholders in the respective projects, and the diversity and sophistication of 

methods and tools used to carry out the research. Still somewhat relegated to the 

sidelines are the actual social dynamics that accompany urban impacts and 

adaptations to climate change. This is largely true for the urban LTER projects 

discussed above.  

Examples of larger-scale analyses that cover a mix of rural and urban 

areas and explicitly deal with underlying social issues include the work by 

Hollman et al. (2005a, b) for East Anglia and Northwest England. However, 

there, in part to be able to deal with a larger area and to include social dynamics, 

the resolution with respect to individual system components (infrastructures, 

economic sectors, etc.) remains relatively low, compared to the narrower, urban 

region-focused studies presented in Table 3. 

Despite the advances in modeling and analysis of complex urban 

dynamics brought about by all of these studies, the field of integrated urban 

impact assessment is young and remains fairly disconnected from, for example, 

basic science approaches as illustrated in the urban LTER projects and similar 

efforts around the world. At the same time, insights from complexity theory have 

only implicitly guided the design of these studies and the interpretation of results. 
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4. Understanding the Complexity of Urban 

Systems 

Traditionally, city planning has focused on spatial planning, housing, transport, 

energy, and water systems to individually and specifically address the drivers of 

urban change discussed in Section 2 above. As the interrelations among individual 

drivers are becoming increasingly apparent, focus has shifted to integration of 

planning and management of land use with physical infrastructure, sociocultural 

and economic issues, as well as environmental quality. In the process, insights 

from complexity theory have been proposed as relevant to understand and guide 

the development of cities. Those insights are used in two different, though related 

ways.  

First, there is the study of cities as complex systems, where the 

macrobehaviors of cities are modeled and investigated much like the 

macrobehaviors of chemical or biological systems. The relevant modern 

conceptualizations of complexity used in this research originate in the works of 

Illia Prigogine and his co-workers (see, e.g., Prigogine 1980), who have studied 

open systems – typically physical or chemical systems that were characterized by 

the exchange of mass and energy across system boundaries. Here, non-

equilibrium thermodynamics provided crucial insights into the behavior of many 

such systems. As these systems are exposed to changes in energy flows from the 

outside, structures emerge inside that help dissipate those flows. When stability 

thresholds are exceeded, the systems may experience a transition to a new 
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structure which, in turn, possesses its own limited development potential (Nicolis 

and Prigogine 1977).  

The early work on silicones and other materials was soon extended to 

address the formation of and change in the structure of biological systems, from 

cells to entire ecosystems (Prigogine et al. 1972). For example, Eric Schneider 

(1988, p. 116) described “life itself [a]s a product of the thermodynamic histories 

of the global ecosystem as it evolved from chemical elements and, through energy 

flux transformations, developed useful genetic materials that reproduce and 

metabolize into highly organized systems through stepwise energy 

transformations.”  

The appeal of complexity theory as a unifying framework to explain 

system change was further extended, at least by analogy, to shed light on 

economic growth and development (for a review see Ruth 2005). Some have 

begun to build computer simulation models of social and economic systems 

which describe them explicitly as non-linear, open, self-organizing systems. Peter 

Allen (1997), a former student of Prigogine’s, has been among the first to do so 

for urban systems. The urban dynamics simulation models of Jay Forrester 

(1969), though not explicitly guided by complexity theory, do recognize the 

importance of system openness, non-linearities and time lags. His models focus 

on the interplay of physical urban infrastructure, economic development, and 

pollution in a way that is closely related to the notion of urban metabolism 

discussed above. 
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While much of the work on complex systems behavior has been 

descriptive or simulation oriented, lessons from complex systems analysis are 

slowly beginning to inform policy and investment decision making. If systems, 

such as cities, are indeed best described as open, diverse in structure, and varied 

in interacting components; if furthermore, many of these interactions are non-

linear and time-lagged; and if the components themselves are complex systems 

nested within other complex systems, then – so the argument goes – a complex 

systems approach is needed to understand and guide their behavior (Rotmans and 

van Asselt 2000, Rotmans 2006). Complex systems analysis, thus, has rapidly 

evolved from a descriptive into a prescriptive endeavor. In doing so, it has 

encountered inherent challenges when trying to provide “management advice” on 

the basis of a world view that emphasizes non-deterministic system behavior. 

As a consequence of complexity, novelty and surprise are unavoidable 

features of system development (Funtowicz and Ravetz 1991). One approach to 

dealing with complexity and uncertainty in a pragmatic fashion is to require that 

different perspectives on the various system elements and their interactions are 

provided by different stakeholders from a range of scientific, public, private, and 

non-profit communities (Bond 1998, Hulme and Taylor 2000). Several of the 

integrated urban assessments discussed above have attempted to provide a rich, 

multidisciplinary perspective, informed – and on occasion guided – by insights 

from many different stakeholders. Yet, managing the contributions from a large 

and diverse set of stakeholders has itself become a complex management task. 

The scarcity of resources for those projects and their inherent short duration of 
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usually only one to five years have largely prevented them from becoming 

institutionalized to a point where they can have any long-reaching policy impact. 

As a consequence, the extent of stakeholder dialog and involvement is frequently 

curtailed to keep projects within resource constraints. 

