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Urban ecology has blossomed within a discipline 
that once shunned cities as unworthy of  its at-
tention (Collins et  al., 2000), especially in the 
USA. Hundreds of  papers on the topic are now 
published each year compared to 25 in a five- 
year period in the 1990s (Collins et  al., 2000), 
and urban ecology sessions at the Ecological 
Society of  America’s (ESA) annual meeting have 
been ‘standing room only’ in recent years. In the 
ESA’s family of  journals, urban ecology papers 
have increased from just four in the first half  
of  the 1990s to almost 100 between 2015 and 
2019 (Fig.  1.1). Accompanying the increased 
attention to cities has been an expansion of  con-
ceptual frameworks guiding urban research (see 
McPhearson et al., 2016b for a summary). Most 
of  these frameworks build upon the idea of  cities 
as novel ecosystems, rather than seeing cities as 
disturbances of  existing ecosystems. They, by ne-
cessity, incorporate social dimensions (Alberti, 
2008; Grimm et al., 2000, 2008; Pickett et al., 
2001, 2008; Groffman et  al., 2017; see also 
Chapter 7).

The growth in interest in urban ecology is 
well founded given patterns of  human migration 
in the past century, migration that continues to 
accelerate along with other drivers of  change in 

the Anthropocene. In the USA, the 2012 census 
reported that more than 80% of  the US popula-
tion lives in urban areas, the major transition to 
urban and suburban areas having occurred in 
the post- World War II era (Grimm et al., 2008). 
Moreover, the percentage of  total surface area in 
the USA that is developed or built up is projected 
to increase from 5.2% in 1997 to 9.2% by 2025 
(Alig et al., 2004).

The pattern of  urbanization in the USA and 
in Europe is being repeated today in develop-
ing countries. Rapid urbanization is occurring 
in the global south, with the fastest growth in 
African and Asian cities of  less than one mil-
lion inhabitants (United Nations, 2015). North 
America, the Caribbean and Europe already are 
more than 75% urban, and most increases in 
the urban population are expected to occur in 
low- to middle- income countries. As in the USA, 
the rate of  urban expansion exceeds the rate of  
urban population growth in many world regions 
(Seto et al., 2012). By mid- century, 80–90% of  
the global population is projected to live in cities 
(Grimm et al., 2008; Seto et al., 2012). In 1950, 
24% of  the world’s 233 countries were urban-
ized (i.e. had an urban population greater than 
the rural population); by 2014, that proportion 
had increased to 63% and by 2050, over 80% of  
countries are projected to have more than half  
of  their population living in cities with about 
half  of  these countries being more than 75% 
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urbanized (United Nations, 2015). Sometime 
in the next 20–30 years, developing countries 
in Asia and Africa are likely to cross a historic 
threshold, joining Latin America in having 
majority- urban populations. The world’s popu-
lation as a whole is expected to undergo substan-
tial further growth over the period, almost all of  
which is expected to take place in the cities and 
towns of  poor countries.

Today’s cities exhibit a wide range of  popu-
lation sizes and densities. The median urban 
population density is 5800 people/km2, equiv-
alent to the population density of  Shanghai, 
China, but the range of  densities is huge (Grimm 
and Schindler, 2018). If  the global population 
rises to 11 billion by the end of  this century, an 
evenly distributed population density would be 
~725–1550 people/km2 – less than today’s me-
dian (Grimm and Schindler, 2018). But that is 
an unlikely outcome: in the fast- growing, poor 
cities of  the global south, much of  the popula-
tion growth is occurring in slums and informal 
settlements, which present huge challenges for 
meeting infrastructure needs, providing clean 
water, sanitation and housing, and protecting 
populations from extreme events.

People live virtually everywhere on earth 
and significantly transform natural habitats 
where they settle (Berry, 1990; Meyer and 

Turner, 1992) and in distant lands they rely 
on to supply resources. Near the end of  the last 
century, human dwellings occupied 1–6% of  the 
earth’s surface; human agriculture covered an-
other 12% (Meyer and Turner, 1992). Virtually 
all lands have experienced human settlement 
or agriculture, or have been used to provide the 
natural resources or recreational opportunities 
needed to sustain the burgeoning human popu-
lation. One estimate holds that only 17% of  the 
earth’s surface is untouched by human activity 
(Kareiva et al., 2007). Models suggest that over 
the last three centuries forests have declined by 
19%, grasslands by 8%, and cropland has in-
creased over 400% (Meyer and Turner, 1992; 
Marzluff  and Hamel, 2001). Human domina-
tion of  planet Earth is evidenced by our use of  
40% of  all terrestrial net primary productivity 
(Vitousek et al., 1986) and lights that are visible 
from space at night (see Fig. 10.1; Elvidge et al., 
1997).

