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Today, 55% of the world’s human population lives in urban areas.  
By 2030, up to 90% of the global human population will live in cities and 
this is expected to increase by 68% by 2050. 

Although land cover categorized as “urban” is a relatively small fraction 
of the total surface area of the Earth, urban areas are major driving forces 
in global environmental change, habitat loss, threats to biodiversity, and 
the loss of terrestrial carbon stored in vegetation biomass. These and 
many other factors highlight the need to understand the broad-scale 
impacts of urban expansion as it effects the ecological interactions 
between humans, wildlife and plant communities.

In a series of essays by leading experts, this book defines urban 
ecology and provides much-needed focus on the main issues of this 
increasingly important subdiscipline such as the impacts of invasive 
species, protecting pollinators in urban environments, the green cities 
movement and ecological corridors.

The book stresses the importance of understanding ecological forces 
and ecosystem services in urban areas, and the integration of ecological 
concepts in urban planning and design. The creation of urban green 
spaces is critical to the future of urban areas, enhancing human social 
organization, human health and quality of life.

Urban ecology is becoming a foundational component of many degree 
programmes in universities worldwide and this book will be of great interest 
to students and researchers in ecology and conservation science, and 
those involved in urban planning and urban environmental management.
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Preface

Today, 55% of  the world’s population lives in urban areas. Estimates suggest that the world’s popu-
lation is expected to increase by 68% by 2050 (United Nations, 2005). Further, by 2030, 80–90% 
of  the global population will live in cities (United Nations, 2005; Seto et al., 2012). In the USA, the 
2012 census reported that more than 80% of  the US population lived in urban areas (Barton and 
Tobin, 2001). Others estimate that ‘more than half  the world’s population lives in cities and suburbs’ 
(Grimm et al., 2008) and an estimated 80% of  the world’s population will live in urbanized areas 
by 2050 (Greenhalgh et al., 2007). Indeed, some have suggested that 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 a majority of  urban residents (Montgomery, 2008). By 2030, according to the 
projections of  the United Nations (United Nations, 2005; United Nations Population Fund, 2007 
(Population Division)), each of  the major regions of  the developing world will hold more urban than 
rural dwellers. Further, by 2050, two thirds of  their inhabitants are likely to live in urban areas. The 
world’s population, as a whole, is estimated to undergo substantial further growth, almost all of  
which is expected to take place in the cities and towns of  poor countries.

More than half  of  the world’s inhabitants currently live in urban environments, whose popu-
lation size will increase significantly. Further, others predict that, globally, by 2030, it is likely that 
almost 6 million km2 of  land will be transformed into urban areas and about 1.2 million km2 will 
undergo urban expansion. These changes will invariably have important and direct impacts on bio-
diversity and carbon pools, i.e. reservoirs of  carbon that have the capacity to both take in and release 
carbon (Seto et al., 2012). Although land cover categorized as ‘urban’ is a relatively small fraction of  
the total surface of  the earth, urban areas are major driving forces in global environmental changes, 
habitat losses, threats to biodiversity, and the loss of  terrestrial carbon stored in vegetation biomass. 
These and many other factors highlight the need to understand the broad-scale impacts of  urban 
expansion as reflected in emerging threats and unintended consequences of  urbanization.

Humans live virtually everywhere on earth. Wherever they settle there are significant trans-
formations of  natural habitats (Berry, 1990; Meyer and Turner, 1992; Houghton, 1994; Marzluff  
and Hamel, 2001). Near the end of  the last century, human dwellings occupied 1–6% of  the earth’s 
surface; human agriculture covered another 12% (Meyer and Turner, 1992). Virtually all lands have 
been affected by human settlement or agriculture, or have been used to provide the natural resources 
or recreational opportunities needed to sustain a burgeoning human population. Models suggest 
that over the last three centuries forests have declined by 19%, grasslands by 8%, and cropland has 
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increased over 400% (Matthews, 1983; Richards, 1990; Meyer and Turner, 1992; Marzluff  and 
Hamel, 2001). Our ‘domination’ of  earth is manifested in our use of  40% of  all terrestrial net pri-
mary productivity (Vitousek et al., 1986) and our disruption of  natural cycles as illustrated by the 
extent and nature of  illuminated areas, worldwide and visible from space at night (Elvidge et al., 
1997; see Fig. 10.1). Human populations are becoming increasingly urban. In 1700, only 14 cities 
(all in Eurasia) existed, with populations of  more than 200,000 people (Berry, 1990). By 1900, 42 
cities on four continents (Eurasia, North America, South America and Africa) had such populations, 
and by 2000, 171 cities on five continents (those above, plus Australia) had populations greater 
than 200,000. In 1900, only 10% of  humans lived in cities; by 2000 nearly 50% did so, and nearly 
70% are expected to do so by 2050 (Marzluff, 2001; United Nations, 1996). Thus by 2050, nearly as 
many humans are expected to live in cities (6.5 billion) as those that occupy the entire earth today 
(Brown et al., 1998). More than 5% of  the total surface area of  the USA is urban and other devel-
oped land (United States Census Bureau, 2001). Not only is this a lot of  land, but it is also more land 
than is covered by the combined total of  national and state parks and areas preserved by the Nature 
Conservancy. Furthermore, especially foreboding is that growth rate of  urban land use is accelerat-
ing faster than land preserved as parks or conservation areas by the Nature Conservancy.                                                                                                      

The result of  human populations increasing and becoming predominantly urban (Marzluff, 
2001) is that land cover changes reduce, perforate, isolate and degrade species habitat (such as the 
habitat of  birds) on local and global scales. In some cases, bird density can increase, but richness 
and evenness decrease, in response to urbanization. As human settlement increases, the associated 
changes may be favourable for some bird species (such as non-native species), whereas the effects 
of  urbanization on other species (such as hawks, owls and cavity nesters, appear to be less consist-
ent. The factors favouring species in urbanizing areas appear simpler than those reducing species. 
Decreased habitat availability, reduced patch size, increased edge, increased non-native vegetation, 
decreased vegetative complexity, and increased nest predation are commonly associated with bird de-
clines in response to human settlement.                                                                                                                                             

Discussions on urban ecology, as provided in this book, provide information on many founda-
tional elements and formative forces in action in urban environments. In addition, the information 
provided demonstrates the importance and implications of  urbanization-induced changes to the 
interactions between people and nature. However, we suggest that the importance of  urban green 
spaces in enhancing urban areas for people requires a real understanding of  the ecological forces 
in urban areas and the importance of  the integration of  ecological concepts and values in urban 
planning and design. Understanding the importance of  urban green spaces and the value of  ecosys-
tem services in urban areas, in particular the incorporation of  those values in urban planning and 
design, is critical to the future of  urban areas. An understanding and appreciation of  urban ecology 
can enhance human social organization, as well as human health and the quality of  life. Most im-
portantly, chapters in this book provide the reader with insights that currently are recognized as par-
ticularly important, as well as insights which have not received the attention they deserve, such as 
discussions of  the importance of  invasive species, protecting pollinators in urban environments, the 
green cities movement, ecological corridors, and other topics. These and other topics need more at-
tention and study if  we are to understand the nature and impact of  ecological phenomena in urban 
environments, and the role played by human inhabitants in these habitats. We respectfully suggest 
that this book is a ‘must-read’ for concerned urban dwellers, citizen scientists, undergraduate and 
graduate students, urban planning practitioners and scholars. Given that urban ecology is an inter-
disciplinary field, focusing on essential elements of  urban planning, the fundamental underpinnings 
of  which are biology, botany and other related fields, it requires broad-scale discussions of  many 
topics, as presented in this book.                                                                                                  

Finally, urban ecology is a foundational component of  many degree programmes or essential 
component courses in major universities, such as the Department of  Urban Design and Planning, 
University of  Washington, as well as departments such as the Department of  Urban Planning and 
Design at Harvard University. In 1923, the Department of  Urban Planning and Design at Harvard 
University was the first formal North American programme in city and regional planning. Others 
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include the Department of  Architecture, Urban Planning and Design, University of  Missouri-Kansas 
City; Hofstra University; The University of  Utah, Yale School of  Forestry & Environmental Studies; 
Massachusetts Institute of  Technology; Antioch University, and many others. Similarly, there is great 
interest among individuals who are interested in the topic but not in on academic tracks, including 
individuals in forestry, geography, landscape design, community planning, or urban resource man-
agement and sustainability. Still more efforts are needed.
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1 Urban Ecology: What Is It and Why Do 
We Need It?

Nancy B. Grimm*
Arizona State University, Tempe, Arizona

* NBGRIMM@ asu. edu

The Growth and Rationale for Urban 
Ecology

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% 

 EBSCOhost - printed on 2/13/2023 11:25 AM via . All use subject to https://www.ebsco.com/terms-of-use

mailto:NBGRIMM@asu.edu


2 N.B. Grimm

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 
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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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Urban forests and greenspace include the woody 
and herbaceous plants found in gardens, parks, 
forest remnants, and along streets in urbanized 
areas (McBride and Jacobs, 1976; Konijnendijk 
et  al., 2006). These forests provide critical eco-
system services, reducing energy use by provid-
ing shading and cooling, reducing wind speeds, 
mitigating soil pollutants, increasing real- estate 
values, improving human health, and provid-
ing habitat for plants and wildlife. These urban 
forests also provide recreational opportunities 
and foster community well- being (Moll and 
Ebenreck, 1989; McPherson and Nowak, 1993; 
Abdollahi and Ning, 1996; Nowak et al., 2000, 
2002; Aukema et  al., 2011; Donovan et  al., 
2013). Over half  the world’s human population 
now lives in cities, putting increasing pressure 
on urban forests and the services they provide.

In this chapter, we describe the composition 
and historical development of  urban forests, 
how urban development shapes tree density 
and diversity, and how herbivores and herbivory 
respond to these changes in urban vegetation. 
We then examine the pattern of  the increased 

prevalence of  exotic plants in cities, the novel 
plant–insect interactions they create, and the 
consequences for urban forest health. In doing 
so, we highlight how the density, diversity and 
geographic origin of  trees in urban forests can 
lead to the simplification of  plant and arthropod 
communities and greater potential for herbivore 
outbreaks.

The Composition of Urban Forests

Historical development of urban forests

The use of  woody plants as sources of  food, for 
providing shade and for beautification of  land-
scapes dates back several thousand years in ur-
ban centres throughout Europe, the Middle East 
and China (Hauer et  al., 2017). The composi-
tion of  modern urban forests depends, at least 
in part, on the biome in which the city occurs. 
In densely forested regions, land was cleared for 
agriculture, settlement and the growth of  cit-
ies, which dramatically reduced the density of  
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woody plants and changed their species compo-
sition. The extant urban forests in these regions 
consist of  native trees and their progeny, with 
the addition of  exotic trees grown deliberately 
for fruit, shade or amenity value or which have 
become naturalized; urban forest remnants and 
secondary growth forests are common in these 
regions. In contrast, savannas, arid regions and 
Mediterranean biomes are generally devoid of  
dense native forests. As cities developed in these 
regions, native and exotic trees were added to 
cities so that both the density and diversity of  
trees were higher in urban forests compared to 
surrounding areas (McBride and Jacobs, 1976; 
Dreistadt et  al., 1990). Overall, the trees pre-
sent in urban forests represent a combination 
of  native trees retained during urbanization, 
new trees deliberately planted, and spontane-
ous reproduction of  trees in unmanaged loca-
tions (McBride and Jacobs, 1976; Dreistadt et al., 
1990; Williams et al., 2009). Thus, the composi-
tion of  urban forests varies among biomes and 
with the land use and cultural history of  cities, 
factors which will govern how arthropods re-
spond to changes in the density, diversity and 
composition of  urban trees.

Patterns of tree density in urban forests

The density of  trees typically declines as imper-
vious surfaces and buildings replace vegetation 
in the built- up areas of  cities, at least in previ-
ously forested regions. In city centres, where 
street trees may comprise the majority of  woody 
plants, the abundance of  trees is extremely low; 
individual trees become surrounded by impervi-
ous surfaces and, in places, trees may be absent 
altogether. An analysis of  street trees in more 
than 100 cities, villages and towns in the state 
of  New York, USA, revealed that street tree den-
sities can be surprisingly low, ranging from 2.9 
to 7.1 trees per 100 metres of  street (Cowett and 
Bassuk, 2014). Urbanization associated with 
Minnesota’s Twin Cities Metropolitan Area re-
vealed a clear inverse relationship between the 
percentage of  impervious surface and the per-
centage of  tree canopy cover in 4000 sample 
locations (Berland, 2012). A similar study of  
seven major metropolitan areas in eastern North 
America revealed strong negative correlations 

between tree density and the percentage of  ur-
ban area covered by impervious surfaces and 
buildings (Nock et al., 2013).

Unsurprisingly, urban forest remnants or bi-
ological preserves within cities often support the 
highest density of  trees (Blair and Launer, 1997; 
Ortega-Álvarez et al., 2011). However, at larger 
spatial scales, tree canopy cover is often greatest 
at intermediate sites along rural- to- urban gra-
dients. This pattern has been attributed to three 
factors along the gradient: the paucity of  trees 
in agricultural and newly developed residential 
areas surrounding the city, the growth and mat-
uration of  abundant trees in low- density resi-
dential neighbourhoods at intermediate levels 
of  urbanization, and intense urbanization in the 
city centre where trees are few (Berland, 2012).