A second means of capturing a wide range of influences on the behavior 

of urban systems it to craft scenarios that are consistent both internally and 

broadly with respect to the contributed viewpoints on the strength and role of 

outside influences on the system and drivers within the system. Frequently, 

contrasting scenarios represent alternate viewpoints of stakeholders. Playing those 

scenarios out – often with the help of computer models – and interpreting their 

consequences across sectors and across time can provide valuable input for 

institutional learning. Furthermore, to the extent that the primary elements of an 

urban system are formally modeled, the quantitative (and qualitative) outputs 

from simulation exercises can be used to inform feedbacks between system 

response and intervention through investment and policy choice, as already 

indicated in Figure 2 above.  

Computer models of complex urban dynamics can improve, iteratively, 

the knowledge of stakeholders, and with that knowledge perhaps improve 

decision makers’ ability to influence those dynamics. It is in this sense that 

adaptive management (Holling 1978, Gunderson et al. 1995) can be a key element 

in problem solving. However, an added challenge in urban planning and 

management that is not present in many of the other areas to which adaptive 

management has been applied, lies in the lumpiness and irreversibility of 
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infrastructure investments. Long lead times and life times of projects in many 

ways prevent adaptation – once an urban highway system is put in place or an 

underground sewer network has been laid, changes are virtually impossible. Here 

it becomes even more important to explore, in structured and quantifiable ways, 

the potential future implications of current investment and policy choices. 

Implementing more anticipatory management (Ruth 2006b) is proving to be even 

more of a challenge than establishing adaptive management as a guiding principle 

for investment and policy making. 

 

5. Summary and Conclusions 

In this paper we reflected on the drivers of urban change, and various approaches 

to understand and manage that change. While the research areas in urban theory 

and analysis are broad, we have deliberately focused on recent developments that 

were spawned by, or are otherwise closely related to, insights from complexity 

theory, and that are part of the ongoing discussion about the impacts of global 

(environmental) change on quality of life in cities. We have argued that continued 

urbanization, more extensive globalization, and increasing impacts of global 

environmental change pose complex challenges to urban planners and managers 

and require that the scientific community develops and uses concepts and 

methods that advance the understanding of that complexity. This is particularly 

important if the science is used to inform policy and investment decision making.  

Yet, as urban analysis begins to integrate insights about the complex 

behavior of urban systems and uses frameworks for analysis, either explicitly or 
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implicitly, that are informed by complexity theory, several challenges emerge. 

First, there is the problem of mismatched world views: decision makers are asking 

for projections on which to base their decisions; integrated assessments provide 

diverse scenarios of potential future system trajectories. Rather than basing 

decisions on projections, the challenge will be to identify strategies that are robust 

for a wide range of possible scenarios. Second, and closely related to the first of 

these challenges: for one group, models and reports are an end product that 

(linearly) enters into a decision making process. For the other, integrated 

assessment is part of an iterative process of adaptive and anticipatory 

management. Given limited budgets and planning horizons, adaptive and 

anticipatory management are difficult to implement in many institutional settings. 

Efforts to overcome these challenges are themselves rife with problems. 

Embracing broad stakeholder communities in the scientific process can bias the 

science through undue influence of special interests. It can also reduce the value 

that science adds to the decision making process if it has to meet some lower 

common denominator during the consensus building process, for example if only 

a narrow set of scenarios are presented to scope investment and policy choices, or 

if the creation of scenarios itself is strongly biased towards pre-existing notions of 

what the future will look like. Current environmental research points as much to 

the complexity of the decision making process itself, as it contributes to the 

understanding of complex relationships among urban infrastructure, population 

and institutions. The biggest challenge may well lie in the innovation of 

institutions that plan for, and manage urban dynamics.  

 30



References 

Allen, P.M., 1997, Cities and Regions as Self-organizing Systems: Models of 

Complexity, Amsterdam, The Netherlands, Gordon and Breach Science 

Publishers. 

Arthur, W.B., 1989, ‘Competing Technologies, Increasing Returns, and Lock-In 

by Historical Events’, The Economic Journal, 99(394), 116–131. 

ASCE, 2005, Report Card for America’s Infrastructure, American Society of 

Civil Engineers, http://www.asce.org/reportcard/2005/index.cfm (last 

accessed October 23, 2006). 

Barrett, J., H. Vallack, A. Jones and G. Haq, 2002, A material flow analysis and 

ecological footprint of York, Stockholm, Sweeden, Stockholm 

Environment Institute. 

Batty, M., 2005, Cities and Complexity: Understanding Cities with Cellular 

Automata, Agent-based Models, and Fractals, Cambridge, Massachusetts, 

MIT Press. 

Best Foot Forward, 2000, Island State: An Ecological Footprint Analysis of the 

Isle of Wight, http://www.bestfootforward.com/reports.html (last accessed 

October 27, 2006) 

Black, D. and V. Henderson, 1999, ‘The theory of urban growth’, Journal of 

Political Economy, 107(2), 252–284. 

Bloomfield, J., M. Smith and N. Thompson, 1999, Hot Nights in the City: Global 

Warming, Sea-Level Rise and the New York Metropolitan Region, 

Washington, D.C., Environmental Defense Fund. 

 31

http://www.asce.org/reportcard/2005/index.cfm
http://www.bestfootforward.com/reports.html


Bond, R., 1998, ‘Lessons for the large-scale application of process approaches 

from Sri Lanka’, Gate Keeper Series, 75, London, UK, International 

Institute for Environment and Development (IIED). 

Brenner, N., 2000, ‘The urban question: reflections on Henri Lefebvre, urban 

theory and the politics of scale’, International Journal of Urban and 

Regional Research, 24(2), 361. 