We are thus living in an urban century – a 
part of  the epoch of  the Anthropocene, which 
is characterized by the indelible imprint of  hu-
man impact on the earth’s system (Steffen et al., 
2018). In this century, we will see the movement 
of  the vast majority of  the global human popula-
tion to cities, accompanied by other accelerating 
changes in the environment. Changes in human 
activities, as recorded by exponentially increas-
ing trends in, for example, urban population, 
foreign investments, vehicle miles and carbon 
dioxide in the atmosphere, match in scale and 
acceleration troublesome environmental trends. 
The earth is getting hotter, extreme events are 
increasing in frequency and magnitude, water 
security is increasingly threatened, and species 
are being lost at astonishing rates. Perhaps most 
urgent among these are climate change and in-
creases in the frequency and severity of  extreme 
events. The resulting collision course is one that 
presents opportunities for building better cities or 
rebuilding existing ones, and in which an ecolo-
gist’s perspective, along with the perspectives of  
social scientists, planners, designers, engineers 
and builders, has potential to move cities along 
a trajectory toward greater liveability, resilience 
to extreme events, and sustainability (Childers 
et al., 2014; McPhearson et al., 2016b).

Social- ecological systems (SES) mod-
els enable urban ecologists to describe emer-
gent dynamics among ecosystems, people and 

Fig. 1.1. Increase in the number of urban ecology 
papers published in the Ecological Society 
of America family of journals, 1990–2019, by 
half- decade. Search was conducted on the ESA 
journal website with the following search terms: 
urban, urbaniz*, city, cities. Journals include 
Ecology, Ecological Applications, Ecological 
Monographs, Ecosphere, Ecosystem Health 
and Sustainability, Frontiers in Ecology & the 
Environment, and Bulletin of the Ecological 
Society of America.
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institutions, such as how existing social norms 
influence choices made about landscape veg-
etation, and thus its appropriateness as habi-
tat for birds (e.g. Cook et al., 2012; Chapter 3). 
Existing conceptual models, such as the Human 
Ecosystem Framework (Machlis et  al., 1995), 
the Integrated Social- Ecological System Model 
(Redman et al., 2004), the Press- Pulse Dynamics 
Model (Collins et  al., 2011) the Long- Term 
Ecological Research Program, and, most recent-
ly, the SES Framework (McGinnis and Ostrom, 
2014) have advanced social- ecological systems 
theory. But to understand cities, we must inte-
grate social, ecological and built infrastructure 
(including roads, buildings, power, transporta-
tion systems, and water delivery and removal 
systems). This built infrastructure and its 
associated governance, which we refer to as the 
technological dimension, is often left out of  tra-
ditional SES research (Ramaswami et al., 2012a; 
Grimm et  al., 2013, 2015; McPhearson et  al., 

2016b; Advisory Committee for Environmental 
Research and Education (AC- ERE), 2018; 
Markolf  et al., 2018; Partelow, 2018; Fig. 1.2). 
Together, the social, ecological, and technologi-
cal dimensions form the foundation of  a truly 
new urban ecology, an urban systems science. 
This expanded view is reflected in the concep-
tual frameworks adopted by the two urban long- 
term ecological research projects in the USA; 
the Central Arizona–Phoenix LTER and the 
Baltimore Ecosystem Study.