Patterns of tree diversity in urban forests

Several studies have addressed changes in woody 
plant diversity along urbanization gradients, 
and, in general, a negative relationship could be 
predicted between the intensity of  urbanization 
and woody plant diversity. A survey of  26 forests 
in the urban region of  Basel, Switzerland, found 
that species richness and the Shannon Diversity 
Index declined with increasing levels of  urbani-
zation (Melliger et  al., 2018). A comparison of  
the Shannon Diversity Index, functional diver-
sity (the variety of  plant traits such as leaf  ni-
trogen per unit mass, seed mass, wood density, 
maximum plant height) and ecosystem services 
provided by plants (see Cardinale et  al., 2011) 
can provide ways to compare urban and non- 
urban habitats. Indeed, in seven major North 
American cities, these variables were inversely 
correlated with the percentage of  buildings 
and hard surfaces (Nock et  al., 2013). Overall, 
extra- urban sites (commuter towns for urban 
areas) supported the greatest plant diversity. 
Sites with low or moderate amounts of  human 
influence had significantly greater diversity and 
functional diversity than sites with the high-
est amounts of  human influence, supporting 
the notion that urbanization contributed to the 
loss of  valuable functional diversity. At smaller 
spatial scales, however, several more nuanced 
patterns of  tree richness and diversity emerge. 
Often, parks, residences and vacant lots support 

 EBSCOhost - printed on 2/13/2023 11:25 AM via . All use subject to https://www.ebsco.com/terms-of-use



17How Urban Forest Composition Shapes the Structure and Function of Arthropod Communities

some of  the highest levels of  tree diversity within 
cities. Among ten Nordic cities, the species rich-
ness of  trees in parks was significantly higher 
than that of  street trees (Sjöman et al., 2012). In 
Mexico City, Mexico, residential sites supported 
the highest tree species richness, even when 
compared to green areas in the city (Ortega-
Álvarez et al., 2011). In addition, urban vacant 
lots can sometimes support substantial tree di-
versity. For example, in Cleveland, Ohio, vacant 
lots are minimally managed, but they can sup-
port a large proportion of  the city’s urban for-
est. In fact, inner- city vacant lots support three 
times as many trees and greater tree diversity 
than trees in suburban residential lots, thus pro-
viding valuable ecosystem services (Riley et al., 
2018). Whether tree species are native or exotic 
can also be an important variable. In the New 
York metropolitan region, native plants are neg-
atively associated with urbanization, but exotic 
plants are positively associated. The combined 
effect of  these opposing trends results in a lack 
of  relationship between diversity and urbaniza-
tion (Aronson et al., 2014).

Simplification and homogenization of 
urban forests

The replacement of  native plants and animals 
with fewer, geographically widespread exotic 
biota may lead to the simplification and homog-
enization (greater similarity between different 
regions) of  biota in urban areas (McKinney and 
Lockwood, 1999). The effect of  exotic species on 
homogenization, however, may depend on exotic 
species richness. Where exotic species are present 
at low levels and different exotic species colonize 
and establish in different regions, they may serve 
to differentiate localities (McKinney, 2006). On 
the other hand, as exotic species richness in-
creases, the homogenizing effects may become 
increasingly pronounced. Overall patterns of  
increased homogenization with increasing lev-
els of  urbanization are found in urban forests in 
North America (Nock et al., 2013) and Germany 
(Kühn and Klotz, 2006). However, not all species 
respond to urbanization similarly, and important 
differences among exotic plant groups are evi-
dent. In Germany, urban sites dominated by na-
tive and long- established exotic tree species are 

more similar to each other than are rural sites; 
that is, they reflect homogenization. In contrast, 
urban sites containing exotic species introduced 
after the 1500s are more differentiated relative to 
rural sites (Kühn and Klotz, 2006). Similarly, the 
urban flora examined in the metropolitan area of  
New York is not more homogeneous than plant 
communities at rural sites (Aronson et al., 2015). 
In New York, a decline in native plant species with 
urbanization is offset by an increase in exotic spe-
cies, which vary enough among sites that beta di-
versity, and therefore community differentiation, 
is higher in urban compared to rural locations. At 
this intra- city scale, homogenization may be less 
likely to occur than at the larger, inter- city scale 
at which homogenization has been evaluated by 
others (McKinney, 2004, 2006; Kühn and Klotz, 
2006).

Regardless of  plant geographic origin, 
large- scale homogenization of  street trees in 
cities remains a major threat to urban forest 
canopies in North America and Europe (Nowak 
et  al., 2001; Raupp et  al., 2006; Sjöman and 
Östberg, 2019) in the face of  invasive pathogens 
and insects. Disproportionate planting of  elm 
trees in European and North American cities 
predisposed them to catastrophic loss with the 
introduction of  Dutch elm disease, Ophiostoma 
ulmi and Ophiostoma novo- ulmi (Raupp et  al., 
2012). In North America, elms were replaced 
with a small palette of  street trees (Raupp et al., 
2006), thus predisposing them to catastrophic 
loss with the introduction of  emerald ash borer, 
Agrilus planipennis, and Asian long- horned bee-
tle, Anoplophora glabripennis. This has resulted in 
losses of  hundreds of  millions of  trees in North 
America (http://www. emeraldashborer. info/), 
many of  which are in urban centres.

In summary, at spatial scales encompass-
ing the rural–urban gradient, the abundance 
and diversity of  woody plants often decline with 
increasing levels of  urbanization, especially in 
temperate regions and when impervious sur-
faces replace vegetation in city centres. Within 
cities, urban sites can encompass considerable 
variation in tree density and diversity, and in 
many cities, residential areas and parks with 
their attendant human- contrived landscapes 
may support relatively high levels of  plant diver-
sity and abundance. Next, we describe how these 
patterns of  urban tree abundance, diversity and 
composition shape communities of  herbivorous 
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arthropods, with consequences for biodiversity, 
tree health, and ecosystem services.

Response of Herbivorous Arthropods 
to Vegetation Changes in Urban 

Forests

The urban heat island effect directly and 
indirectly affects herbivores

Changes in the density of  trees and other veg-
etation in urban landscapes affect the biotic and 
abiotic conditions in which herbivores exist. In 
densely urbanized areas, the high concentration 
of  impervious surface cover and the low den-
sity of  trees increases temperature (the urban 
heat island effect, Oke, 1973), which directly 
affects herbivorous arthropods. Increasing tem-
perature typically leads to higher overwinter 
survival, faster development time, and more 
generations per year in herbivorous insects (Bale 
et  al., 1988; Yamamura and Kiritani, 1998; 
Bale et  al., 2002; Menéndez, 2007; Trân et  al., 
2007; Netherer and Schopf, 2010; Mitton and 
Ferrenberg, 2012).

The effects of  urban warming in particular 
have been studied in several herbivorous arthro-
pods. Cicadas in Korea, for example, reach higher 
densities in warmer urban compared to cooler 
urban or rural areas (Moriyama and Numata, 
2008; Nguyen et al., 2018). Higher temperatures 
increase overwinter survival of  mimosa web-
worm pupae sheltering near buildings compared 
to those in less urban locations (Hart et al., 1986; 
Miller and Hart, 1987). Likewise, the gloomy 
scale, Melanaspis tenebricosa, has higher survival 
over winter and during the growing season as tree 
canopy temperature increases just 2.5°C (Dale 
and Frank, 2014a, b). The soft- scale complex 
Parthenolecanium spp. have higher survival during 
the growing season as tree canopy temperature 
increases, as documented in urban field observa-
tions and growth chamber experiments (Meineke 
et al., 2013; Meineke and Frank, 2018).

In addition to direct effects on herbivores, im-
pervious surface cover and the urban heat island 
effect also have indirect effects on herbivores by 
changing the quality of  their host plants. Water 
stress can be induced by a combination of  el-
evated urban temperatures and limited access to 

water because of  impervious surfaces over roots. 
In some cases, water stress can improve host plant 
quality by increasing leaf  nitrogen availability 
(McClure, 1980; Koricheva et al., 1998; Huberty 
and Denno, 2004). On the other hand, continu-
ous water stress can decrease nutrient availability 
for some herbivores or even lead to increased plant 
defences (Koricheva et  al., 1998; Huberty and 
Denno, 2004). Thus, the indirect effects of  urban 
warming on arthropods via their host plants are 
inconsistent, or, at a minimum, highly variable. 
For example, sucking insects were found to be 
more abundant on water- stressed oaks in Lincoln, 
Nebraska, but less abundant on water- stressed 
mulberries in College Park, Maryland (Hanks and 
Denno, 1993; Cregg and Dix, 2001). Heat and 
drought have additive benefits for gloomy scale. 
Fecundity of  gloomy scale increases in response 
to both factors, such that scales on the hottest, 
driest trees produce 50% more embryos than wa-
tered trees just 2.5°C cooler. Likewise, the abun-
dance of  Parthenolecanium spp. and oak spider 
mites, Oligonychus bicolor, increase in response to 
heat and drought (Meineke et al., 2013; Meineke 
and Frank, 2018). Unfortunately, the nutritional 
or defensive mechanisms responsible for these 
changes are not known for these or most other 
interactions.

Herbivores respond to patterns of plant 
density, species richness and diversity

Herbivorous insects often respond to variation 
in plant abundance, density and diversity, espe-
cially for those that depend on particular host 
plants. Whereas the abundance of  many herbi-
vores increases where host plants are abundant 
or spatially aggregated (Root, 1973; Connor 
et al., 2000), variation in how herbivores sense 
and move toward host plants or respond to the 
palatability of  adjacent plants can lead to neutral 
or negative responses to plant density and patch 
size (Hambäck and Englund, 2005; Barbosa 
et  al., 2009). To investigate how urban herbi-
vores respond to patterns of  abundance and 
diversity of  host plants, Raupp et al. (2001) sam-
pled herbivorous arthropods on woody plants 
in 212 residential landscapes bi- weekly over 
the course of  two consecutive growing seasons. 
Guilds of  insects and mites included defoliators, 
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sap- suckers, leaf- miners, gall- makers and bor-
ers. As expected, more species of  herbivores were 
present in landscapes containing a higher abun-
dance of  plants and more plant species, such 
that plant abundance and species richness each 
explained 17–18% of  the observed variation 
in herbivore species richness. Overall, the slope 
of  the relationship between herbivore species 
richness and plant species richness was much 
steeper than for plant abundance. Thus, adding 
a new plant species to an urban landscape has 
a much stronger effect on the number of  herbi-
vore species than does simply adding additional 
plant individuals. This is not surprising, as many 
herbivores are specialized, and adding new plant 
species provides opportunities for additional spe-
cialist herbivore species to colonize landscapes. 
However, the slopes of  relationships between 
herbivore richness (as the response variable) and 
plant abundance and richness (as explanatory 
variables) were significantly less than one. Many 
species of  plants found in residential landscapes 
do not support detectable levels of  herbivores, 
thereby suppressing a one- to- one relationship 
between plant richness and the richness of  her-
bivores (Raupp and Noland, 1984; Raupp et al., 
2001).

Butterflies and moths: well-studied urban 
herbivores

Species of  Lepidoptera (butterflies and moths) 
are particularly well studied globally, including 
in cities. Studies of  urban Lepidoptera commu-
nities have permitted comparisons of  how her-
bivore diversity and abundance change through 
time and with urban intensity, as well as how 
these responses depend on species’ ecological 
traits. Because of  the availability of  historical 
records for Lepidoptera, comparisons of  mod-
ern and historical records can be made directly. 
In one of  the few studies comparing herbivores 
over time in urbanizing regions, Pyle (1983) 
found that 7.6– 40.0% of  the butterflies in four 
US cities (San Francisco, Los Angeles, Staten 
Island, Aurora) have become extinct or endan-
gered. Examining spatial patterns in one of  the 
first studies of  urbanization gradients, Blair and 
Launer (1997) examined Lepidoptera diversity 
in what had formerly been forested areas in Palo 

Alto, California. Butterfly richness and diversity 
were greatest in open recreational areas, golf  
courses, residential areas and a forest preserve 
and were lowest at the most urban locations in 
an office park and business district. Not surpris-
ingly, butterfly abundance declined monotoni-
cally from the least developed sites to the most 
developed. Notably, the business district was 
devoid of  all butterflies found in rural sites. A 
similar examination of  butterfly assemblages 
along an urban gradient in Ontario, Canada, 
demonstrated that several species present at less 
developed sites were missing from the most ur-
banized sites (Hogsden and Hutchinson, 2004). 
Abundance and species richness were higher at 
moderately disturbed sites compared to mini-
mally disturbed sites. On the other hand, a study 
of  a guild of  leaf- mining caterpillars on oaks in 
the San Francisco Bay area found no association 
between urban land use and the species richness 
and abundance of  leaf- miners (Rickman and 
Connor, 2003), suggesting that not all species 
respond similarly to urbanization.

In many butterfly and moth communities, 
information about species’ ecological traits (i.e. 
habitat affinity, body size, mobility) can be used 
to shed light on potential mechanisms underly-
ing variation in species’ responses to urbaniza-
tion and to predict how species in other, more 
poorly studied herbivore communities might re-
spond. For example, the species richness of  both 
specialist and generalist butterflies decreased 
with increasing levels of  urbanization across 
105 study plots in Switzerland (Concepción 
et  al., 2015). However, species’ responses de-
pended on the spatial scale at which urbaniza-
tion was measured and on the level of  mobility 
of  the species. Species richness of  highly mobile 
butterflies was negatively affected by urbani-
zation across a broad range of  spatial scales. 
Negative effects of  urbanization on the species 
richness of  less mobile species were most evident 
at smaller spatial scales. When mobility and spe-
cialization were considered simultaneously, only 
highly mobile specialists exhibited negative re-
sponses to increases in urban area, especially at 
the largest spatial scales.

Mobility also plays an important role in 
determining the community composition of  
Lepidoptera responding to habitat fragmenta-
tion, another fundamental consequence of  ur-
banization (Williams et al., 2009; Beninde et al., 
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2015). In an English study, moth abundance 
and species richness were found to be greater 
on oaks in hedgerows (rows of  shrubs or trees) 
compared to isolated oak trees, and mobile forest 
specialists tended to be more negatively affected 
by fragmentation than were habitat general-
ists (Slade et al., 2013). Moths with larger body 
size, and hence greater dispersal ability, can be 
favoured in highly fragmented urban sites, both 
at the community and the intraspecific levels 
(Merckx et  al., 2018). Such a pattern suggests 
that mobility may be a key ecological trait se-
lected for in cities, and further work investigat-
ing the impacts of  urbanization on body size and 
mobility patterns are needed in the future.