Camagni, R., R. Capello and P. Nijkamp, 1998, ‘Towards sustainable city policy: 

an economy–environment technology nexus’, Ecological Economics, 

24(1), 103–118. 

Cohen, B., 2004, ‘Urban growth in developing countries: a review of current 

trends and a caution regarding existing forecasts’, World Development, 

32(1), 23–51. 

Dear, M.J. and J.D. Dishman, 2002, From Chicago to L.A.: Making Sense of 

Urban Theory, Thousand Oaks, California, Sage Publications, Inc. 

EAI, 2005, SimCity, Electronic Arts Inc., http://simcity.ea.com/ (last accessed 23 

October 2006). 

EC, 2006, Energy, Environment and Sustainable Cities: The City of Tomorrow 

and Cultural Heritage, The European Commission, 

http://ec.europa.eu/research/eesd/leaflets/en/keyact04.html (last accessed 

23 October 2006). 

European Environment Agency and Global Footprint Network, 2005, National 

Ecological Footprint and Biocapacity Accounts, 2005 Edition, 

http://www.footprintnetwork.org (last accessed 27 October 2006) 

 32

http://simcity.ea.com/
http://ec.europa.eu/research/eesd/leaflets/en/keyact04.html
http://www.footprintnetwork.org/


European Environment Agency, 1998, Europe’s Environment: The Second 

Assessment, Oxford, UK, Elsevier Science. 

Forrester, J.W., 1969, Urban Dynamics, Portland, Oregon, Productivity Press. 

Fujita, M., P. Krugman and A.J. Venables, 1999, The Spatial Economy: Cities, 

Regions, and International Trade, Cambridge, Massachusetts, MIT Press. 

Funtowicz, S.O. and J.R. Ravetz, 1991, ‘A New Scientific Methodology for 

Global Environmental Issues, in Costanza, R. (ed.) Ecological Economics: 

The Science and Management of Sustainability, New York, Columbia 

University Press. 

Golob, T.F. and A.C. Regan, 2001, ‘Impacts of information technology on 

personal travel and commercial vehicle operations: research challenges 

and opportunities’, Transportation Research, Part C – Emerging 

Technologies, 9, 87–121. 

Gunderson, L., C.S. Holling and S. Light (eds.), 1995, Barriers and Bridges to the 

Renewal of Ecosystems and Institutions, New York, Columbia University 

Press. 593 pp. 

Healey, P., 2007 (in press), Urban Complexity and Spatial Strategies: Towards a 

Relational Planning for Our Times, UK, Routledge, 240 pp. 

Holling, C.S. (ed.), 1978, Adaptive Environmental Assessment and Management, 

London, Wiley. 

Holman, I.P., M.D.A. Rounsevell, S. Shackley, P.A. Harrison, R.J. Nicholls, P.M. 

Berry and E. Audsley, 2005a, ‘A regional, multi-sectoral and integrated 

 33



assessment of the impacts of climate and socio-economic change in the 

UK: Part I, Methodology’, Climatic Change, 71, 9–41. 

Holman, I.P., R.J. Nicholls, P.M. Berry, P.A. Harrison, E. Audsley, S. Shackley 

and M.D.A. Rounsevell, 2005b, ‘A regional, multi-sectoral and integrated 

assessment of the impacts of climate and socio-economic change in the 

UK: Part II, Results’, Climatic Change, 71, 43–73. 

Hoo, W. and M. Sumitani, 2005, Climate Change Will Impact the Seattle 

Department of Transportation, Seattle, Washington, Office of the City 

Auditor, August 2005.  

Huang, S-L. and C-W. Chen, 2005, ‘Theory of urban energetics and mechanisms 

of urban development’, Ecological Modelling, 189, 49–71. 

Huang, S-L. and W-L. Hsu, 2003, ‘Materials flow analysis and emergy evaluation 

of Taipei’s urban construction’, Landscape and Urban Planning, 63, 61–

74. 

Hulme, D. and R. Taylor, 2000, ‘Integrating Environmental, Economic and Social 

Appraisal in the Real World: From Impact Assessment to Adaptive 

Management’, in Lee, N. and C. Kirkpatrick (eds.) Integrated Appraisal 

and Sustainable Development in a Developing World, Cheltenham, 

England, Edward Elgar. 

IHDP, 2001, Industrial Transformation, International Human Dimensions 

Program on Global Environmental Change, 

http://130.37.129.100/ivm/research/ihdp-it/it_publications/IHDP-

IT_project_sept2001.pdf (last accessed 23 October 2006). 

 34

http://130.37.129.100/ivm/research/ihdp-it/it_publications/IHDP-IT_project_sept2001.pdf
http://130.37.129.100/ivm/research/ihdp-it/it_publications/IHDP-IT_project_sept2001.pdf


Jollands, N, R. Andrew, M. Ruth, S. Ahmad, M. London, J. Lennox and M. 

Bartleet, 2006, Climate’s Long-term Impacts on New Zealand 

Infrastructure, Phase II Report, Wellington City Case Study, New Zealand 

Centre for Ecological Economics, Massey University, Palmerston North, 

New Zealand, and Center for Integrative Environmental Research, 

University of Maryland, College Park, Maryland, U.S.A. 