The foundations of  this new urban ecology 
are actually old; they can be found in the early 
writings of  Sir Arthur Tansley, who argued that 
‘The “natural” entities and the anthropogenic 
derivates alike must be analyzed in terms of  the 
most appropriate concepts we can find’ (empha-
sis added). Tansley (1935) made this argument 
in the same paper in which he defined one of  
the most enduring concepts in the whole field of  
ecology, that of  the ecosystem. While there are 

Fig. 1.2. Whereas in the press- pulse dynamics framework for social- ecological systems (Collins et al., 
2011) the interaction of ecosystem structure and function within a biophysical template is seen as 
delivering ecosystem goods and services (and disservices), a SETS (social- ecological- technological 
systems) framing also identifies the interaction of built structure and technological function as delivering 
services and disservices to the human population. Note that this diagram depicts only the ecological 
and technological components of the SETS, which also includes the social dimension as part of the 
system (see, for example, Grimm et al., 2013).
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disparities between ecologists and non- specialists 
on exactly what constitutes an ecosystem, its 
utility to scientists, managers and the public’s 
understanding is well established. I write this 
chapter from the perspective of  an ecosystem 
scientist, asserting that the ecosystem concept is 
highly appropriate to understanding the struc-
ture, dynamics and interactions of  ecological, 
social and technological components in cities, 
for learning how cities interact with surround-
ing local and global ecosystems. In addition, it is 
highly appropriate for predicting how expected 
changes in landscapes and regions resulting 
from increased urbanization coupled with other 
environmental changes will affect the future of  
the earth system. But as we see from the prolif-
eration of  conceptual frameworks to guide eco-
system study of  urban areas, ecosystem study, 
as traditionally applied, is necessary but not suf-
ficient to understand urban ecosystems. Rather, 
the new urban ecology is an ecology of  complex, 
urban, SETS; it is an interdisciplinary science of  
the Anthropocene (i.e. the epoch [as yet unoffi-
cial] during which human activity has been the 
dominant influence on climate and the environ-
ment). The primary objective of  this chapter is to 
provide an overview of  ecosystem study of  cities 
that illustrates the need for integration of  SETS, 
showing how an integrated urban systems sci-
ence can address the challenges we face in the 
urban century and into the future.

The Physical Environment of Cities

From the earliest times of  established urban 
centres, beginning some 7500 years ago in 
the Fertile Crescent (Redman, 1999), urban 
populations have benefitted from aggregation 
to solve challenges of  living on earth. In many 
cases, these urban centres have arisen and suc-
ceeded where transportation is facilitated, such 
as along coasts and rivers, and this is true today, 
with 42% of  the US population living in coastal 
counties (Fleming et al., 2018). Other cities have 
grown up in proximity to railroads (Cronon, 
1991) or in inland, arid regions (e.g. Phoenix 
(Gober, 2011), Albuquerque and Denver) where 
life outside a concentrated urban centre would 
be difficult.

The most obvious feature of  a city is its built 
or engineered elements. Indeed, when one thinks 
of  a city, it is likely that a skyline of  tall buildings, 
bridges, or rows of  brownstones or apartment 
buildings come to mind. Infrastructure that 
supports human well- being and livelihoods in-
cludes road networks, water and power delivery 
systems, stormwater and wastewater systems, 
and buildings for home and work activities. Built 
infrastructure, thus, is a basic component of  the 
structure of  a city (Pickett and Grove, 2009) 
and its physical environment that has a strong 
influence on climate and hydrology. The built 
environment also presents habitat, stresses such 
as noise and light pollution, or barriers to move-
ment (and direct mortality) for organisms (see 
also discussion in Chapter 3).

Urban climate and the urban heat island, 
a phenomenon wherein temperature in the 
city exceeds temperature outside the city (Oke, 
1973), provides an example of  modulation of  
local climate by built environment and human 
activity (see also Chapter 3). Contributing fac-
tors include the high heat absorption by build-
ing materials, waste heat from urban activities 
(air conditioning, manufacturing etc. (Chow 
et al., 2014)), reduction in vegetative cover, and 
changes in the wind flow owing to urban geom-
etry (Oke, 1973). Younstead et al. (Chapter 8) 
draw an important contrast between the urban 
heat island as a primarily surface phenomenon 
and global warming as an atmospheric phe-
nomenon, but outline ways in which similari-
ties among the two drivers of  urban heat can be 
exploited for a better understanding of  evolu-
tionary and adaptive responses to heat. Urban 
heat island and extreme heat in cities often 
disproportionately affect the poor and minority 
communities who may lack access to air con-
ditioning and/or the cooling benefits of  an ur-
ban tree canopy (Jenerette et al., 2011; Harlan 
et  al., 2013). The urban heat island also has 
substantial impacts on urban plant and animal 
populations, as discussed in Chapters 2, 3, 4, 6 
and 8.