Herbivory in Urban Forests

In a recent review of  outbreaks of  herbivorous 
arthropod pests, Raupp et  al. (2012) provided 
several examples of  insects and mites that at-
tain high densities and cause damaging levels of  
herbivory in urban forests. However, relatively 
few studies compare levels of  herbivory between 
cities and ex- urban areas or along gradients of  
urbanization. Among the first to address this 
question were Christie and Hochuli (2005), 
who investigated forest fragments in Sydney, 
Australia. These authors found that oak trees 
experienced greater leaf  damage in small for-
est fragments compared to oaks in large forest 
fragments, at both interior and edge locations. 
While no mechanistic explanation was deter-
mined, the authors suggested nutrient subsidies 
from the surrounding urban areas or loss of  
top- down regulation from predators and para-
sitoids in small remnants may have contributed 
to higher levels of  herbivory by chewing insects. 
Leaf  herbivory can also be greater on trees in 
urban forest fragments compared to landscape 
and street trees (Long, 2019), probably due to 
greater plant and herbivore diversity. In a study 
in the Cincinnati, Ohio, metropolitan area, 
leaf  herbivory did not differ between woody 
plants growing in natural areas such as wood-
lots and wooded parks versus those growing in 
ornamental plantings in residential gardens 
and managed recreational areas (Matter et  al., 
2012). However, in both habitat types, native 
plants sustained more herbivory than exotics. 

Native plants sustained more leaf  herbivory by 
cankerworms in simple urban landscapes than 
did native plants in more structurally complex 
forest remnants (Frank, 2014). Again, overall 
herbivory of  native plants was greater than ex-
otics in both habitats (Frank, 2014).

Herbivory by non- chewing herbivores like 
scales and aphids, often measured as the abun-
dance of  the insects, shows more consistent re-
sponses to urbanization and is often greater on 
urban trees than trees in woodlots or in complex 
residential landscapes (reviewed in Raupp et  al., 
2010, 2012). For example, gloomy scale den-
sity was over 400 times greater on red maples 
along streets than on red maples in urban forest 
fragments (Long et  al., 2019) and rural forests 
throughout the south- eastern USA (Youngsteadt 
et  al., 2015). A similar pattern was found when 
comparing Parthenolecanium spp. scales along 
streets and in forests (Long, 2019). Experimental 
and observational evidence indicate high tem-
perature can be the primary factor increasing 
gloomy scale and Parthenolecanium spp. scale 
density (Meineke et al., 2013; Youngsteadt et al., 
2015; Long et al., 2019). Similarly, crape myrtle 
aphids can be less abundant on landscape trees 
surrounded by complex vegetation than on trees 
surrounded primarily by grass or pavement. This 
response can be attributed, at least in part, to more 
robust natural enemy communities in complex 
habitats (Parsons, 2019). Impervious surface cov-
er, as a measure of  urbanization, was also the best 
predictor of  Asian citrus psyllid density on trees 
in a California study (Thomas et  al., 2017) and 
was a strong predictor of  scale density on multiple 
oak and maple species (Backe, 2019). At a larger 
spatial scale, gloomy scale density consistently in-
creased with urbanization and resulted in worse 
tree condition in urban sites across eight US cities 
(Dale and Frank, 2014a; Just et al., 2018, 2019).

In contrast to the general increases in the 
abundances of  sucking insects found in the above 
within- city studies, a larger- scale comparison 
of  rural and urban sites across 16 European cit-
ies revealed an adverse effect of  urbanization on 
overall herbivory (Kozlov et  al., 2017). Damage 
due to leaf  chewers and leaf- miners was sig-
nificantly lower in urban sites compared to rural 
sites, and the strongest reductions to overall her-
bivory were evident in large urban areas. Higher 
rates of  bird attacks on plasticine models of  cat-
erpillars in urban sites compared to rural sites 
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revealed increased bird predation as a potential 
mechanism underlying these patterns (Kozlov 
et al., 2017). Similarly, in another large study in 
Europe, leaf  herbivory was lower on urban oaks 
compared to rural oaks (Moreira et al., 2019). As 
an interesting point of  contrast, a recent study in 
Raleigh, North Carolina, found greater leaf  her-
bivory on willow oaks and greater bird predation 
in urban forest fragments compared to residen-
tial landscapes and downtown locations (Long, 
2019). The mechanism leading to these results 
was suggested to be greater herbivore species di-
versity in urban forests compared to those urban 
locations with lower tree density and diversity. 
This within- city pattern supports observations of  
an inverse relationship between urbanization and 
functional diversity (Nock et al., 2013). However, 
herbivory was not related to city size or leaf  de-
fences, so mechanisms for these and other results 
remain unclear. Reconciling disparate responses 
of  herbivores across cities, feeding guilds, and spa-
tial scales remains an important avenue for future 
research.

Exotic Plants Are a Major Component 
of Urban Forests

An increase in the proportion of  exotic organ-
isms with increasing levels of  urbanization is one 
of  the most consistent patterns in urban ecology 
(McDonnell and Pickett, 1990; McKinney 2002; 
Luck and Smallbone, 2010; Kowarik, 2011; 
Aronson et  al., 2014). Thus, although many 
urban areas retain substantial plant diversity, 
much of  that diversity is derived from the pres-
ence of  exotic plants. Across the 110 cities for 
which data were available for synthesis, urban 
plant communities included an average of  28% 
exotic species (Aronson et al., 2014). In certain 
cities, that proportion is substantially greater. 
For example, 53% of  the herbaceous and woody 
plant species in built- up areas of  Beijing, China, 
are exotic (Zhao et  al., 2010), and exotic trees 
are prevalent in Kumasi, Ghana, making up 
65.7% of  the street trees along principal roads 
(Uka and Belford, 2016). In Orléans, France, 
11 coniferous tree species are present, and six 
of  these are exotic (Rossi et  al., 2016). Of  888 
street trees in ten South African towns, 71% are 
exotic (Gwedla and Shackleton, 2017). In that 

region, the composition of  the street trees varies 
considerably among towns, such that the pro-
portion of  native street trees ranges from 0% to 
50%. Similarly, Avolio et al. (2018) reported that 
only 11% of  trees planted in neighborhoods in 
Salt Lake Valley, Nevada, were native. In the few 
cases in which changes in urban biota have been 
tracked over time, such as in Adelaide, Australia, 
losses of  native plant and animal species have 
been dwarfed by nearly five times as many intro-
ductions of  exotic species (Tait et al., 2005).

The shift toward a higher prevalence of  
exotic plants with urbanization can be seen 
across spatial scales, with clear trends across 
urban gradients and distinct patterns of  exotic 
species prevalence within cities. For example, 
across the New York metropolitan area, the 
proportion of  exotic woody plant species rich-
ness increases with increasing urban land cover 
(Aronson et al., 2015). The proportion of  exotic 
plant species in cities can be a function of  city 
size, especially for plants introduced since the 
1500s (Pyšek, 1998), as well as variables such 
as total vegetation cover and city age (Aronson 
et  al., 2014). Evidence from studies conducted 
within cities suggests that particular habitats 
are more likely to harbour a greater proportion 
of  exotic plants. For example, vacant inner- city 
lots in Cleveland have a significantly higher 
abundance of  exotic trees compared to native 
trees, as well as a larger proportion of  exotic 
trees than is found in residential properties 
(Riley et al., 2018). In Scandinavian cities, there 
is a greater number of  exotic plant species along 
streets compared to those in parks, although the 
abundance of  native plants is greater than exot-
ics throughout (Sjöman et al., 2012). Residential 
and residential- commercial sites within Mexico 
City have a greater number of  exotic tree species 
than green areas (Ortega-Álvarez et al., 2011). 
Similarly, in Fortaleza, Brazil, exotic trees are 
common in gardens, streets and squares (Moro 
et  al., 2014). Greater than 70% of  the species 
and greater than 75% of  the individuals in those 
locations are exotic. In contrast, a nearby large 
vegetation remnant contains only 8.2% ex-
otic species and less than 1% exotic individuals 
(Moro et al., 2014).

Disturbed sites, such as abandoned prop-
erties, waste areas, areas with high impervious 
surface cover, and forest edges, may generally 
harbour more exotic species than less disturbed 
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habitats (Godefroid and Koedam, 2003; Kowarik, 
2008; Riley et  al., 2018), but exotic plants may 
also be deliberately planted due to species- specific 
tolerances to the often harsh urban environment. 
Indeed, cities often are important points of  en-
try, release and trade of  exotic plants (Kowarik, 
2011). Homeowners may also select exotic trees 
and shrubs for ornamental value based on current 
trends (Avolio et al., 2018). In certain situations, 
exotic trees may be more resistant to herbivores 
and the harsh abiotic conditions in the city centre 
than are the available native species (Sjöman et al., 
2012; Frank et al., 2019).

Native and exotic arthropods in cities 
encounter plants from many geographic 

origins

Globally, plants and insects are among the most 
commonly introduced taxa, and the rates of  in-
troduction of  these groups do not appear to be 
slowing (Seebens et  al., 2017). In urban areas, 
a combination of  suitability, availability, cost, 
aesthetics, consumer demand, as well as spon-
taneous colonization of  exotic plants, have con-
tributed to the high relative abundance of  exotic 
plants (Sjöman et al., 2016; Avolio et al., 2018; 
Riley et  al., 2018). Exotic herbivores also con-
tinue to be introduced across habitats, where 
they can have massive ecological and economic 
impacts (Liebhold et  al., 1995; Pimentel et  al., 
2005; Holmes et al., 2009; Aukema et al., 2011). 
Liebhold et  al. (2018) identified the primary 
role of  plant diversity, both native and exotic, 
in driving exotic insect diversity globally. Thus, 
we would expect to find urban communities re-
plete with both native and exotic plants, as well 
as native and exotic insects. The combinations 
of  native and exotic plant and arthropod species, 
along with unique abiotic conditions, leads to 
herbivory and other interactions that are hard 
to predict and do not always follow ecological 
theories developed in natural ecosystems (Dale 
and Frank, 2014b, 2018; Just et al., 2019).

Here, we propose that the higher propor-
tion of  exotic trees in cities leads to potential 
mismatches in coevolutionary history between 
plants and herbivores, with four outcomes based 
on the geographic provenance of  herbivorous in-
sects and the plants on which they feed (Fig. 2.1). 

For each combination of  plants and herbivores, 
two outcomes may be possible: either elevated or 
reduced herbivory, where herbivory is quantified 
as either herbivore damage or the abundance of  
herbivores. The outcome of  each combination is 
likely to be governed by the specific details of  the 
abiotic and biotic contexts of  the interaction, so 
caution must be used when making generalities 
about native and exotic plant and herbivore in-
teractions in the urban forest.

A. Novel interactions between native 
herbivore and plant communities

In many cities, native trees are retained in rem-
nant forest habitats or planted in street, park or 
residential settings (Nowak et al., 1996; Cowett 
and Bassuk, 2014). Native plants have been 
promoted for the retention of  biodiversity and 
their suitability for the regional abiotic condi-
tions (Tallamy, 2004; Chalker- Scott, 2015), and 
they are frequently colonized by native insects. 
However, native plants in cities do not always 
support arthropod communities equivalent to 
those found in forests or natural areas, nor are 
populations of  arthropods in cities necessar-
ily stable (McIntyre, 2000; Raupp et  al., 2010; 
Dale and Frank, 2018). Such shifts can be due 
to changes in biotic conditions, such as plant 
diversity, structural complexity and biological 
control by natural enemies, as well as differ-
ences in abiotic conditions such as temperature, 
pollution and water availability (Meineke et al., 
2017; McCluney et al., 2018; Long et al., 2019). 
Across taxa, higher trophic levels may be more 
sensitive to the harsh abiotic conditions in cities 
(Van Nuland and Whitlow, 2014; Meineke et al., 
2017; Melliger et al., 2018), resulting in relaxed 
natural enemy control of  lower trophic levels 
and the potential for herbivore outbreaks.

Studies examining native herbivores on na-
tive trees in cities document declines of  sensitive 
species, as well as outbreaks of  insects that may be 
facilitated by the warm conditions or altered nu-
trient regimes. For example, in Charlotte, North 
Carolina, outbreaks of  native cankerworms on 
the commonly planted native willow oak, Quercus 
phellos, have occurred consistently over the past 
20 years (Asaro and Chamberlin, 2015), per-
haps due to the abundance of  oaks in the urban 
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forest and urban conditions (heat, nutrient addi-
tions) favourable to the insect. Similarly, repeated 
outbreaks of  orange- striped oak worms, Anisota 
senatoria, in the south- eastern USA can negatively 
affect tree health, especially for water- stressed 
urban pin oak, Quercus palustris (Mattson et  al., 
1991; Coffelt et al., 1993). Likewise, native scale 
insects, mites, aphids, and other sucking herbi-
vores frequently become more abundant on their 
native hosts due to abiotic conditions or changes 
in host plant quality (Meineke et  al., 2013; Dale 
and Frank, 2014b, 2017; Meineke and Frank, 
2018). Due to evolutionary relationships and 
abiotic conditions, native and exotic herbivores 
often become damaging herbivorous pests on na-
tive trees, reducing the growth of  these trees and 
dampening the ecosystem services they provide 
(Meineke et al., 2016; Dixon, 1971; Coffelt et al., 
1993; Dale and Frank, 2014a). Increasingly, ex-
otic plants are recognized as sustainable alterna-
tives in pest- prone planting situations since they 
generally have fewer herbivores and less herbivory 

(Kendle and Rose, 2000; Sjöman et  al., 2016; 
Frank et al., 2019).