Jollands, N., M. Ruth, C. Bernier, N. Golubiewski, R. Andrew and V. Forgie, 

2005, Climate’s Long-term Impacts on New Zealand Infrastructure, Phase 

I Report, Hamilton City Case Study, New Zealand Centre for Ecological 

Economics, Massey University, Palmerston North, New Zealand, and 

School of Public Policy, University of Maryland, College Park, Maryland, 

U.S.A. 

Kirshen, P.H., M. Ruth, W. Anderson, T. R. Lakshmanan, S. Chapra, W. Chudyk, 

L. Edgers, D. Gute, M. Sanayei and R. Vogel, 2004, Climate's Long-term 

Impacts on Metro Boston, Final Report to the U.S. Environmental 

Protection Agency, Washington, D.C., Office of Research and 

Development. 

Koteen, L., J. Bloomfield, T. Eichler, C. Tonne, R. Young, H. Poulshock and A. 

Sosler, 2001, Hot Prospects: The Potential Impacts of Global Warming on 

Los Angeles and the Southland, Washington, D.C., Environmental 

Defense Fund. 

Lange, H. and H. Garrelts, 2006, Integrated flood risk management in an 

individualised society (INNIG) within the scope of the BMBF programme 

 35



on “Risk management of extreme flood occasions”, http://www.artec.uni-

bremen.de/eng/projects/showProject.php?id=17 (last accessed 23 October 

2006). 

Long Term Ecological Research Network, 2006, http://www.lternet.edu/ (last 

accessed 28 October 2006) 

McGranahan, G., P. Jacobi, J. Songsore, C. Surjadi and M. Kjellén, 2001, The 

Citizens at Risk: From Urban Sanitation to Sustainable Cities, London, 

Earthscan, 200 pp. 

McGranahan, G. and P. Marcotullio, 2006, ‘Chapter 27: Urban Systems, 

Millennium Ecosystem Assessment’, in Hassan, R., R. Scholes and N. Ash 

(eds.) Ecosystems and Human Well-being: Current State and Trends, 

Volume 1, Millennium Ecosystem Assessment, United Nations 

Environment Program, Washington, D.C., Island Press.  

Mitchell, J.K., 1998, ‘Chapter X: Urban Metabolism and Disaster Vulnerability in 

an Era’, in Schellnhuber, H-J. and V. Wenzel (eds.) Earth System 

Analysis: Integrating Science for Sustainability, Berlin, Springer, 359–

377. 

Newcombe, K., J. Kalma and A. Aston, 1978, ‘The metabolism of a city: the case 

of Hong Kong’, Ambio, 7, 3–15. 

Newton, P., 2001, Australia State of the Environment 2001. Collingwood, 

Australia, CSIRO Publishing, 198 pp.  

Nicolis, G. and I. Prigogine, 1977, Self-Organization in Non-Equilibrium Systems, 

New York, John Wiley and Sons. 

 36

http://www.artec.uni-bremen.de/eng/projects/showProject.php?id=17
http://www.artec.uni-bremen.de/eng/projects/showProject.php?id=17
http://www.lternet.edu/


Nijkamp, P. and A. Reggiani (eds.), 1992, Interaction, Evolution, and Chaos in 

Space, Berlin, Springer-Verlag. 

NSF, 1997, Understanding Urban Interactions: Summary of a Research 

Workshop, Arlington, Virginia, U.S. National Science Foundation. 

OECD, 1993, Core Set of Indicators for Environmental Performance Review, 

Environmental Monograph No. 83, Paris, Organization for Economic 

Cooperation and Development. 

Prigogine, I., 1980, From Being to Becoming: Time and Complexity in the 

Physical Sciences, New York, W.H. Freeman and Company. 

Prigogine, I., G. Nicolis and A. Babloyantz, 1972, ‘A Thermodynamics of 

Evolution’, Physics Today, 23, 23–28. 

Robson, B.T., 1969, Urban Analysis: A Study of City Structure, Cambridge, 

England, Cambridge University Press. 

Rosenzweig, C., W. Solecki, C. Paine, V. Gornitz, E. Hartig, K. Jacob, D. Major, 

P. Kinney, D. Hill and R. Zimmerman, 2000, Climate Change and a 

Global City: An Assessment of the Metropolitan East Coast Region, U.S. 

Global Change Research Program. 

http://metroeast_climate.ciesin.columbia.edu (last accessed 23 October 

2006) 

Rotmans, J., 1994, Global Change and Sustainable Development: A Modelling 

Perspective for the Next Decade, Bilthoven, The Netherlands, National 

Institute of Public Health and Environmental Protection. 

 37

http://metroeast_climate.ciesin.columbia.edu/


Rotmans, J., 2006, ‘A complex systems approach for sustainable cities’, in Ruth, 

M. (ed.) Smart Growth and Climate Change: Regional Development, 

Infrastructure and Adaptation, Cheltenham, England, Edward Elgar, 155–

180. 

Rotmans, J. and M.B.A. van Asselt, 2000, ‘Towards an integrated approach for 

sustainable city planning’, Journal on Multi-Criteria Decision Analysis, 9, 

110–124. 

Ruth, M. 2005. Insights from Thermodynamics for the Analysis of Economic 

Processes, in A. Kleidon and R.D. Lorenz (eds.) Non-Equilibrium 

Thermodynamics and the Production of Entropy, Heidelberg, Springer-

Verlag, pp. 243 – 254. 

Ruth, M. (ed.), 2006a, Smart Growth and Climate Change, Cheltenham, England, 

Edward Elgar, 403 pp. 