The built environment and human ma-
nipulation alter urban hydrology. Streams are 
buried or paved over (Elmore and Kaushal, 
2008), rivers are dammed or diverted, and the 
properties of  urban surfaces reduce infiltration 
and heighten peak storm flows (Walsh et  al., 
2012), with implications for recipient stream 
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ecosystems (Walsh et al., 2005) as well as prop-
erty and livelihoods exposed to harmful flooding.

Urban Ecosystem Structure

Traditional elements of  ecosystem structure are 
soils, vegetation, water bodies, animals and mi-
crobes. An architecture of  ecosystems is often 
considered as part of  its infrastructure; for exam-
ple, the canopy, understorey and ground cover 
of  a forest ecosystem. Such elements can also be 
seen in cities, where built infrastructure adds an 
additional dimension. Canopy may be conferred 
by tall buildings and ground cover by pavement; 
yet soils, vegetation, animals and microbes do 
persist in urban SETS, albeit with some impor-
tant modifications. For example, Nancy Sonti 
(see Chapter 4) points out that little is known of  
below- ground processes in cities because they 
often are hidden beneath built infrastructure or 
pavement. Organismal populations must exist in 
cities alongside the most dominant population 
of  all, the human population. As an element 
of  ecosystem structure, the human population 
dominates, achieving population density of  tens 
of  thousands of  individuals per square kilome-
tre in some world cities to less than 1000/km2 in 
most USA cities (Grimm and Schindler, 2018). 
But it is the design of  cities, i.e. the configuration 
of  built structures, unseen infrastructure, ‘natu-
ral’ elements, governance institutions, and so-
cial, cultural and economic entities, rather than 
the bodies of  humans themselves, that makes up 
what is familiar to us as a city.

Urban green space comprises a network 
(sometimes very fragmented) of  parks, open 
space and vacant parcels that are managed to 
varying extents and may support species and 
ecological processes that are little altered from 
the surrounding environment. Much of  this 
book describes the dynamics of  populations, 
ecophysiology, species interactions, and other 
ecological topics in urban green space, includ-
ing urban agriculture (Chapter 12). However, 
in public spaces as well as in residential land-
scapes, choice of  species to plant, whether to use 
chemicals to prevent unwanted species from col-
onizing, and mechanisms to attract pollinators 
and other desirable species are the dominant 
controls on structure (Cook et al., 2012; Avolio 

et al., 2015, 2018). Indeed, the choices and pref-
erences of  human actors in urban landscape 
are often so strong that they converge in cities 
located in very different biomes (Wheeler et al., 
2017), although there are larger climate- related 
limitations to the full range of  possible tree spe-
cies (Jenerette et al., 2016).

Much has been written about urban bio-
diversity, both decrying its loss under urbani-
zation as well as expressing hope that urban 
habitats can be used as species refuges (Lerman 
and Warren, 2011; Lerman et  al., 2012). 
Communities of  greatest interest are usually 
plants and birds because of  the value that peo-
ple place upon these organisms (Lerman and 
Warren, 2011); there is less concern, or even 
negative opinions, about insect pollinators or 
mammalian or herpetological populations in cit-
ies (but see detailed discussion about protecting 
bees in urban habitats in Chapter 6). The gen-
eral consensus is that diversity of  urban habitats 
is lower than corresponding ex- urban habitats, 
although in warm climates where many spe-
cies can thrive, plant diversity may actually be 
higher owing to people’s preferences for diverse 
landscapes (Jenerette et  al., 2016). Long- term 
studies in central Arizona have suggested that 
bird diversity is declining in both urban and de-
sert riparian sites, with the latter communities 
becoming more similar to those of  engineered 
urban sites (Banville et al., 2017). Mechanisms 
that explain patterns of  diversity in urban areas 
are under increased scrutiny (Faeth et al., 2005; 
Shochat et al., 2006; Bang et al., 2012, see also 
Chapters 3 and 12), with findings that species 
interactions may play a greater role in reducing 
diversity than was previously thought.