B. Exotic trees may be resistant or highly 
susceptible to native insect herbivores

As exotic plants and insects continue to be in-
troduced to new habitats worldwide (Aukema 
et al., 2010; Seebens et al., 2017), the potential 
for novel species interactions, i.e. interactions 
among species with little recent coevolution-
ary history, continues to increase (Pearse and 
Altermatt, 2013). New plants are often difficult 
for non- coevolved herbivorous insects to utilize. 
As such, plants may present novel physical or 
chemical defences and lack necessary host plant 
recognition cues (Ehrlich and Raven, 1964; 
Tahvanainen and Niemelä, 1987; Futuyma and 
Agrawal, 2009).

Fig. 2.1. The higher proportion of exotic trees in cities leads to potential mismatches in coevolutionary 
history between plants and herbivores or due to the separation of herbivores from natural enemies via 
enemy escape (enemy- free space or enemy release; Jeffries and Lawton 1984; Keane and Crawley, 
2002; Mlynarek et al., 2017). Labels A–D refer to different combinations of native and exotic plants and 
herbivorous insects, the details of which are described in the text. The coevolutionary matrix depicted 
herein was first proposed by Raupp et al. (2010).

 EBSCOhost - printed on 2/13/2023 11:25 AM via . All use subject to https://www.ebsco.com/terms-of-use



24 H.M. Martinson, M.J. Raupp and S.D. Frank

One of  the major hypotheses regarding 
plant invasions is that many plants are in-
troduced without herbivores, releasing them 
from top- down control (e.g. the Enemy Release 
Hypothesis, Keane and Crawley, 2002). The 
number of  herbivorous insects utilizing an ex-
otic plant is often related to how long ago it was 
introduced, its abundance, or the geographic 
range of  the exotic plant where it has been intro-
duced. This suggests that colonization of  novel 
hosts is not immediate and is positively related 
to the spatial and temporal opportunities for 
colonization (Kennedy and Southwood, 1984; 
Brändle et  al., 2008). The aforementioned fac-
tors and the often narrow diet breadth of  her-
bivorous insects (Forister et al., 2015) may lead 
to herbivore communities on exotic plants that 
are species- poor, skewed toward generalists, 
and which lack coevolutionary history with the 
plants on which they feed.

Consistent with this prediction, Roques et al. 
(2006) found that herbivore species richness on 
conifers introduced to Europe was lower than on 
the same plants in their native ranges. For ex-
ample, Douglas fir, Pseudotsuga menziesii, which 
has been cultivated in plantations in Europe for 
over 130 years, has acquired only 33.9% of  the 
species richness of  herbivores in its native North 
American range. Furthermore, the herbivore 
communities in Europe were dominated by poly-
phagous species and external feeders. Similarly, 
in a study of  the accumulation of  herbivores in 
central Europe, Brändle et al. (2008) found that 
exotic plants supported a lower overall species 
richness of  butterflies and moths (Lepidoptera) 
and leafhoppers (Hemiptera: Auchenorrhyncha) 
compared to native woody plants (Brändle et al., 
2008). Further, the diet breadth of  herbivores 
on the exotic species was much broader than on 
the native species. In common gardens of  native 
and exotic woody trees and shrubs, native plants 
supported higher abundances and a greater spe-
cies richness of  butterfly and moth caterpillars 
(Burghardt et  al., 2010). Furthermore, fewer 
than 6% of  the herbivores on exotic plants were 
specialists (i.e. feeding on fewer than three fami-
lies), whereas up to 33% of  the species found in 
native- only plantings were specialists.

In addition to driving differences in her-
bivore richness, a lack of  colonization of  novel 
plants by native herbivores may also result 
in lower levels of  herbivory on exotic plants. 

For example, in wild and cultivated settings in 
Florida, native members of  the genus Eugenia 
(plants in the myrtle family) experienced higher 
levels of  herbivory than did exotic species (Liu 
et  al., 2007). Norway maple (Acer platanoides) 
can experience three times less herbivory in its 
exotic range in North America compared to its 
native range in Europe (Adams et  al., 2009). 
Similarly, higher levels of  herbivory have been 
recorded on native plants compared to exotic 
plants in both ornamental and natural settings 
in and around Cincinnati, Ohio (Matter et  al., 
2012). Several recent studies, however, have 
demonstrated that this pattern of  lower herbivo-
ry on exotic plants is far from universal. Scale 
insects were more abundant on some but not all 
native maple and oak species compared to ex-
otic congeners in the south- eastern USA (Frank 
et al., 2019). Furthermore, a recent study in ex-
perimental landscapes made entirely of  either 
native species or their exotic congeners found 
similar herbivory on native and exotic trees 
(Parsons, 2019), highlighting that more work 
needs to be done to understand the mechanistic 
basis of  these patterns.

Reductions to the abundance and species 
richness of  herbivores on exotic plants may have 
consequences for the larger ecological com-
munity and contribute to unstable herbivore 
dynamics in cities. When exotic plants increase 
in prevalence in cities and few herbivores are 
able to colonize these plants, the resulting in-
sect communities may be simplified. Further, 
they may be dominated by generalists and lack 
the biomass necessary to sustain higher- order 
consumers such as predatory arthropods, para-
sitic arthropods and birds (Tallamy, 2004). In a 
common garden experiment, exotic plants were 
found to support fewer individuals and less di-
verse herbivore communities compared to native 
plants (Burghardt and Tallamy, 2013). Specific 
components of  the herbivore community were 
sensitive to plant geographic origin, such that 
exotic plants supported fewer immature in-
dividuals, leaf  chewers and internal feeders. 
Furthermore, such changes to the arthropod 
community led to lower beta diversity for im-
mature herbivores on exotic trees, both among 
individual trees and among sites (Burghardt and 
Tallamy, 2015). Exotic experimental landscapes 
supported herbivores with lower host specificity; 
and among sites, herbivores were a redundant 
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subset of  species on natives. Thus, community 
simplification and biotic homogenization may 
occur with the planting of  exotic trees in cities, 
especially when phylogenetically distinct exotic 
plants replace natives.

Not all research finds that exotic street trees 
have fewer herbivores or less herbivory than 
natives. Whether exotics have lower, equal or 
higher arthropod abundance or diversity likely 
depends on the tree species and the herbivore 
taxa selected for study. In several recent stud-
ies, herbivore abundance, diversity or herbivory 
were similar among native and exotic trees and 
other woody plants (Backe, 2019; Parsons, 
2019). In addition, herbivore and natural en-
emy communities on native and exotic plants 
depend strongly on plant composition in the sur-
rounding landscape. For example, in addition to 
finding that exotic maple street trees can have 
greater arthropod diversity than native conge-
ners, Backe (2019) found that at high levels of  
impervious surface cover, the exotic trees main-
tained their diverse arthropod communities 
while communities on natives were diminished. 
Finally, in contrast to research focused on herbi-
vores, many studies have found similar densities 
of  natural enemies on native and exotic tree spe-
cies (Proches et  al., 2008; Hartley et  al., 2010; 
Backe, 2019; Frank et al., 2019; Parsons, 2019).

When herbivores can utilize novel host 
plants (i.e. those plants with which they share 
little coevolutionary history) and when they 
are not limited by natural enemies, dramatic 
increases in herbivore densities and damage 
to exotic plants can occur. For example, the 
North American pine needle scale, Chionaspis 
pinifoliae, produces more eggs, survives better 
and achieves higher abundances on the exotic 
Scots pine (Pinus sylvestris) than on the North 
American red pine, P. resinosa in field plots in 
Ohio (Glynn and Herms, 2004). Similarly, in a 
20- year common garden experiment, three of  
four exotic birch species suffered 100% mortal-
ity due to the native bronze birch borer, Agrilus 
anxius (Nielsen et  al., 2011). In contrast, the 
three native birch species in the common gar-
den persisted, with greater than 70% survival 
over the 20- year period. In general, a mismatch 
in the origins of  plants and herbivorous insects 
indicates a lack of  coevolutionary history and a 
resulting lack of  specific resistance mechanisms. 
This defence- free space can lead to outbreaks of  

herbivorous insects and damage to the plants 
on which they feed (Gandhi and Herms, 2010; 
Showalter et al., 2018).

The likelihood of  herbivores experiencing 
defence- free space versus not being able to utilize 
a novel host may be related to the feeding ecol-
ogy of  the herbivore and the relatedness of  novel 
plants to those in the local plant community. In 
a meta- analysis of  the fitness of  herbivores on 
novel compared to native hosts, Bertheau et al. 
(2010) found that, overall, the use of  novel 
hosts depresses measures of  insect fitness. Two 
aspects of  the biology of  the insects and the 
plants emerged as important explanatory fac-
tors in that analysis: the diet breadth of  the her-
bivore and the phylogenetic relatedness of  the 
plants. The most negative effects of  novel plants 
on herbivore fitness were on herbivores feeding 
on only one host plant (i.e. monophagous spe-
cies), whereas the effect on the fitness of  gener-
alist (i.e. polyphagous) herbivores was neutral. 
Second, the effect on fitness of  using a novel but 
closely related plant was minimal compared to 
the effect of  using a distantly related novel host; 
this effect was notable for species with narrow 
diet breadths (i.e. mono- and oligophagous spe-
cies), although there was no effect of  phyloge-
netic relatedness for polyphagous species. Thus, 
we would expect the herbivore community on 
exotic plants in cities to be comprised largely of  
generalist species, or of  specialists if  the plant 
is closely related to native hosts. In addition to 
evolutionary and ecological aspects influencing 
herbivore–plant interactions, a large proportion 
of  urban plants are chosen and planted by peo-
ple. Often, ornamental plant introductions and 
the choices made by consumers are premised, at 
least in part, on low damage by herbivores and 
pathogens.

C. Native trees may be severely damaged 
by exotic herbivores in cities

In much the same way that exotic trees may be 
colonized and consumed by native insects, so too 
may native trees be colonized and consumed by 
exotic insects. In either case, herbivores able to 
feed on non- coevolved plants may experience 
defence- free space and inflict substantial dam-
age to trees (Showalter et  al., 2018). Examples 
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in natural and ornamental systems abound and 
include historical and recent exotic herbivore 
outbreaks. Gypsy moth has spread dramatically 
from its introduction in New England across 
much of  the north- east and mid- west, defoliat-
ing oak- dominated forests as it spreads (Liebhold 
et al., 1992, 1995). The exotic hemlock woolly 
adelgid, Adelges tsugae, has devastated native 
Appalachian hemlocks (Tsuga canadensis and 
T. caroliniana) since its introduction from Japan 
prior to 1951 (Havill et  al., 2011), and the  
introduction of  the balsam woolly adelgid led 
to massive declines in the native Fraser fir, Abies 
fraseri, within five years of  first detection in 
North Carolina (Witter and Ragenovich, 1986; 
Hollingsworth and Hain, 1991).

The consequences of  exotic herbivore in-
troduction, establishment and spread can be 
dire for native plant communities in natural and 
urban settings, such as when exotic herbivores 
threaten the persistence of  entire plant species 
and genera. As the emerald ash borer spreads 
across the USA, several species of  ash trees 
(Fraxinus spp.) are threatened with extinction 
(Herms and McCullough, 2014). The economic 
losses of  susceptible native trees to exotic pests 
in natural and urban areas can be astounding 
(Aukema et al., 2011; Lovett et al., 2016). In the 
case of  the emerald ash borer, the projected cost 
of  management in US municipalities, where an 
estimated 38 million ash trees occur, is greater 
than $10 billion (Kovacs et al., 2010).

A similar phenomenon of  devastation of  
native plants by introduced natural enemies is 
evident in plant diseases, which may addition-
ally be vectored by exotic insects or facilitated by 
the feeding activity of  herbivores (Lovett et  al., 
2016). Such is the case for beech bark scale, 
Cryptococcus fagisuga, which facilitates the in-
fection of  American beech, Fagus grandifolia, by 
ascomycete fungi in the genus Nectria (Houston, 
1994). In one of  the most notable examples of  
an exotic natural enemy devastating naïve na-
tive trees, the chestnut blight, Cryphonectria 
parasitica, has all but eliminated American 
chestnut, Castanea dentata, from the eastern 
forests in which it had previously been a domi-
nant canopy tree (Anagnostakis, 1987; Griffin, 
2000). With respect to urban forests, the loss of  
tens of  millions of  American elms, Ulmus ameri-
cana, in the USA and English elms, U. procera, in 
Europe to Dutch elm disease is the quintessential 

example of  how homogenization of  street tree 
communities can result in catastrophic tree loss 
(Raupp et al., 2012).

Where controlled experiments have been 
undertaken, exotic herbivores are often reported 
to achieve high levels of  fitness and inflict great 
damage on non- coevolved host plants. These ef-
fects have been tied to specific defences present 
in coevolved plants that are lacking or insuf-
ficient in non- coevolved plants. In the case of  
the emerald ash borer, the coevolved Fraxinus 
mandshurica exhibits greater constitutive and 
induced defences. Higher concentrations of  
bark lignins and a faster oxidation of  phenolic 
compounds lead to lower rates of  oviposition, 
adult feeding and larval damage compared to 
North American ash species (Rebek et al., 2008; 
Herms and McCullough, 2014; Martinson 
et  al., 2014; Villari et  al., 2016). In a study of  
the introduced European viburnum leaf  beetle, 
Pyrrhalta viburni, successful herbivory of  North 
American Viburnum spp. can be attributed to the 
absence of  the egg- crushing response found in 
their European counterparts (Desurmont et al., 
2011).