Ruth, M., 2006b, ‘The economics of sustainability and the sustainability of 

economics’, Ecological Economics, 56(3), 332–342. 

Sahely, H.R., S. Dudding and C.A. Kennedy, 2003, ‘Estimating the urban 

metabolism of Canadian Cities: Greater Toronto Area case study’, 

Canadian Journal of Civil Engineering, 30, 468–483. 

Schneider, E.D., 1988, ‘Thermodynamics, Ecological Succession, and Natural 

Selection: A Common Thread’, in Weber, B.H., D.J. Depew and J.D. 

Smith (eds.) Entropy, Information, and Evolution, Cambridge, 

Massachusetts, MIT Press, pp. 107–138. 

 38



Smil, V., 1994, Energy in World History, Boulder, Colorado, Westview Press, 

xviii + 300 pp. 

Pehr, D., 2006, ‘Research scientists work to unravel complex arid, semiarid 

landscapes’, Press Release, University of New Mexico, 

http://www.nmsu.edu/~ucomm/Releases/2006/june/desert_landscapes.htm 

(last accessed 28 October 2006). 

UNDP, 2003, Human Development Indicators 2003, Washington, D.C., United 

Nations Development Program, 

http://hdr.undp.org/reports/global/2003/indicator/indic_38_1_2.html (last 

accessed 28 October 2006). 

UNEP, 2001a, India State of the Environment 2001, Washington, D.C., United 

Nations Environment Program, http://www.rrcap.unep.org/reports/soe 

/indiasoe.cfm (last accessed 20 September 2006). 

UNEP, 2001b, Lao State of the Environment 2001, Washington, D.C., United 

Nations Environment Program, http://www.rrcap.unep.org/reports/ 

soe/dprksoe.cfm (last accessed 20 September 2006). 

UNEP, 2001c, Sri Lanka State of the Environment 2004, Washington, D.C., 

United Nations Environment program, http://www.rrcap.unep.org/reports/ 

soe/srilankasoe.cfm (last accessed 28 October 2006). 

UNEP, 2003, DPR Korea State of the Environment 2003, Washington, D.C., 

United Nations Environment Program, http://www.rrcap.unep.org/reports/ 

soe/dprksoe.cfm (last accessed 20 September 2006). 

Unruh, G., 2000, ‘Understanding carbon lock-in’, Energy Policy, 28, 817–830. 

 39

http://www.nmsu.edu/~ucomm/Releases/2006/june/desert_landscapes.htm
http://hdr.undp.org/reports/global/2003/indicator/indic_38_1_2.html
http://www.rrcap.unep.org/reports/soe /indiasoe.cfm
http://www.rrcap.unep.org/reports/soe /indiasoe.cfm
http://www.rrcap.unep.org/reports/ soe/dprksoe.cfm
http://www.rrcap.unep.org/reports/ soe/dprksoe.cfm
http://www.rrcap.unep.org/reports/ soe/srilankasoe.cfm
http://www.rrcap.unep.org/reports/ soe/srilankasoe.cfm
http://www.rrcap.unep.org/reports/ soe/dprksoe.cfm
http://www.rrcap.unep.org/reports/ soe/dprksoe.cfm


Unruh, G., 2002, ‘Escaping carbon lock-in’, Energy Policy, 30(4), 317–325. 

Wackernagel, M., L. Onisto, P. Bello, A. Callejas Linares, I. López Falfán, J. 

Méndez García, A. Suárez Guerrero and G. Suárez Guerrero, 1999, 

‘National capital accounting with the ecological footprint concept’, 

Ecological Economics, 29, 375–390  

Warren-Rhodes, K. and A. Koenig, 2001, ‘Escalating trends in the urban 

metabolism of Hong Kong: 1971–1997’, Ambio, 30(7), 429–438. 

World Bank, 2006, World Development Report: Equity and Development, 

Washington, D.C., The World Bank and Oxford University Press, 340 pp.  

 

 40



Table 1: Total and urban population trends by level of development and 
income, 1975–2015 
 

 1975 2001 1975-2001 2015 2001-2015 

 Total 
(millions) 

Urban 
(%) 

Total 
(millions) 

Urban 
(%) 

Total
(% ∆) 

Urban 
(% ∆) 

Total 
(millions) 

Urban 
(%) 

Total 
(% ∆) 

Urban
(% ∆) 

High HDI 972.3 71.7 1,193.9 78.3 0.8 9.2% 1,282.0 81.5 0.5 4.1% 
Medium 
HDI 2,678.4 28.1 4,116.2 41.6 1.7 48.0% 4,759.1 49.4 1.0 18.8% 

Low HDI 354.5 19.1 737.5 31.6 2.8 65.5% 1,021.6 39.7 2.3 25.6% 
                 
High 
income 782.0 73.8 935.9 79.4 0.7 7.6% 997.7 82.6 0.5 4.0% 

Middle 
income 1,847.5 35.0 2,694.8 51.6 1.5 47.4% 3,027.9 60.7 0.8 17.6% 

Low 
income 1,437.1 22.1 2,515.0 31.5 2.2 42.5% 3,169.0 38.1 1.7 21.0% 

                 
World 4,068.1 37.9 6,148.1 47.7 1.6 25.9% 7,197.2 53.7 1.1 12.6% 

 
Source: UNDP 2003 
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Table 2: Ecological Footprint and Biocapacity, 2002 data 
 