People occupy urban SETS at varying densi-
ties and with differential access to the benefits of  
urban life, including biodiversity (Lerman and 
Warren, 2011). Socio- spatial heterogeneity in 
distributions of  urban amenities or disamenities 
is a common feature of  cities in the USA, many 
of  which have a history of  environmental rac-
ism (Bullard, 1996; Mielke et  al., 1999; Morgan 
Grove et al., 2006; Boone et al., 2009; Bolin et al., 
2013; Schwarz et  al., 2015). A resulting legacy 
is that wealthy, white populations have access to 
urban forest cover and quality housing, while en-
vironmental disamenities like toxic release sites 
and polluted soils and water disproportionately 
affect poor, minority populations. The Baltimore 



6 N.B. Grimm

Ecosystem Study has led the way in developing 
an understanding of  socio- spatial heterogene-
ity, which is discussed in some detail in Chapter 
7. This heterogeneity is one way in which social- 
ecological interactions have not worked to the 
benefit of  all urban residents. The provision of  
ecosystem services (the benefits that people derive 
from ecosystems) has been uneven in many cities.

The arrangements and types of  built struc-
ture and green space comprise a city’s urban 
form. Urban form has implications for how eco-
system processes play out across the landscape. 
Movements of  water, materials and organisms 
are interrupted by unfavourable barriers (e.g. 
highways). Concentration of  impervious surfac-
es in highly built- up urban centres exacerbates 
the urban heat island effect. Built structure 
replaces vegetation and covers soils, thus re-
ducing primary production. Generation of  air 
pollutants by traffic concentrates pollution near 
roadways but may also extend far from the city 
in air movements. Unique types of  ‘pollution’, 
including noise (Katti and Warren, 2004) and 
light (Chapter 10) characterize cities and alter 
organismal life cycles, physiological responses 
and, potentially, interspecific interactions.

Urban Ecosystem Function

Ecosystem processes in cities are affected by 
urban form, species that are selected by people 
or able to survive in cities, and ways in which 
water flows are altered, curtailed or enhanced. 
Ecosystem functions underlie the ecosystem 
services that have potential to benefit peo-
ple (Gómez- Baggethun and Barton, 2013). 
However, they may be undermined when over-
stressed with pollutant loads, overuse, and loss 
of  biodiversity.

Whereas most ecosystems have a productive 
base that supports energy flow and food webs, 
metabolism of  most urban systems demands 
massive imports from external, productive eco-
systems. Of  course, the supplier of  the imported 
energy and materials is ultimately nature, but it 
is nature external to the city – natural capital de-
rived from the extraction of  minerals, rock and 
fossil fuels from the earth, the extensive plant-
ing of  agricultural lands, and feeding operations 
that raise food for the urban population. Thus, 

urban energy flow is dominated by imported en-
ergy and consumption of  that energy through 
food webs and, most importantly, the burning of  
fossil fuels (Odum and Odum, 1980). Primary 
production is usually much reduced in cities ow-
ing to development, but the primary production 
that does occur supports grazing and detrital 
food webs just as in non- urban ecosystems.

Nutrient flows in cities are similarly domi-
nated by imports (Baker et al., 2001; Groffman 
et al., 2004; Kaye et al., 2006; Fissore et al., 2011; 
Metson et al., 2012), with variable levels of  nu-
trient retention depending upon the element 
and structure of  the system examined. Human 
activities in cities influence biogeochemical cy-
cles through alterations of  hydrology, additions 
(intentional, i.e. fertilizer, and inadvertent, i.e. 
by- products of  fossil fuel combustion), changes 
in land use and land cover that drive changes 
in soil processes or vegetation–soil interactions, 
and local climate changes that influence process 
rates. Pollutants that are unique to cities, such 
as pharmaceuticals, present an entirely new 
challenge for microbial communities (Rosi et al., 
2018).