Many of  the above examples include rela-
tively specialized herbivores or phytopathogens 
that shift onto novel plants closely related to 
the hosts from their original range (Rebek et al., 
2008; Bertheau et  al., 2010; Desurmont et  al., 
2011; Havill et al., 2011), but generalist herbi-
vores may also colonize native urban trees and 
shrubs. Outside of  their native Mediterranean 
region, pine processionary moths colonize some, 
though not all, species of  both native and exotic 
conifers (Rossi et  al., 2016). In woody orna-
mental nurseries in the eastern USA, the Asian 
brown marmorated stink bug, Halyomorpha ha-
lys, was less abundant on Asian plants compared 
to non- Asian plants (Martinson et  al., 2016). 
Differences based on host plant origin were more 
extreme for plants that were abundant in those 
landscapes. The extent to which generalist her-
bivores preferentially feed on abundant plants 
(Mason et al., 2011) and those with which they 
share little evolutionary history (Parker and 
Hay, 2005) is not yet fully known. However, this 
may have implications for the health of  trees in 
cities, where herbivores and plants from various 
geographical provenances typically co- occur 
and whose abundance distributions are often 
heavily skewed.
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D. Exotic herbivores may damage exotic 
plants in cities

Because exotic plants are often introduced 
without their herbivores (Keane and Crawley, 
2002) and because native herbivores may be 
unable to utilize such novel plants (Bertheau 
et al., 2010; Forister et al., 2015), exotic plants 
well- suited to urban environments may experi-
ence very little herbivory in cities (Backe, 2019; 
Frank et  al., 2019). For example, Ginkgo biloba 
is widely planted in urban landscapes world-
wide and is relatively free of  injury by insects 
(Wheeler, 1975). However, introductions of  
exotic herbivores along with their exotic host 
plant, or sometime afterward, may serve to un-
dermine enemy release. Often, natural enemies 
of  these exotic herbivores do not accompany 
them to the invaded realm, and top- down pres-
sure from predators, parasitoids and pathogens 
is relaxed. Examples of  co- introductions include 
the tree of  heaven (Ailanthus altissima) and the 
Cynthia moth (Samia cynthia; Pyle, 1975), azal-
ea and azalea lace bug (Shrewsbury and Raupp, 
2000), euonymous and euonymous scale (Van 
Driesche et al., 1998), and eucalyptus and sev-
eral of  its coevolved insect pests (Paine et  al., 
2010). Similar co- introductions have occurred 
in Europe and Asia, such as the boxtree moth on 
boxtree (Buxus spp.) and the lime leaf  miner on 
Tilia spp.

Crape myrtles, native to Asia, provide an in-
teresting case study of  the potential outcomes of  
introducing exotic trees and their exotic herbi-
vores (Chappell et al., 2012). Crape myrtles have 
been grown in the southern US for nearly 200 
years as street and landscape trees. For most of  
this time, they have had a single co- introduced 
herbivore, the crape myrtle aphid (Tinocallis kaha-
waluokalani). Crape myrtle aphids are innocuous 
and well regulated by generalist natural enemies 
like lady beetles, lace wings and hoverfly larvae, 
except when plants are severely stressed. Thus, 
the crape myrtle has been a relatively pest- free, 
low- maintenance plant (Mizell and Schiffhauer, 
1987; Chappell et  al., 2012; Parsons, 2019). 
However, a new pest, crape myrtle bark scale 
(Acanthococcus lagerstroemiae), was first detected 
in the USA in 2004 (Wang et al., 2016). Since 
2004, crape myrtle bark scale has spread rap-
idly throughout the south- eastern USA and, 

in contrast to crape myrtle aphid, has caused 
severe damage to urban crape myrtle trees and 
has led to the removal of  many crape myrtles 
(Wang et  al., 2016). Additionally, crape myrtle 
bark scale has a wide host range and has spread 
to other plant species, so the total economic 
damage of  this pest is yet to be seen (Wang et al., 
2016; Schultz and Szalanski, 2019).

Herbivores co- introduced with their host 
plant to a new range often inflict more damage 
to their host plant in the exotic range (Roques 
et al., 2006). This suggests that a lack of  compe-
tition, a reduction in natural enemies and/or al-
tered abiotic conditions may facilitate increases 
to herbivory even among exotic herbivore–ex-
otic plant interactions. Where the reduction in 
insect biomass, the simplification of  arthropod 
food webs and changes to abiotic conditions in 
cities favour herbivores, but not natural ene-
mies, exotic herbivores may exhibit outbreaks on 
exotic plants (Raupp et al., 2012). More broadly, 
the relatively high overall diversity of  plants in 
cities may itself  provide important opportunities 
for exotic herbivores to colonize both native and 
exotic plants (Liebhold et al., 2018). Where the 
urban forest is made of  a relatively high diversity 
of  both native and exotic plants, exotic herbi-
vores may be expected to establish.

Summary

In summary, urban forests generally consist of  
many native and exotic tree species, which are 
encountered by herbivores from a variety of  geo-
graphic origins. In addition to changes in plant 
density, forest structure and composition, and 
impervious surface cover, the increase in the 
proportion of  exotic trees in cities can simplify 
arthropod communities and change patterns of  
herbivory relative to natural forests. Herbivory 
on urban trees becomes more severe compared 
to on forest trees for many taxa, either consist-
ently like scale insects, or episodically like many 
Lepidoptera. However, total herbivory or the spe-
cific types of  herbivory can also decrease on ur-
ban trees due to lower herbivore diversity. Many 
factors, including tree density and diversity, 
habitat fragmentation, temperature, tree qual-
ity and natural enemy abundance, contribute 
to these patterns. The geographic origin of  trees 
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and herbivores are important drivers of  patterns 
of  herbivory on urban trees. Combinations of  na-
tive and exotic trees and herbivores lead to four 
primary outcomes for urban trees. Exotic trees 
may be relatively immune to native herbivores 
and thus low maintenance or, if  a coevolved ex-
otic herbivore is introduced, trees could be heav-
ily attacked and damaged, and thereby become 
unsustainable for use in urban areas. Native 
trees are typically subject to a suite of  native her-
bivores, though in some cases these herbivores 
are not severe enough to warrant management. 

By contrast, urban conditions such as high tem-
perature and drought can cause both native and 
exotic herbivores to become severe, damaging 
pests. The most extreme threat to native trees is 
generally from exotic herbivores against which 
they are undefended. Increasing research sug-
gests that arthropod communities and levels 
of  herbivory on urban trees are determined by 
complex associations between plant provenance 
and myriad biotic and abiotic conditions sur-
rounding the plants on which these herbivores 
live and feed.
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Abstract

The urban development process results in 
the removal, alteration and fragmentation of  
natural vegetation and environmental features, 
which have negatively impacted many wildlife 
species. With the loss of  large tracts of  intact 
wildlands (e.g. forests, deserts and grasslands), 
and the demise of  specific habitat features (e.g. 
early successional habitat or native plants), 
many specialist species are filtered out from 
urban ecosystems. As a result, some argue that 
urbanization has a homogenizing effect on 
wildlife communities. However, these general 
patterns belie a high degree of  variability in 
urban biodiversity patterns. In this chapter, we 
focus on vertebrate and invertebrate species that 
contribute to urban fauna (hereafter ‘wildlife’). 
We review how wildlife species have responded 
to altered conditions of  the urban environment, 
with a focus on the environmental features and 
species traits that filter wildlife communities from 
the regional scale to the city scale. We also focus 

on how built structures, species interactions 
and socio- cultural factors further influence 
the local species pool. Within this context, we 
assess the ecosystem services and disservices 
provided by urban wildlife, how management 
decisions are shaped by attitudes and exposure 
to wildlife, and how these decisions then feed 
back to the local species pool. By understanding 
why some animals are better able to persist in 
human modified landscapes than others, land 
managers, city planners, private homeowners 
and other stakeholders can make better- 
informed decisions when managing properties 
in ways that also conserve and promote wildlife.

Introduction

More than half  the world’s population lives in 
cities and suburbs (Grimm et al., 2008), and an 
estimated 80% of  the world’s population will 
live in urbanized areas by 2050 (United Nations 
Department of  Economic and Social Affairs, 
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Population Division, 2019). A consequence of  
this migration to and expansion of  cities includes 
the degradation of  wildlife habitat, with implica-
tions for local and regional biodiversity (Grimm 
et al., 2008; Seto et al., 2012). The urban devel-
opment process results in the removal, alteration 
and fragmentation of  natural vegetation and en-
vironmental features, which have negatively im-
pacted many wildlife species (McKinney, 2002; 
Grimm et al., 2008). Natural habitats transform 
into human- dominated environments, which 
include residential developments, public parks, 
commercial/industrial districts, transportation 
corridors and impervious surfaces (e.g. build-
ings and roads), and become a prominent fea-
ture that supports a growing urban population. 
Urban wildlife studies commonly document a 
depauperate fauna in cities compared to their 
non- urban habitats, resulting in lower species 
diversity (Emlen, 1974; Beissinger and Osborne, 
1982; Mills et  al., 1989; Blair, 1996; Marzluff, 
2001; Donnelly and Marzluff, 2004; Chace and 
Walsh, 2006; Croci et al., 2008). With the loss 
of  large tracts of  intact wildlands (e.g. forests, 
deserts and grasslands), and the demise of  spe-
cific habitat features such as early successional 
habitat or native plants, many specialist species 
are filtered out from urban ecosystems (Blair, 
1996; Aronson et al., 2016; Evans et al., 2018). 
As a result, some argue that urbanization has 
a homogenizing effect on wildlife communi-
ties (McKinney, 2006; Sol et  al., 2014; Knop, 
2016; Morelli et al., 2016; Murthy et al., 2016; 
Salomão et al., 2019), wherein invasive species 
(e.g. pigeons, Norway rats and cockroaches) 
dominate. However, these general patterns belie 
a high degree of  variability in urban biodiversity 
patterns.

Negative effects of  urbanization on biodi-
versity are not ubiquitous across taxa. Indeed, 
some urban areas can support high levels of  
biodiversity, and for some taxa, like birds, native 
species largely dominate urban communities 
(Aronson et al., 2014). Some invertebrates and 
mammals also respond positively to urban areas. 
For example, in two separate studies, one from 
Phoenix, Arizona, and the other a meta- analysis 
that included various cities in Europe, Japan and 
Canada, investigators found that ground arthro-
pod diversity did not differ between natural ar-
eas and various urban land areas, owing to the 
turnover of  communities from habitat- specialist 

to non- specialist species (McIntyre et al., 2001; 
Magura et  al., 2010). In addition, some taxo-
nomic groups, like pollinators, may also thrive in 
urban landscapes due to increased resources. For 
example, a high diversity of  bees can occur in ur-
ban areas (see Chapter 6, Protecting Pollinators 
in the Urban Environment), likely due to abun-
dant flowers (Baldock et  al., 2015; Hall et  al., 
2017; but see McIntyre and Hostetler, 2001), 
which are available in untreated lawns (Lerman 
and Milam, 2016) and in cultivated gardens 
(Levé et  al., 2019). Herbivorous and predatory 
insects also may be abundant in certain urban 
habitats when resources are available, such as 
appropriate host plants and vegetative complex-
ity (Raupp et  al., 2010). However, despite high 
diversity, the species that colonize urban areas 
tend to consist of  distinctly different suites of  
species from those that remain in natural habi-
tats (e.g. Bang and Faeth, 2011; LaSorte et  al., 
2018; Collado et al., 2019). For mammals, gen-
eralist species such as raccoons (Procyon lotor) 
may thrive at high densities and occupancies in 
some types of  urban green space, but not in oth-
ers (Crooks and Soulé, 1999; Parker and Nilon, 
2008; Gallo et  al., 2017). Thus, both the de-
gree of  urbanization and the quality of  habitat 
within urban systems can have complementary 
forces driving the particular animal species that 
is able to occupy and thrive in urban systems.

In this chapter, we focus on vertebrate and 
invertebrate species that contribute to urban 
fauna (hereafter referred to as ‘wildlife’). We re-
view how wildlife species have responded to al-
tered conditions of  the urban environment, with 
a focus on the environmental features and spe-
cies traits that filter wildlife communities from 
the regional scale to the city scale (Fig. 3.1). We 
also focus on how built structures, species inter-
actions and socio- cultural factors further influ-
ence the local species pool. Within this context, 
we assess the ecosystem services and disservices 
provided by urban wildlife, how management 
decisions are shaped by attitudes and exposure 
to wildlife, and how these decisions then feed 
back to the local species pool (Fig. 3.1). Our taxo-
nomic focus includes birds, bees, lepidopterans, 
ground arthropods and mammals, as the major-
ity of  research focuses on these groups (Pickett 
et  al., 2011; Beninde et  al., 2015). We provide 
a global perspective when data and examples 
are available, though much of  the available 
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literature comes from North America, western 
Europe, Australia and New Zealand (Magle et al., 
2012; McDonnell and Hahs, 2013; Goddard 
et al., 2017). We review the literature on habitat 
use of  urban green spaces within the urban and 
suburban matrix itself  rather than the response 
of  animals to urban development compared to 

intact natural areas. A unique contribution of  
this chapter is that we integrate a description 
of  the human drivers influencing urban wild-
life communities with discussion of  potential 
feedbacks to humans, particularly those at lo-
cal scales, which can further alter management 
actions. By understanding why some animals 

Fig. 3.1. A series of interacting ecological and social factors determine the local species pool in urban 
systems. The potential wildlife species that occupy a particular city is first determined from the regional 
species pool, which is primarily dictated by climate and latitude. Species traits (e.g. diet and body size) 
and specific environmental features (e.g. urban form and land use) filter the regional pool to the urban 
species pool. Species interactions (e.g. predator–prey dynamics), the built structure (e.g. roads and 
buildings), and socio- cultural factors (e.g. income and attitudes) further filter which species persist into 
the local species pool. Overarching each of these hierarchical layers are governance structures (i.e. 
institutions, social norms and municipalities) that interact at various levels and degrees with the factors 
shaping the urban and local species pool. It is at the local species pool level that people have regular 
contact with wildlife species and experience ecosystem services and disservices. These interactions 
further affect attitudes towards local wildlife, which subsequently shape management decisions to either 
encourage or discourage certain species, which ultimately feed back into influencing the local species 
pool. (Animal images by Creazilla.com are licensed under CC BY 4.0 and were recoloured.)
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are better able to persist in human modified 
landscapes than others, land managers, city 
planners, private homeowners and other stake-
holders can make better- informed decisions 
when managing properties in ways that also 
conserve and promote wildlife.