 
Popula-

tion 

Total 
Ecological 
Footprint 

Food, fiber, 
and timber 
Footprint 

Energy 
Footprint 

Total 
Biocapacity 

Ecological 
Deficit or 
Reserve 

  (millions) 
(global 

ha/person) 
(global 

ha/person) 
(global 

ha/person) 
(global 

ha/person) 
(global 

ha/person) 

WORLD 6,225.0 2.2 0.9 1.2 1.8 -0.4 

              
High 
income 
countries 925.6 6.4 2.1 4.1 3.4 -3.0 
Middle 
income 
countries 2,989.4 1.9 0.9 0.9 2.1 0.2 
Low income 
countries 2,279.8 0.8 0.5 0.3 0.7 -0.1 

 
Source: European Environment Agency and Global Footprint Network (2005) 
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Table 3: Integrated Assessments of Climate Impacts and Adaptation in Urban Areas 
 
 

  

Bloomfield
et al. 
(1999) 

 Rosenzweig 
et al. (2000) 

Koteen 
et al. 
(2001) 

 

Kirshen et al. 
(2004) 

Hoo and 
Sumitani 
(2005) 

Jollands et 
al. (2005, 
2006) 

Lange and 
Garrelts 
(2006) 

Location Greater Los
Angeles, 
California, 
U.S.A 

New 
York, 
New 
York, 
U.S.A 

Metropolitan 
New York, 
New York,  
U.S.A 

Metropolitan 
Boston, 
Massachusetts, 
U.S.A 

Metropolitan 
Seattle, 
Washington, 
U.S.A 

Hamilton 
and 
Wellington 
New 
Zealand 

Hamburg 
and 
Bremen, 
Germany 

Coverage: 
 Water Supply 
 Water Quality 
 Water Demand 
 Sea-level Rise 
 Transportation 
 Communication 
 Energy 
 Public Health 
 Vector-borne Diseases 
 Food-borne Diseases 
 Temperature-related Mortality 
 Temperature-related Morbidity 
 Air-quality Related Mortality 
 Air-quality related Morbidity 
 Other 
 Ecosystems 
 Wetlands 
 Other (Wildfires) 
 Urban Forests (Trees and  
 Vegetation) 
 Air Quality 

 
X 
 
 
X 
 
 
 
 
 
X 
 
X 
 
 
X 
 
 
X 
 

 
X 
 
 
 
 
 
 
 
 
 
 
X 
 
 
X 
 
 
 
X 
 
X 

 
X 
 
 
X 
 
 
X 
 
 
 
 
 
 
X 
X 
 
 
X 
 
 
 

 
X 
X 
X 
X 
X 
 
X 
 
 
 
 
X 
 
 
 
 
 
 
 
 
 

 
 
 
 
X 
X 
 
 
 
 
 
 
 
 
 
 
 
 
 
X 

 
X 
X 
X 
 
X 
 
X 
 
 
 
 
X 
X 
X 
X 
 
 
 
 
 
X 

 
X 
X 
X 
X 
X 
X 
 
 
 
 
 
 
 
 
X 
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Table 3: Continued 
 
 Bloomfield

et al. 
(1999) 

 Rosenzweig 
et al. (2000) 

Koteen 
et al. 
(2001) 

Kirshen et al. 
(2004) 

Hoo and 
Sumitani 
(2005) 

Jollands et 
al. (2005, 
2006) 

Lange and 
Garrelts 
(2006) 

Extent of:  
 Quantitative Analysis 
 Computer-based Modeling 
 Scenario Analysis 
 Explicit Risk Analysis 

 
Low 
None 
None 
None 

 
Medium 
Low 
None 
None 

 
Medium 
Low 
Medium 
None 

 
High 
High 
High 
None 

 
Low 
None 
Medium 
None 

 
High 
Medium 
Medium 
Medium 

 
Medium  
None 
Medium 
High 

Involvement of:  
 Local Planning Agencies 
 Local Government Agencies 
 Private Industry 
 Non-profits 
 Citizens 

 
None 
None 
None 
None 
None 

 
None 
None 
None 
None 
None 

 
High 
High 
None 
Low 
None 

 
High 
High 
Low 
High 
Medium 

 
High 
High 
None 
None 
None 

 
High 
High 
None 
None 
None 

 
High 
High 
Low 
Medium 
Low 

Identification of:  
 Adaptation Options 
 Adaptation Cost 

 
X 
 

 
X 
 

 
X 
X 

 
X 
X 

 
X 
 

 
X 
X 

 
X 
 

Extent of Integration Across 
Systems 

None       None Low Medium Low High Low
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Figure 1: Evolution of urban environmental problems (after McGranahan et 
al 2001) 
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Figure 2. Integrated Urban Impact Assessment Framework 
 

 

Impact

State

Response

Actions in Public, Private
and Non-Profit Sectors

Integrated impacts

Environment Energy Transport Communi-
cation Health Economy/

Society
Water

Indicators

Macrobehavior  and Self-organization

M
aterial and Energy Flow

s

Infrastructures

 
 

 
 
 
 
 

 46



 

artec-paper 
im Zeitraum Oktober 2002 – Dezember 2006 

 
 
Christel Kumbruck, Eva Senghaas-Knobloch 
Das Ethos fürsorglicher Praxis im Wandel – Befunde einer empirischen  
Studie, 50 S. 
artec-paper Nr. 137, November 2006 
 