Impacts of  human activities in urban sys-
tems on biogeochemical cycles and metabolism 
are profound and extend to scales far beyond 
those of  the city itself, both through demand for 
materials and energy and production of  wastes 
that can influence regional and even global eco-
systems (Kaye et al., 2006; Grimm et al., 2008; 
Ramaswami et  al., 2012b). Although the sur-
face area of  cities accounts for only 2–4% of  the 
earth’s land surface, their ecological footprint, 
which is the productive land area required to 
supply all resources and assimilate all waste of  
a population, can exceed city area by orders of  
magnitude (Rees and Wackernagel, 1996; Luck 
et al., 2001; see also Chapter 13). Cities produce 
waste (including carbon dioxide) that is trans-
ported by air and affects global biogeochemi-
cal cycles and climate, and accounts for up to 
80% of  greenhouse gas emissions in the USA 
(Maxwell et  al., 2018). Concentrated human 
demand for food, water and materials drives 
changes in land cover and hydrological systems 
at least regionally; these changes may have pro-
found influences on ecosystem function and bio-
diversity at some distance from the city. Demand 
for ‘luxury items’ from wealthy urban areas in 
the USA has a much farther reach in terms of  
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impact. Impacts such as these drive local, re-
gional and global environmental change.

Urban Ecosystems and Global 
Environmental Change: Why We Need 

Urban Ecology

The Anthropocene represents an age of  com-
pounded challenges of  global urban growth and 
climate change that threaten the earth system’s 
sustainability. Cities are the places where 80% of  
the world population will live by the end of  this 
century; thus, the problem of  sustainability, at 
least for the human population, will be solved 
(or not) in cities. Cities and urban areas are com-
plex, and this complexity is further compounded 
by long- term futures that are uncertain, subject 
to non- stationarity, and difficult to prepare for. 
Many of  our greatest environmental and soci-
etal challenges, including climate change, will 
be experienced in cities. The international com-
munity recognized this challenge in identifying 
‘Sustainable Cities and Communities’ as one of  
17 United Nations Sustainable Development 
Goals for 2030. The ‘wicked problems’ of  the 
urban century, including increased frequency 
and magnitude of  extreme events affecting cit-
ies, inadequate infrastructure in rapidly grow-
ing cities, and ageing infrastructure in existing 
cities, require a transdisciplinary approach. 
Transdisciplinary work features multiple per-
spectives and brings together researchers and 
practitioners to co- produce the needed knowl-
edge and move toward solutions (Muñoz- 
Erickson et al., 2017). Urban ecology has much 
to offer in this arena, especially in its capacity to 
integrate across the social, ecological and tech-
nological domains. Pickett et al. (Chapter 7) dis-
cuss some of  the insights that their long- term 
study in Baltimore has yielded; among them, 
they make a strong case for place- based re-
search, welcoming multiple perspectives, linking 
social and environmental factors as both drivers 
and responses, issues of  social equity, and that 
our basic research can be use- inspired; all of  
which are needed perspectives for the new urban 
systems science.

Urban ecology investigates how urban SETS 
drive and respond to environmental change at all 
scales. The interplay between driver and responder 

is subject to change as global environmental 
changes accelerate. Five major categories of  global 
change have effects at various scales (Grimm et al., 
2008): land use and land- cover change (LULCC), 
altered biogeochemical cycles, loss of  biodiversity, 
climate change, and altered hydrological systems. 
LULCC is pervasive and crosses all scales, whereas 
biodiversity changes in cities have primarily local 
effects. On the other hand, altered biogeochemi-
cal cycles reach the global scale, such as through 
greenhouse gas emissions. Hydrological systems 
are severely altered on a local scale, but large- scale 
diversions and inter- basin water transfers can 
also reach regional and even continental scales. 
In terms of  responses, for urban dwellers, the 
top- down effects of  many global environmental 
changes are often swamped by even more dramat-
ic changes in the local environment, including the 
urban heat island, depauperate species pools of  
birds and pollinators, socio- spatial inequities, and 
local pollution. In these cases, the interactions of  
urbanization and global environmental change 
are asymmetrical.

Although this asymmetry has been the 
rule for past decades, climate change impacts 
are beginning to be felt much more in cities. 
Extreme climate events are on the rise (Munich 
RE, 2015) and cities are especially vulnerable, 
given their concentration of  people and infra-
structure that is either ageing (ASCE, 2013) or 
inadequate, coupled with the fact that many are 
located along rivers and coasts or in drought- 
prone drylands. Rising sea levels, flooding, 
drought and heatwaves pose significant risks 
to human settlements, communities and infra-
structure – risks that are increasing in every part 
of  the world. Thus there is an urgent need for ur-
ban ecologists to understand how cities will re-
spond, and to help build resilience in the face of  
these risks (Royal Society, 2014). SETS is a useful 
framework to organize the concepts of  vulner-
ability and resilience of  the social, ecological and 
infrastructural components of  the urban system 
(Markolf  et al., 2018).