Urbanization Shapes Species Pools

After the initial disturbance from urban devel-
opment, novel habitats emerge in urban ecosys-
tems (Kowarik, 2011; Swan et al., 2011; Grimm 
et  al., 2017). The resulting altered landscape 
constitutes a complex mosaic of  invasive (i.e. 
species that have a negative effect on the ecosys-
tem), non- native (i.e. species that did not origi-
nate in a given habitat, but may have a neutral 
or even positive effect on the ecosystem) and 
native plants, large swaths of  lawns, isolated 
trees and remnant habitat patches of  varying 
sizes, all of  which are interspersed with built 
structures, impervious surfaces and artificial 
sensory inputs (e.g. noise, light) that define ur-
banization for most observers. The green spaces 
in this mosaic frequently support the persistence 
of  a number of  wildlife species, populations and 
communities (Pickett et al., 2011; Lepczyk et al., 
2017a). Since urban green space can encom-
pass everything from residential yards, gardens, 
recreational parks, cemeteries, vacant lots and 
remnant patches of  native vegetation, the qual-
ity and composition of  habitat are tremendously 
variable among green space types (Lepczyk et al., 
2017a). In addition, within any type of  green 
space there is considerable variation in man-
agement decision criteria (e.g. native plantings, 
having outdoor cats, and differences in mow-
ing frequency; Loss et al., 2013; Narango et al., 
2017; Lerman et  al., 2018) and management 
goals (i.e. regarding aesthetics, ease of  main-
tenance and safety; Larson et  al., 2016) that 
can have far- reaching implications on habitat 
quality for wildlife. This results in heterogene-
ous patches of  urban green space that support 
a range of  both generalist and specialist native 
species, as well as non- native and invasive spe-
cies (Shochat et al., 2010; Aronson et al., 2014; 
Lepczyk et al., 2017b).

The communities of  animals that inhabit 
urban landscapes are shaped by a series of  

interacting processes, often called filters, op-
erating at scales from the regional to the local 
(Aronson et  al., 2016). Regional filters encom-
pass eco- regional factors (e.g. climate and lati-
tude) that dictate which species constitute the 
regional species pool and therefore have the po-
tential to occur in a given city or metropolitan 
area (Aronson et al., 2016). Urban form, urban 
land use, and species traits further filter species 
from the regional to the urban species pool. The 
built environment (e.g. roads and buildings), 
species interactions, and socio- cultural fea-
tures (e.g. income and attitudes) act as further 
filters from the urban to the local species pool. 
Typically, it is these local species, encountered 
on a day- to- day basis by humans that deliver 
vital ecosystem services (Fig.  3.1). All of  the 
filtering processes reflect human decisions and 
actions. However, the actors shaping broad- 
scale environmental filters are often institutions 
(e.g. municipal governments, regional plan-
ning boards, developers) rather than individual 
urban residents (Fig.  3.1; Warren et  al., 2010; 
Pickett et al., 2011). Previous reviews have cov-
ered much of  the literature on broader- scale re-
gional and environmental filters (i.e. urban form 
and urban land use), as well as species traits 
filters (e.g. Aronson et  al., 2016; Evans et  al., 
2018). Thus, we start by briefly summarizing 
the factors that lead to filtering at these broader 
scales, before delving into greater depth on spe-
cies interactions and socio- cultural filters, which 
typically operate at smaller spatial scales. These 
finer- scale filters are therefore shaped strongly 
by individual human actions at the parcel level, 
e.g. in pocket parks, commercial parks and resi-
dential yards and gardens (Warren et al., 2010; 
Swan et al., 2011; Aronson et al., 2017).

Environmental Features that Filter 
from the Regional to Urban Species 

Pool

At a coarse scale, wildlife communities fre-
quently differentiate themselves among land- 
use types, largely due to differences in physical 
structure that shape habitat suitability (Ortega-
Álvarez and MacGregor- Fors, 2009; Gallo et al., 
2017; Andrade et  al., 2018). For example, in 
Chicago, Illinois, coyotes, Canis latrans, have 
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a higher detection rate in open golf  courses, 
whereby white- tailed deer, Odocoileus virginianus, 
are more likely to persist in wooded cemeteries 
and natural areas embedded within the urban 
matrix (Gallo et al., 2017). In the UK, allotment 
gardens (i.e. plots of  land available for individu-
al, non- commercial gardening or growing food 
plants) and private gardens support the highest 
pollinator (e.g. bees, hoverflies and non- syrphid 
Diptera) abundances when compared with cem-
eteries, nature reserves, parks, verges (green 
space associated with urban roads, typically 2–5 
m wide, with trees sometimes being present) 
and other green spaces. Urban land uses that in-
clude habitat features and contribute to ecologi-
cal function can also bolster connectivity in the 
urban landscape. For example, land uses with 
large proportions of  vegetation, such as residen-
tial gardens, wooded streets and utility rights- 
of- way can link disparate habitat fragments into 
larger networks (Rudd et al., 2002) and support 
movement, meta- community dynamics and 
increased genetic connectivity (Unfried et  al., 
2013; Padilla and Rodewald, 2015; Gallo et al., 
2017).

Although different cities may have similar 
land- use categories, the particular urban form 
and structure of  these land uses may differ. 
For instance, city age, amount of  remnant veg-
etation and amount of  impervious surfaces can 
vary dramatically both within and among cities, 
and wildlife communities respond to these differ-
ences (Ramalho and Hobbs, 2012). In Chicago, 
newer neighbourhoods supported higher bird 
richness (Loss et  al., 2009), contrasting with 
other studies that found higher bird richness 
in older neighbourhoods with more mature 
vegetation and extensive canopy cover (e.g. 
Palomino and Carrascal, 2005). However, con-
text matters, and land- use legacies interact with 
urban development history. For instance, rem-
nant vegetation in residential landscapes can 
differ based on former land use (e.g. cleared ag-
ricultural systems versus forests or woodlands; 
Hahs et al., 2009), which can influence wildlife 
communities (DeGraaf  and Wentworth, 1986; 
Loss et al., 2009). Development patterns in cit-
ies often follow an urban- to- rural gradient, with 
more urban areas associated with higher per-
centages of  impervious surface (McDonnell and 
Pickett, 1990; Blair, 1996; Pickett et al., 2011). 
Wildlife communities respond to this gradient 

with a general pattern of  lower species diversity; 
in particular, a lower representation of  certain 
native species, but higher population densities of  
animals in the urban core versus more rural and 
wildland settings (Fortel et  al., 2014; Marzluff, 
2017; Sol et al., 2017). In some cases, maximum 
species richness occurs at intermediate levels of  
human development, i.e. suburban landscapes 
(Blair, 1996; Marzluff  and Rodewald, 2008; 
Parsons et  al., 2018). High species richness in 
the suburbs may be due to the simultaneous 
local colonization of  synanthropic species (i.e. 
species extremely tolerant of  people) and the 
persistence of  some habitat specialists as well as 
the high heterogeneity of  habitat types in these 
systems (Marzluff  and Rodewald, 2008).

Species Traits that Filter from the 
Regional to Urban Species Pool

Species assemblages that colonize urban habi-
tats are also filtered according to their traits, 
which ultimately determine their success as 
well as their relationships with people (Aronson 
et  al., 2016). For some taxa, functional diver-
sity tends to homogenize with increasing ur-
banization (Devictor et al., 2008; Deguines et al., 
2016). For example, observations of  plant–pol-
linator interactions across France showed that 
urbanization promoted a functional homogeni-
zation toward more generalist foraging insects 
(Deguines et  al., 2016), but increasing garden 
space generally positively benefitted pollinator 
diversity (Normandin et  al., 2017; Levé et  al., 
2019). However, the identification of  a common 
set of  species traits associated with urbanization 
has proved elusive with conflicting findings in 
different studies (Croci et al., 2008; Evans et al., 
2011; Reif  et al., 2011; Francis and Chadwick, 
2012; Leveau, 2013).

One general trend, however, is a broad dis-
tinction between responses of  generalists versus 
specialists. Urban areas have higher diversity and 
abundance of  generalist and synanthropic spe-
cies, whereas habitat specialists tend to decline 
(McIntyre et  al., 2001; Martinson and Raupp, 
2013, p. 2013; Deguines et  al., 2016; Evans 
et al., 2018; Callaghan et al., 2019). Non- native 
and invasive species often become common 
in urban areas because of  their synanthropic 
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nature (e.g. house sparrows, Passer domesticus, 
nesting in buildings) or their introduction via 
global trade routes (Aronson et  al., 2016). For 
example, an invasive insect pest, the emerald 
ash borer, Agrilus planipennis, was introduced 
via the horticultural industry and has decimat-
ed urban Fraxinus trees (Cregg and Dix, 2001). 
Over- abundant invasive species, such as the 
Argentine ant (Linepithema humile) thrive in ur-
ban areas and reduce species richness and turn-
over by exclusion of  native ant species (Holway 
and Suarez, 2006). Although urban areas sup-
port diverse communities of  bees (Lerman and 
Milam, 2016; Hall et  al., 2017; Baldock et  al., 
2019), insects of  other functional groups like 
predators and parasites decline with increasing 
urbanization (Guenat et al., 2019). Bat respons-
es to urbanization are highly species- specific; 
some species strongly associate with human 
habitation, whereas others are absent from ur-
ban areas (Jung and Kalko, 2011), possibly due 
to species partitioning into different diet and for-
aging guilds. Thus the responses of  different tax-
onomic groups to urbanization are complex and 
often taxon- specific due in part to differences in 
ecological function and linked to mechanisms 
that either enhance or limit population growth.

The availability of  specific food items and 
nesting substrates vary within and among urban 
systems, and contribute to the filtering of  species 
by their traits. For example, urban bird commu-
nities lose species with specialist dietary nich-
es, like insectivores (Chace and Walsh, 2006; 
Rodewald and Bakermans, 2006; Evans et  al., 
2018). The increase in generalist species may be 
due to complementary responses of  animals that 
have the flexibility to utilize limited resources, as 
well as animals that respond positively to human 
resource supplements such as bird- feeding or re-
fuse (Galbraith et  al., 2014). Specialist species 
such as herbivorous insects rely on native host 
plants, which are often uncommon in urban and 
suburban areas (Burghardt and Tallamy, 2013). 
Specialists are also more sensitive to introduced 
competitors or predators (Shochat et al., 2010). 
Likewise, because of  abundant nesting sub-
strates, cavity- nesting species of  birds (Chace 
and Walsh, 2006; Evans et al., 2011) and bees 
(Matteson et  al., 2008) are abundant in urban 
areas, whereas ground- nesting birds (Evans 
et al., 2018) and ground- nesting bees (Matteson 
et  al., 2008) lack nesting opportunities due to 

the loss of  snags and deadwood, and bare, per-
meable ground. However, when nesting resourc-
es are present, some urban areas (e.g. suburban 
gardens) can support high densities of  ground- 
nesting bees (Fetridge et al., 2008; Lerman and 
Milam, 2016). Further, wildlife species with 
life- history characteristics that promote repro-
duction, e.g. large clutch sizes (Callaghan et al., 
2019) and/or dispersal, e.g. large wing mor-
phology (Piano et al., 2017), also thrive in urban 
areas. Although larger body size is often nega-
tively associated with urbanization, the inter-
action between urban heat islands and habitat 
fragmentation might negate clear patterns. For 
example, in an investigation of  ten taxonomic 
groups of  aquatic and terrestrial invertebrates 
that persist in urban environments, ground spi-
ders and ground beetles were found to decrease 
in size, following Atkinson’s temperature- size 
rule (Atkinson, 1994), whereas species with a 
positive size- dispersal link increased in size, in-
cluding orthopterans, macromoths and rotifers 
(Merckx et  al., 2018). Additional examples of  
large- bodied organisms persisting in urban ar-
eas can be found in mammals (Murray and St. 
Clair, 2017), beetles (Martinson and Raupp, 
2013, p. 2013) and birds (Callaghan et  al., 
2019). In addition to declines in taxonomic di-
versity, some urban wildlife communities have 
reduced evolutionary and phylogenetic diversity 
(Morelli et al., 2016; Ibáñez-Álamo et al., 2017; 
Sol et al., 2017). These losses in key components 
of  ecological processes could result in reduced 
ecosystem function.

Built Structural Features Shape Local 
Species Composition

A defining feature of  urbanization is the built 
structure (e.g. buildings, roads and other trans-
portation infrastructure). Collectively, these 
features yield a landscape with large swaths of  
impervious surfaces and fragmented natural 
areas (McDonnell and Pickett, 1990). Roads 
cross the landscape, rendering the remaining 
habitat unsuitable for species that require large 
tracts of  unfragmented habitat (Forman and 
Alexander, 1998; Crooks, 2002) and create a 
barrier to movement or dispersal for many spe-
cies (Orłowski, 2008; Beebee, 2013; Grilo et al., 
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2014; Murray and St. Clair, 2015; Keilsohn 
et al., 2018). Roads also alter local scale process-
es through mortality or behavioural changes 
for a variety of  taxa, ranging from highly mo-
bile animals, such as birds, insects and coyotes, 
to those with more restrictive movement, such 
as amphibians (Shepard et  al., 2008; Beebee, 
2013; Loss et al., 2014a; Murray and St. Clair, 
2015; Keilsohn et al., 2018). In terms of  scale, 
an estimated 89–340 million birds (Loss et  al., 
2014a) and billions of  insects (Baxter- Gilbert 
et  al., 2015) collide with vehicles each year, a 
significant source of  mortality in wildlife popu-
lations. Roads also have sublethal effects by al-
tering animal behaviour and movement. In the 
northern city of  Edmonton, Canada, urban coy-
otes changed their behaviour by avoiding roads 
or shifting the timing of  their peak activity to 
times when road traffic had higher survival rates 
(Murray and St. Clair, 2015).