Matthias Ruth 
Managing the Interrelations Among Urban Infrastructure, Population, and 
Institutions, 46 S. 
artec-paper Nr. 136, Oktober 2006 
 
Matthias Ruth 
Integrative Environmental Research and Education 14 S. 
artec-paper Nr. 135, September 2006 
 
Britta Utz 
Die OECD-Leitsätze für multinationale Unternehmen: Eine erste Bilanz der Wir- 
kungsweise des Vermittlungs- und Schlichtungsverfahrens der Leitsätze anhand 
der abgeschlossenen Beschwerdefälle bei Nationalen Kontaktstellen 2000 bis 
2005, 205 S. 
artec-paper Nr. 134, Juli 2006 
 
Roland Bogun 
Umwelt- und Risikobewusstsein als Voraussetzung für Verhaltensänderungen in 
Richtung Nachhaltigkeit, 40 S. 
artec-paper Nr. 133, Juni 2006 
 
Bernd Jastorff, Georg Müller-Christ, Bastian Behrens, Doris Sövegjarto-Wigbers 
EMAS an Hochschulen. Ökologische und technologische Innovationen durch 
anspruchsvolles Umweltmanagement, 113 S. 
artec-paper Nr. 132, Mai 2006 
 
Georg Müller-Christ 
Frames, Nachhaltigkeit und Wandel der Managementrationalitäten, 70 S. 
artec-paper Nr. 131, März 2006 
 
Hans Dieter Hellige 
Walther Rathenaus naturwissenschaftliches Studium: Verlauf, Resultate und 
Bedeutung für sein Nachhaltigkeitsdenken, 51 S. 
artec-paper Nr. 130, November 2005 
 
Hellmuth Lange 
Klimawandel und präventives Risiko- und Küstenschutzmanagement an der 
deutschen Nordseeküste (KRIM) – Teilprojekt IV - Politisch-administrative 
Steuerungsprozesse (PAS), 155 S. 
artec-paper Nr. 129, November 2005  
 



 

Hellmuth Lange 
Intern@work. Interessenregulierung in der New Economy, 210 S. 
artec-paper Nr. 128, Oktober 2005 
 
Hellmuth Lange 
Retrospektive Analyse größerer Planverfahren in der Küstenzone unter der 
Perspektive „IKZM-Tauglichkeit“, 121 S. 
artec-paper Nr. 127, September 2005 

Martina Schäfer 
The contribution of a regional Industrial sector toward quality of life and sustainable 
development: Indicators and Preliminary Results, 30 S. 
artec-paper Nr. 126, September 2005 

Guido Becke 
Überlebensfähigkeit durch radikalen Unternehmenswandel – Balanceakt zwischen 
Veränderungsdynamik und reproduktiver Stabilität, 47 S. 
artec-paper Nr. 125, September 2005 

Ulrich Dolata 
Soziotechnischer Wandel, Nachhaltigkeit und politische Gestaltungsfähigkeit, 31 S. 
artec-paper Nr. 124, September 2005 

Georg Müller-Christ, Bastian Behrens, Brigitte Nagler 
Best-Practice, Kommunikation und Effizienzfalle: Ein Problemaufriss der 
Transferschwierigkeiten von Umweltmanagementsystemen in die Praxis, 90 S. 
artec-paper Nr. 123, Mai 2005 

Hellmuth Lange 
Lebensstile. Der sanfte Weg zu mehr Nachhaltigkeit?, 17 S. 
artec-paper Nr. 122, Mai 2005 

Eva Senghaas-Knobloch, Guido Becke 
Forschung in Aktion - Betriebliche Veränderungen im Dialog, 81 S. 
artec-paper Nr. 121, November 2004 

Lucia A. Reisch 
Nachhaltiger Konsum: Aufgabe der „Neuen Verbraucherpolitik?“, 15 S. 
artec-paper Nr. 120, November 2004 

Hellmuth Lange 
Rapid Change in Agricultural Policies. The BSE-Crisis in Germany (2000-2001), 21 S. 
artec-paper Nr. 119, Oktober 2004 

Carsten Rachuy, Tobias Warden 
Probleme und Chancen der Benutzerschnittstellen bei Wearable Computern, 25 S. 
artec-paper Nr. 118, Oktober 2004 

Guido Becke 
German Works Councils under Pressure. Institutional Learning as a Pathway 
to Enhance Their Capacities of Action, 66 S. 
artec-paper Nr. 117, September 2004 



 

Guido Becke 
Indirect Regulation: A Remedy to Cure the Defects of European Environmental  
Policy? – The EMAS-Regulation, 57 S. 
artec-paper Nr. 116, September 2004 

Wilhelm Bruns  
Hyper-Bonds – Applications and Challenges, 16 S. 
artec-paper Nr. 115, Juli 2004 
auch als pdf erhältlich 
Yong-ho Yoo  
Bi-directional Mixed Reality Electric Circuit - Virtual Equivalence, 10 S. 
artec-paper Nr. 114, Juli 2004 

Eva Senghaas-Knobloch  
Global Economic Structures and „Global Governance” in Labour Regulation 
Policy, 24 S. 
artec-paper Nr. 113, Juli 2004 

William T. Markham 
Überleben in schwierigen Zeiten. Deutsche Umweltorganisationen im 20. 
Jahrhundert, 15. S 
artec-paper Nr. 112, Juni 2004  