Resilience concepts from ecology have been 
adopted in social- ecological systems research 
(Romero- Lankao et al., 2016), where resilience 
is defined as the ability of  a system to maintain 
its characteristic composition, organization and 
function over time while remaining adaptive 
and economically viable, and sustaining human 
communities (Carpenter et al., 2001; Folke et al., 
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2010). Resilience is a system characteristic that 
governs its response to stresses, shocks or dis-
turbances, which can arise from biophysical or 
social drivers (Grimm et al., 2017; Elmqvist et al., 
2019). The capacity of  a system to self- organize, 
cope and transform from its current state to an 
alternative, desirable state in the face of  change, 
i.e. its transformability (Schlüter and Pahl- 
Wostl, 2007) has also been seen as a component 
of  resilience. In order to more fully incorporate 
the technological/ infrastructural components 
of  urban SETS into this understanding of  resil-
ience, a more flexible, systems- based concept 
of  infrastructure is needed (Pandit et al., 2017; 
Chester and Allenby, 2018).

Urban SETS: Cities Provide Solutions

Complex sustainability challenges face urban ar-
eas as they continue to expand and are exposed to 
greater threats from global environmental change. 
Resilient solutions should provide ecosystem ser-
vices, improve social well- being, and exploit new 
technologies in ways that benefit all segments of  
urban populations; in other words, they should at-
tend to all three SETS domains. In fact, many cities 
are leaders in implementing climate- change adap-
tation and mitigation strategies even while state 
and national entities are lagging in such efforts. 
The Rockefeller Foundation’s 100 Resilient Cities 
programme was meant to rapidly develop resil-
ience plans for select world cities. Other entities 
like ICLEI and the Urban Sustainability Directors 
Network in the USA are organizing efforts to pre-
pare for climate change.

Many cities are considering or implement-
ing nature- based solutions, also referred to as 
green infrastructure, low- impact development, or 
ecosystem- based adaptations, to restore or use nat-
ural hydrologic and ecological processes to provide 
ecosystem services (Nesshöver et al., 2017; Depietri 
and McPhearson, 2017; Kabisch et  al., 2017; 
Hobbie and Grimm, 2020; see also Chapter 4). In 
the USA, investment in green infrastructure saw 
a rapid increase following the release of  a memo-
randum supporting its use by the Environmental 
Protection Agency in 2007 (Hopkins et al., 2018). 
Many city practitioners are developing sustain-
ability and resilience plans, in which nature- based 
solutions are often featured, and have adopted 

resilience as a goal for urban transformation and 
dealing with the uncertainty of  future climate con-
ditions (Moser et  al., 2019). However, despite the 
investment in nature- based solutions and the em-
bracing of  the resilience concept, the relationship 
between these strategies and resilience is still poorly 
known (Munroe et al., 2012).

Urban nature has the potential to improve 
air and water quality, mitigate flooding, enhance 
physical and mental health, and promote social 
and cultural well- being. These benefits are often 
described as urban ecosystem services, defined 
as the benefits humans derive from urban nature 
(Gómez- Baggethun and Barton, 2013; Elmqvist 
et  al., 2013). Several chapters in this book touch 
on ecosystem services. Nature- based solutions are 
a subset of  urban ecosystem services (Grimm et al., 
2015; Kabisch et al., 2017; Grimm and Schindler, 
2018; Hobbie and Grimm, 2020) that may pro-
vide air- pollution absorption, stormwater reten-
tion, coastal flood protection, water purification 
or climate modulation, all examples of  regulating 
services that can reduce the impacts of  climate 
change. Certain cities are investing heavily in 
nature- based solutions. For example, New York 
City has a US$1 billion fund for green infrastruc-
ture as a stormwater solution (New York City Green 
Infrastructure Plan: A Sustainable Strategy for 
Clean Waterways, 2010), and four other cities were 
identified as ‘green leaders’ by Hopkins et al. (2018) 
for investments of  more than 20% of  their plan 
funds in green infrastructure. Investment among 
19 US cities was highly variable and often seemed 
to reflect different objectives of  stormwater man-
agement (i.e. volume control or pollution control) 
or the dedication of  a single individual, as was the 
case for Syracuse, New York (Hopkins et al., 2018).