Vehicles travelling on roads also contrib-
ute to a significant source of  noise. The peak 
amplitudes of  highway or roadside noise have 
been shown to overlap in frequency with bird, 
frog and insect vocal signals, causing some 
individuals to shift their communication fre-
quency in order to be heard by rivals or potential 
mates (Warren et al., 2006; Barber et al., 2010; 
Narango and Rodewald, 2016). Road noise also 
reduces detectability of  important signals, such 
as anti- predator alarm calls (Grade and Sieving, 
2016) or nestling begging (Leonard et al., 2015). 
In addition to effects on communication, road 
noise also has detrimental impacts to individu-
als, populations and communities. For example, 
to experimentally isolate the effects of  road noise 
from the physical effects of  noise, McClure et al. 
(2013) created a ‘phantom highway’ by placing 
speakers across an intact forest and played the 
sounds of  a busy highway. Migrating birds that 
experienced the noise treatment had lower body 
conditions and stop- over efficiencies compared 
to birds who experienced the ‘road- less’ control 
(Ware et al., 2015). In addition, the abundance 
of  birds significantly decreased when the speak-
ers were on, and some species demonstrated 
high sensitivity to noise by avoiding the area 
completely during playback (McClure et  al., 
2013). Noise effects from roads and highways 
extend one kilometre, or beyond the footprint 
of  the road itself, amplifying their impacts even 
in areas with intact natural habitat (Grade and 

Sieving, 2016). Anthropogenic noise originates 
from a variety of  sources, not just roadways. 
Construction, airplane engines and drilling, all 
predominantly located in urban environments, 
also interrupt settlement, animal communica-
tion, predator detection and breeding success 
(Shannon et al., 2016; Swaddle et al., 2016).

Buildings (e.g. residential and business 
structures) serve as another hazardous feature 
for wildlife to navigate, with direct and indirect 
consequences. It is estimated that 365–988 mil-
lion birds collide with buildings each year in the 
USA, and roughly 99% of  these collisions occur 
on low- rise buildings and residences (Loss et al., 
2014b). The reflections of  vegetation on win-
dow surfaces disorientate birds, and they fly into 
the window as if  they were simply moving from 
tree to tree. Although window strikes present a 
large source of  mortality, particularly for migra-
tory species (Loss et  al., 2015), buildings also 
provide nesting cavities or roosts for birds and 
bats (e.g. Tomasevic and Marzluff, 2017).

Because roads and buildings often replace 
vegetation in urban and suburban environ-
ments, the built environment influences the lo-
cal and regional climate (Hondula et al., 2017). 
As a result, factors such as the urban heat island 
(UHI) have the potential to affect wildlife and 
other urban organisms. The effect of  the built 
environment on climate is partly due to the re-
duced evapotranspiration and shading by trees, 
in combination with the use of  building materi-
als that retain heat (Oke, 1995). Subsequently, 
urban heat can drive phenological patterns, be-
haviour, population cycles and species distribu-
tions of  wildlife (Aronson et al., 2014; Dale and 
Frank, 2018). For instance, when the effects of  
the UHI were isolated from habitat features and 
species interactions, the warmer conditions were 
responsible for driving pest insect outbreaks in 
Raleigh, North Carolina (Meineke et al., 2013). 
Additionally, changes in local microclimates and 
the effect of  the UHI can potentially influence 
activity time of  thermo- sensitive wildlife such as 
herpetofauna (Ackley et al., 2015a).

One of  the most iconic images depicting 
the extent of  urbanization is the satellite im-
agery of  the earth at night. Artificial light has 
become ubiquitous with the urbanization of  the 
planet (see Chapter 10). Light pollution can in-
fluence the phenology of  plant (Škvareninová 
et al., 2017) and animal life history events, and 
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change foraging (Stone et al., 2015), reproduc-
tion (Silva et  al., 2017), migration (Van Doren 
et al., 2017; McLaren et al., 2018) and sleep be-
haviours (Raap et al., 2015; Ouyang et al., 2017) 
across taxa (Gaston et al., 2017). Artificial light 
pollution can also influence navigation, as seen 
in the case of  the ‘Tribute in Light’ in New 
York City, which researchers estimate disorien-
tate over a million birds during migration (Van 
Doren et al., 2017). Artificial light at night can 
also influence predator–prey dynamics, in that 
some insectivorous bat species take advantage 
of  artificial light and congregate around lit areas 
for foraging (Minnaar et al., 2015; Stone et al., 
2015). In contrast, frugivorous bats avoid lit ar-
eas while foraging (Lewanzik and Voigt, 2014). 
This in turn has negative consequences for eco-
system services, particularly in tropical cities, 
since frugivorous bat avoidance interrupts the 
dispersal of  fruiting plant seeds.

Solutions have been proposed to address 
many of  these challenges imposed on wildlife 
by roads, buildings and fragmentation (Yanes 
et  al., 1995; Glista et  al., 2009). For example, 
wildlife crossings, bridges and culverts can mini-
mize roadway collisions and wildlife mortality 
(Dodd et al., 2004; Mata et  al., 2008). Policies 
that incentivize compact development (Farr 
et al., 2018), reduction of  sensory pollution (e.g. 
Audubon’s Lights Out campaign; https://www. 
audubon. org/ conservation/ project/ lights- out) 
or broad adoption of  bird- safe glass in combi-
nation with altering vegetation and bird- feeder 
placement (Kummer et al., 2016) provide other 
potential mechanisms to increase the capacity 
of  urban areas to support wildlife species. But 
it is likely that the physical structure of  cities 
will remain a barrier to colonization by many 
species.

Species Interactions Shape Local 
Species Composition

As described, thus far urban systems differ in 
their structural components and abiotic factors 
from non- urbanized systems. This affects biotic 
factors such as the quality and quantity of  re-
sources, as well as biotic interactions such as 
predator–prey dynamics, competition and host–
parasite relationships. Predator–prey dynamics 

and urban food webs influence the success or 
failure of  urban wildlife. Successful urban meso-
predators (i.e. species that occupy the middle 
trophic level and serve as both predator and 
prey), such as raccoons (Procyon lotor), foxes 
(Vulpes spp.) and striped skunks (Mephitis mephi-
tis), increase in abundance and occupancy rela-
tive to apex predators (i.e. predators at the top of  
a food chain, with no natural predators) (Crooks 
and Soulé, 1999; Prange et al., 2003; Ellington 
and Gehrt, 2019; Santini et  al., 2019). Their 
success is partly due to the extirpation of  apex 
predators through direct culling by humans or 
through the loss of  habitat (Gompper, 2002; 
Gehrt, 2004; Estes et  al., 2011; Ellington and 
Gehrt, 2019). This extirpation ‘releases’ meso-
predators from predation pressure (Crooks and 
Soulé, 1999) and has consequences that ripple 
throughout entire urban food webs (Newsome 
et al., 2015; Santini et al., 2019).

Sometimes, the interaction between 
‘bottom- up’ (resources) and ‘top- down’ (pre-
dation) trophic dynamics in urban habitats 
results in counterintuitive patterns (Shochat 
et al., 2006). One such example is the ‘predation 
paradox’, in which urban habitats have higher 
densities of  potential generalist predators, yet 
lower per capita predation rates (Shochat, 2004; 
Stracey, 2011; Fischer et al., 2012). Specifically, 
the input of  alternative food resources for avian 
and mammalian mesopredators may dampen 
nest predation pressure (Shochat et  al., 2004; 
Rodewald et  al., 2011; Newsome et  al., 2015; 
Malpass et al., 2017). Still, elevated populations 
of  potential predators present a serious threat 
to songbirds and small mammals, and may al-
ter wildlife behaviour, foraging and long- term 
reproductive success through non- lethal or fear 
effects (Creel and Christianson, 2008; Martin, 
2011; Lerman et  al., 2012; LaManna and 
Martin, 2016). In natural systems, mesopreda-
tor populations that are not regulated by higher 
trophic levels tend to suppress populations of  
their prey. In some cases, this leads to local ex-
tinction of  species, and therefore reduced biodi-
versity (Ritchie and Johnson, 2009; Estes et al., 
2011). Despite this tendency in natural systems, 
urban ecologists have found a different dynamic 
in urban systems. Few studies have attempted 
to understand the interactions between trophic 
levels in urban environments, particularly those 
related to direct human- directed management. 

 EBSCOhost - printed on 2/13/2023 11:25 AM via . All use subject to https://www.ebsco.com/terms-of-use

https://www.audubon.org/conservation/project/lights-out
https://www.audubon.org/conservation/project/lights-out


45Wildlife in the City: Human Drivers and Human Consequences

These interactions are complex and dynamic. 
For example, private gardens landscaped with 
non- native ornamental plants can have nega-
tive impacts on insect populations which, in 
turn, have cascading consequences for birds 
that rely on insect prey (Narango et al., 2018). 
Alternatively, artificial light, which promotes ac-
celerated plant growth, can both promote her-
bivorous insect abundance via bottom- up effects 
and reduce abundance via top- down predation 
by visual predators (Bennie et al., 2016).

Although the overall effect of  increased 
mesopredator populations in urban habitats is 
still unclear, the introduction of  domesticated 
mammals, especially domestic cats (Felis catus), 
has had a significant impact on urban wildlife. It 
has been estimated that cats kill 1.4–3.7 billion 
birds and 6.9–20.7 billion mammals annually 
in the USA alone (Loss et  al., 2013). Cats also 
induce fear and alter behaviour, causing sub- 
lethal effects. For example, the fear instilled by 
the mere presence of  a cat reduces bird fecun-
dity by one offspring per year, resulting in up to a 
95% reduction in bird abundances (Bonnington 
et al., 2013). Outdoor cats, whether pets or feral, 
often receive supplemental food, potentially de-
coupling cats from predator–prey relationships, 
and allowing them to kill prey ad libitum with-
out corresponding feedback to outdoor cat 
populations (Sims et  al., 2008). Yet, unlike na-
tive mesopredators, cats are beloved household 
companions, which makes the control of  feral 
and outdoor cats in urban areas a particularly 
complex conservation challenge.

Humans as Producers and Providers 
of Resources

Environmental and biotic factors partially ex-
plain why some species successfully colonize 
urban habitats. However, one key factor that 
sets the urban environment apart from the 
surrounding wildlands is the introduction of  
anthropogenic (i.e. human- provided) resource 
subsidies (Shochat et  al., 2006; Tryjanowski 
et al., 2015; Ciach and Fröhlich, 2017). People 
and their land management activities in urban 
green spaces have manipulated urban resourc-
es, primarily for their benefit. Thus, humans 
have had a heavy hand in determining habitat 

characteristics, and consequently have con-
trolled patterns of  urban wildlife biodiversity 
(Shochat et al., 2006; Aronson et al., 2017; Reed 
and Bonter, 2018). Though many land manage-
ment decisions have been made without regard 
to wildlife, some of  these management deci-
sions have been made intentionally to enhance 
perceived habitat value for wildlife. Examples 
include the addition or retention of  specific 
vegetation features (e.g. trees, shrubs, grasses 
and flowering plants), supplemental feeding, 
avoiding the use of  pesticides, adding struc-
tural features such as ponds, and erecting nest- 
boxes (Belaire et al., 2014). Despite considerable 
guidance to householders, we lack consensus 
regarding the effectiveness of  wildlife- friendly 
gardening strategies (but see Gaston et al., 2005) 
since wildlife populations and communities have 
responded to these human subsidies in both pos-
itive and negative ways, depending on the spe-
cific action (Prange et al., 2003; Newsome et al., 
2015; Santini et al., 2019). These actions, which 
have a social and cultural context (Fig. 3.1), help 
shape local species pools. The composition of  lo-
cal species pools has the most direct influence on 
human–wildlife interactions. Further, it is at the 
local level where the delivery of  ecosystem ser-
vices is the most direct.

Local Landscaping Decisions

Perhaps the largest structural change in urban 
systems is the shift in vegetation composition. 
Not only is vegetation less abundant, but it is 
also often comprised of  invasive, non- native 
and ornamental plant species (Burghardt et al., 
2009; Goddard et al., 2017). Non- native plants 
may differ in the timing of  leaf- out (McEwan 
et  al., 2009; Shustack et  al., 2009; Wolkovich 
and Cleland, 2011), in their fruit or flower pro-
duction (Corlett, 2005), and in the abundance 
and diversity of  arthropods that they host, com-
pared to native plants (Burghardt and Tallamy, 
2013; Litt et  al., 2014; Narango et  al., 2017). 
Consequently, the dominance of  non- native 
plant species can have an impact on wildlife 
communities and resource availability for higher 
trophic levels that use these plants for foraging 
and reproduction (Narango et al., 2018). For ex-
ample, Phoenix, Arizona, and Chicago, Illinois, 
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neighbourhoods have strong and positive rela-
tionships between abundances of  native plants 
and native birds (Lerman and Warren, 2011; 
Belaire et al., 2014). Further, native plants sup-
port more foraging activity by both insectivo-
rous (Narango et al., 2017) and nectivorous bird 
species (French et al., 2005).