Jörg Richard, Wilhelm Bruns 
Mensch und Maschine im Spielraum.  
Technische Praxis und ästhetische Erfahrung, 24 S. 
artec-paper Nr. 111, April 2004 

Ulrich Dolata 
Unfassbare Technologien, internationale Innovationsverläufe und 
ausdifferenzierte Politikregime. Perspektiven nationaler Technologie- und 
Innovationspolitiken, 35 S. 
artec-paper Nr. 110, März 2004 

Roland Bogun 
“Umweltsünder“ oder “Vorreiter“? Über Bewertungs- und 
Motivationsprobleme im Umweltmanagement an Hochschulen, 38 S. 
artec-paper Nr. 109, Februar 2004 

Hans Dieter Hellige  
Zur Genese des informatischen Programmbegriffs: Begriffsbildung, metaphorische 
Prozesse, Leitbilder und professionelle Kulturen, 30 S. 
artec-paper Nr. 108, Dezember 2003 

Hans Dieter Hellige 
Die Geschichte des Internet als Lernprozess, 24 S. 
artec-paper Nr. 107, November 2003 
auch als pdf erhältlich  

Eva Senghaas-Knobloch 
Globale Wirtschaftsstrukturen und "Global Governance" im Politikfeld Arbeit - 



 

Auftrag und Möglichkeiten der Internationalen Arbeitsorganisation (IAO), 25 S. 
artec-paper Nr. 106, November 2003 

Guido Becke (Universität Bremen, artec), Brigitte Nagler (Universität Bremen, artec), 
Walter Punke (KDA, Stade), Eva Senghaas-Knobloch (Universität Bremen, artec), 
Gerhard Wegner (KDA, Hannover) 
Balanceakt Begeisterung - mit Leib und Seele in der Arbeitswelt, 14 S. 
artec-paper Nr. 105, November 2003  

Hellmuth Lange, Julia Blinde (artec), Stefanie Böge (artec), Hiltrud Burwitz (ZWE), 
Günter Warsewa (ZWE) 
"Informieren – Anbieten – Verordnen. Wege zu nachhaltigen Konsummustern 
zwischen Konflikt und Konsens", 159 S. 
artec-paper Nr. 104, November 2003 

Eva Senghaas-Knobloch 
Interdependenz, Konkurrenz und Sozialstandards. Probleme und Strategien 
bei der internationalen Normendurchsetzung, 26 S. 
artec-paper Nr. 103, Januar 2003 

F. Wilhelm Bruns, Hauke Ernst, Martin Faust, Paulo Gata Amaral, Hermann 
Gathmann, Sven Grund, Ian Hadfield, Jürgen Huyer, Ulrich Karras, Rainer Pundt,  
Kai Schmudlach 
Distributed Real and Virtual Learning Environment for Mechatronics and Tele-
service. Abschlussbericht zum EU-Forschungsprojekt DERIVE, 50 S. 
artec-paper Nr. 102, Dezember 2002  

Khaled Abdelrahimsai-Pjau, Vahit Bilmez, Denis Böhme, Frank Euhus, Marcus 
Fährer, Torsten Fröhling, Thomas Gnewuch, Mathias Liebert, Daniel Mutis, Jörn 
Raffel, Ersin Ürer, Oliver Weickmann 
Theater der Maschinen: Ein studentisches Projekt, 140 S. 
artec-paper Nr. 101, November 2002  

Forschungszentrum Arbeit-Umwelt-Technik (artec) (Hg.)  
Kooperation. Eine fach- und professionsübergreifende Gestaltungsaufgabe. 
Tätigkeitsbericht für den Berichtszeitraum 2000 – 2002, 170 S. 
artec-paper Nr. 100, November 2002  

Hans Dieter Hellige 
Wissenschaftsgenese und Wissenschaftskonzepte der informatischen 
Disziplin Computerarchitektur: Modelle der Artefaktstruktur, des Designraums 
und der Designkonflikte, Bericht des Theorieprojektes, 132 S.  
artec-paper Nr. 99, November 2002  

Forschungszentrum Arbeit-Umwelt-Technik (artec) (Hg.), Redaktion Brigitte Nagler 
Gute Arbeit? Gute Umwelt? Gute Technik? Symposium anlässlich des 12-
jährigen Bestehens des Forschungszentrums Arbeit-Umwelt-Technik (artec) 
am 11. und 12. Oktober 2001, Universität Bremen,  
Dokumentation der Beiträge, 116 S. 
artec-paper Nr. 98, Oktober 2002 

 



 

 
 
Weitere „artec-paper“ sind unter www.artec.uni-bremen.de/paper/paper.php zu 
finden.  
 


	136_paper_Urban_systems_1Nov061.pdf
	136_paper_Urban_systems_1Nov061.pdf
	1. Introduction
	2. Drivers and Impacts of Urban Change
	2.1 Urbanization Trends
	2.2 Urban Infrastructures and Institutions
	2.2.2 Equitable Access to Infrastructure Systems and Service
	2.2.3 Dealing with Indivisibilities, Complementarities and I
	2.2.4 Risk, Uncertainty and Surprise in Planning and Managem

	Changes in Urban Metabolism
	Environmental Quality and Quality of Life

	3. Urban Regional Assessments
	3.1 Environmental and Technical Change in Cities
	3.2 Integrated Urban Assessment of Global Change Impacts

	Understanding the Complexity of Urban Systems
	5. Summary and Conclusions
	References