Besides implementing nature- based solu-
tions, what else can city practitioners do and 
how can urban ecology help? In the USA and 
Latin America, a team of  urban ecologists, social 
scientists and engineers has been working with 
practitioners in nine cities to explore alterna-
tive, positive visions for their cities under condi-
tions of  future (2080) climate. There is a need 
for cities to revolutionize the planning process 
to create positive, transformative visions, given 
the urgency of  the challenge (McPhearson et al., 
2016a). Scenario co- development is the process 
of  articulating and exploring alternative future 
pathways based on stakeholders’ knowledge, 
values, preferences and underlying worldviews 
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to envision plausible futures (Wiek and Iwaniec, 
2014). A scientific basis is provided by input 
data, but the process of  developing scenarios 
brings together multiple disciplines, perspectives 
and sectors to create visions that can be used 
to explore trade- offs and express shared values 
(Iwaniec et al., 2020).

New Directions for Urban Ecology

Although I have not attempted to cover the now 
very broad range of  topics addressed by urban 
ecologists, instead choosing to focus primarily 
on urban ecosystems or, more correctly, urban 
SETS, it is clear from the remaining chapters of  
this book that the knowledge base in urban ecol-
ogy has come a long way in a few decades. No 
longer is the urban realm shunned as an inap-
propriate area for ecologists to study. Indeed, I 
hope I have made the case that urban ecologists 
need to be ‘in the trenches’ along with other sci-
entists and practitioners of  cities because cities 
are at the nexus of  environmental change and 
human population dynamics. With a new ur-
ban systems science continuing to develop the 
multi- scaled, transdisciplinary frameworks for 
understanding cities and their interacting eco-
logical, social and technological components in 
a rapidly changing environment, we can begin 
to put this extensive knowledge to use in solving 
the challenges we face.

Several knowledge gaps and barriers to 
achieving this vision are evident, however, and 
have been pointed out in the chapters in this 
book. For organisms inhabiting urban environ-
ments, we have only begun to scratch the surface 
in our understanding of  how functional traits, 
species interactions, physiology, and life history 
traits are altered by urban environments and the 
stresses they impose (i.e. ‘filters’ – see Chapter 3). 
Stresses emphasized in the chapters of  this book 
include: non- native species; pollutant loads, in-
cluding novel pollutants; altered urban climate 

and hydrology; and direct human- caused mor-
tality. An exciting new direction in evolutionary 
ecology asks to what extent responses of  urban 
species represents evolutionary change, and the 
feedbacks between urban ecology and urban 
evolution. New research is beginning on impacts 
of  light on ecological dynamics (see Chapter 10).

At the ecosystem level, we benefit from 
many years of  research in the two urban LTERs 
on biogeochemical dynamics (Kaye et al., 2006; 
Groffman et al., 2004, Pickett et al. (Chapter 7), 
among many others) and budgets. We lack in-
formation about below- ground processes and 
unseen (below- ground) infrastructure, such 
as pipe networks, sewers, electrical wiring and 
water delivery networks, as these data often are 
protected and difficult for ecologists to access. 
We have only just begun to use the tool of  com-
parative ecosystem science to understand how 
cities in different contexts differ in terms of  their 
material mass balances (or ‘metabolism’ as in-
dustrial engineers like to call it; but see Metson 
et al., 2015), or in terms of  the kinds of  nature- 
based solutions or other adaptation strategies 
that are most appropriate to place.

In the Central Arizona–Phoenix LTER, 
there has always been value placed on the 
bringing together of  perspectives from mul-
tiple social sciences, physical science and en-
gineering. Institutional structures at the host 
university make it simple and practical to in-
teract across disciplinary boundaries. But this 
remains a difficult challenge for many urban 
ecologists who either do not have close ties 
with other disciplines or are in institutions that 
frown on such integration, either explicitly 
or implicitly. There is an urgent imperative to 
break free from traditional thinking, especially 
for use- inspired research and transdisciplinary 
work with practitioners. Not only is a new sci-
ence required, but also a new way of  training 
the next generation of  scholars and action- 
oriented researchers is essential to solving the 
urgent problems we face.
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