Native plants may also increase pollina-
tor diversity by supporting species with host- 
specific specialized diets (Pardee and Philpott, 
2014), though several naturalized non- native 
species appear to be highly attractive to many 
pollinators (Lerman and Milam, 2016; Baldock 
et  al., 2019). However, even when a preferred 
foraging plant is present, novel non- native spe-
cies can disrupt natural processes because of  
differences in resources or phenology. For ex-
ample, migratory monarch butterflies (Danaus 
plexippus) exposed to blooming non- native milk-
weed (Asclepias) species, found in southern- US 
gardens, may forgo southward movements in 
favour of  breeding, with the unintentional con-
sequence of  increasing pathogen prevalence in 
the population (Satterfield et  al., 2015). Many 
ornamental plants introduced via the horticul-
tural trade produce fruits used extensively by 
generalist omnivorous and frugivorous birds, 
despite low nutritional values. Further, disper-
sal of  non- native seeds from birds can facilitate 
invasion throughout both urban and natural 
systems that can have cascading impacts on 
plant communities, succession, and trophic in-
teractions with consumers (Gosper et al., 2005). 
Fruit and vegetable gardens also directly provide 
important food sources to many animals, from 
pollinators to large mammals (Contesse et  al., 
2004; Daniels and Kirkpatrick, 2006; Baldock 
et al., 2019), although the wildlife resources that 
result from these gardens may or may not be in-
tentionally planted to attract wildlife (Goddard 
et al., 2013; Mumaw and Bekessy, 2017).

Landscaping requires laborious upkeep, 
which, often, is driven by aesthetics (Cook et al., 
2012; Larson et  al., 2016). Humans provide 
inputs that are important and often naturally 
limited such as water, carbon, nitrogen and 
phosphorus (Kaye et al., 2005; Trammell et al., 
2016; Palta et  al., 2017; Souto et  al., 2019), 
while some inputs such as the application of  
herbicides and pesticides can significantly de-
grade habitat (Aronson et  al., 2017; Sievers 
et  al., 2019). Humans also eliminate certain 

resources such as standing deadwood, sponta-
neous lawn flowers and leaf  litter (Blewett and 
Marzluff, 2005; Templer et  al., 2015; Aronson 
et  al., 2017; Lerman et  al., 2018), which can 
further degrade the potential habitat. For ex-
ample, frequent lawn mowing results in an aes-
thetically pleasing garden (Robbins, 2007), but 
removes floral resources, which in turn has a 
negative influence on bee abundance in subur-
ban gardens due to their role as potential nectar 
sources (Lerman et al., 2018). Regardless of  the 
particular landscaping decision, the resulting 
landscapes have profound influence on wildlife 
communities (Goddard et al., 2010).

Feeding Wildlife

Another distinguishing characteristic of  urban 
habitats is the artificially inflated abundance 
of  food resources (Prange et al., 2003; Shochat 
et  al., 2006; Newsome et  al., 2015). Humans 
provide these resources directly or indirectly, and 
intentionally as well as unintentionally. Actively 
feeding wildlife, in particular birds, has become 
the most popular and widespread intentional 
resource- provisioning activity, which influences 
wildlife populations at multiple spatial scales 
(Reynolds et  al., 2017; Cox and Gaston, 2018; 
Baverstock et al., 2019). Typically, resource (i.e. 
food) provision includes sugar water, commer-
cial seed, meat, suet or bread (Rollinson et  al., 
2003; Lepczyk et  al., 2012). In the UK, nearly 
50% of  householders feed birds, equating to ap-
proximately one bird feeder for every nine UK 
birds (Davies et  al., 2009). A similar percent-
age of  households feed birds in the USA (ap-
proximately 50 million people; U.S. Department 
of  the Interior, U.S. Fish and Wildlife Service, 
and U.S. Department of  Commerce, US. Census 
Bureau, 2014) as well as in Australia (Rollinson 
et al., 2003; Jones et al., 2008) and New Zealand 
(Galbraith et  al., 2014). Households in New 
Zealand put out a staggering estimated 5.1 mil-
lion loaves of  bread per year, which has caused a 
shift in the bird community, towards species tol-
erant of  this food source (Galbraith et al., 2014).

The benefits of  feeding birds and other 
wildlife are more often articulated in terms of  
their benefits to humans, through increased 
well- being, which typically reflects a state 
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characterized by health, happiness and prosper-
ity (Fuller et al., 2007; Goddard et al., 2013), the 
opportunities to interact with nature (Lepczyk 
et  al., 2012) and/or ecosystem services (Orros 
and Fellowes, 2012). Many people feed birds and 
other wildlife to enjoy wildlife viewing as well 
as for a personal sense of  stewardship for their 
local fauna (Jones et al., 2008; Cox and Gaston, 
2018). Birds also benefit from the increased re-
sources, as evidenced by higher species richness 
and abundance in areas with resource provision-
ing (Fuller et al., 2008). Supplementary feeding 
in the city of  Reading, UK, provided food for up 
to 320 red kites (Milvus milvus), contributing 
to their high abundance (Orros and Fellowes, 
2015). Subsidizing food resources can increase 
winter survival or augment resources when 
food is scarce (Jones et al., 2008), and can in-
crease breeding success (Schoech and Bowman, 
2001). Providing supplemental food for wildlife 
can improve survival and reproductive output 
(Brittingham and Temple, 1988; Robb et  al., 
2008; Cox and Gaston, 2018; Santini et  al., 
2019) as well as facilitate northward expansion 
of  species distributions (Robb et al., 2008; Greig 
et  al., 2017). However, negative effects might 
counteract some of  the benefits. Frequent feed-
ing or providing an unreliable food source might 
lead to dependence on human resources, and 
can also have detrimental effects on survival 
and productivity (Robb et  al., 2008). For ex-
ample, food items with lower nutritional value 
might decrease individual fitness (Rollinson 
et  al., 2003), or high- fat and high- protein food 
items might cause earlier egg- laying. In the 
latter case, this might lead to a phenological 
mismatch whereby, for example, insect food re-
quired for nestlings is unavailable (Renner and 
Zohner, 2018). Feeding stations might elevate 
competition among the species attracted to feed-
ers, leading to novel interspecific interactions. 
For example, when squirrels were present at 
feeders in Sheffield, UK, bird visitation and the 
amount of  food consumed by birds decreased 
by more than 90% (Bonnington et  al., 2014). 
Human subsidies also attract higher densities of  
non- native and invasive wildlife species (Daniels 
and Kirkpatrick, 2006; Galbraith et  al., 2014) 
that could out- compete native species (Galbraith 
et  al., 2015). Increased aggregations of  birds 
around feeding stations can facilitate the spread 
of  disease and parasites, increase exposure to 

predation (Adelman et  al., 2015; Becker et  al., 
2015; Galbraith et  al., 2017; Civitello et  al., 
2018) and disease transmission (Robb et  al., 
2008). If  the negative implications of  intention-
ally or unintentionally feeding wildlife outweigh 
positive aspects, then feeding wildlife might cre-
ate an ecological trap (Schlaepfer et  al., 2002; 
Robb et  al., 2008; Plummer et  al., 2013). This 
is particularly true when supplementary food 
leads to false cues that the green spaces consist 
of  high- quality habitat, but lack sufficient re-
sources for breeding, or have increased stressors 
that lead to decreased fitness (Plummer et  al., 
2013). It is still unclear whether wildlife feeding 
has a net benefit or a cost to urban wildlife popu-
lations, but what is clear is that it has a cultural 
and personal benefit to people around the world 
(Cox and Gaston, 2018).

Human Variation

Social and demographic differences in urban 
planning, landscaping and human values also 
correlate with wildlife communities, result-
ing in unequal exposure to urban biodiversity 
by people. For example, in some cities, affluent 
neighbourhoods have higher diversity of  birds, 
mammals, reptiles and arthropods (Leong et al., 
2018). This may be due to closer proximities to 
green space, a positive correlation between in-
come and tree canopy (Grove et al., 2014) and/
or the capacity to provide more wildlife- friendly 
features such as plants that provide resources 
in garden landscaping, or that provide bird 
seed (Lepczyk et al., 2012; Goddard et al., 2013; 
Belaire et  al., 2015; Baldock et  al., 2019). The 
biodiversity disparity is especially apparent in 
arid cities, where fewer species and fewer habitat 
specialists are found in low- income and minor-
ity neighbourhoods for both birds (Lerman and 
Warren, 2011; Warren et al., 2019) and lizards 
(Ackley et  al., 2015b). In temperate systems, 
high- income neighbourhoods may also harbour 
high numbers of  mammals (Magle et al., 2016) 
and frog species (Smallbone et  al., 2011), in 
part related to these neighbourhoods being less 
densely developed with lower human popula-
tion densities, and located on the outskirts of  the 
urban core. In four UK cities, higher pollinator 
abundance was associated with higher- income 
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neighbourhoods, a pattern primarily driven by 
higher quality of  floral resources (Baldock et al., 
2019). However, in Chicago, Illinois, lower- 
income neighbourhoods had higher native and 
migratory bird diversity due to the higher pres-
ence of  non- developed patches (i.e. >40% in 
a non- urban land- use class) of  habitat (Loss 
et  al., 2009). Thus, generalizable relationships 
between income and biodiversity may not exist 
across cities but, rather, are driven by the spe-
cific context of  an individual city’s development 
pattern.

Humans are the primary drivers of  envi-
ronmental change in cities, and at times wildlife 
populations and communities benefit from these 
management decisions. However, management 
decisions are often facilitated or constrained by 
attitudinal, geographical and structural factors 
(Cook et  al., 2012), and must be considered in 
order to fully understand urban wildlife patterns 
and processes. In the remainder of  the chapter, 
we describe how personal experiences shape atti-
tudes, how attitudes shape management actions 
(with a focus on garden management), their 
feedbacks on wildlife species and people, and the 
ecosystem services, as well as disservices, associ-
ated with directly and indirectly interacting with 
urban wildlife.

Attitudinal Factors Associated with 
Urban Wildlife

Attitudinal factors are defined as the positive or 
negative evaluations of  an object and are un-
derpinned by values, beliefs and affect/emotion 
(Thurstone, 1928; Stern, 2000). The attitudi-
nal literature on urban wildlife encompasses a 
variety of  taxa, including birds, herpetofauna, 
arthropods and mammals. Attitudes are com-
monly used as both dependent variables (driven 
by personal characteristics and experiences with 
nature/wildlife) as well as explanatory variables 
(used to help explain behaviour, such as garden 
management decisions and support of  conser-
vation initiatives), and thus can be considered 
as a construct with dynamic feedback loops. For 
example, attitudes about the local bird commu-
nity in Chicago neighbourhoods are correlated 
with a key determinant of  ecological resource 
provisioning in residential back gardens (Belaire 

et al., 2016). The resulting ecological resources, 
such as gardens with fruit- and berry- producing 
trees, were, in turn, important for determining 
actual bird species richness in the same residen-
tial neighbourhoods (Belaire et  al., 2014). This 
iterative feedback loop, in which people both 
affect and are affected by local wildlife, under-
scores that people and wildlife are connected 
through attitudinal factors (Fig. 3.1).

Negative attitudes are driven by perceptions 
of  wildlife as threatening. For example, people 
often kill snakes indiscriminately due to their 
perception that they are ‘dangerous’, despite the 
fact that most laypeople are unable to distinguish 
venomous from non- venomous snakes (Alves 
et al., 2012, 2014; Pandey et al., 2016). Gender 
and personal vulnerability are important factors 
in the case of  attitudes toward snakes. For in-
stance, in Brazil, women were more likely to hold 
negative attitudes toward snakes, largely due to 
gender differences in risk perceptions (Alves 
et al., 2014). A person’s belief  that West Nile vi-
rus would harm a family member can be directly 
related to the management practices used to de-
crease mosquito abundance in their residential 
garden (Tuiten et  al., 2009). Risk perceptions 
also influence the likelihood that a person will 
formally complain about alligators in Florida, 
despite positive attitudes toward alligators more 
generally (Hayman et  al., 2014). Concerns 
about coyote encounters being dangerous neg-
atively influences support for the presence of  
coyotes in the urban areas of  Washington, DC 
(Draheim et al., 2013). Conversely, reptiles that 
are not perceived as dangerous, such as turtles, 
are more likeable (Tisdell, 2010).

The likeability (or popularity) of  species or 
taxa is one of  the most common measures of  
positive attitudes for urban wildlife (Schuetz and 
Johnston, 2019), with much of  the literature fo-
cusing on garden and urban birds. These studies 
have found support for the connection between 
likeability and positive attitudes towards a spe-
cies, such as songbirds being more likeable com-
pared with other bird species (Cox and Gaston, 
2015; Belaire et  al., 2015). In general, iconic 
species (e.g. sports mascots), readily encountered 
species and species with distinguishing physical 
characteristics represent traits related to positive 
attitudes (Ainsworth et  al., 2018; Schuetz and 
Johnston, 2019). Biodiversity and species rich-
ness are also associated with positive attitudes 
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(Lerman and Warren, 2011; Cox and Gaston, 
2015; Warren et al., 2019). For example, people 
would rather see ten individual birds of  different 
species than ten similar looking individuals of  
the same species (Cox and Gaston, 2015), and 
higher satisfaction with the desert bird com-
munity in Phoenix, Arizona, neighbourhoods 
aligned with actual desert bird species richness 
(Lerman and Warren, 2011). However, the 
mechanisms driving the attitudinal–wildlife bio-
diversity relationship remain unclear, as people 
often do a poor job of  assessing actual biodiver-
sity levels (Dallimer et al., 2012).

Tolerance Threshold

Contrasts in positive versus negative attitudes to-
wards wildlife, and how these attitudes translate 
to human–wildlife interactions, emerge as one 
of  the most interesting themes from the wild-
life attitudinal literature. For example, residents 
in Bakersfield, California, had positive attitudes 
toward endangered San Joaquin kit foxes (Vulpes 
macrotis mutica) and supported their protection 
in urbanized areas (Bjurlin and Cypher, 2005). 
In contrast, the residents in a suburb of  Munich, 
Germany, did not want red foxes in their residen-
tial gardens and neighbourhoods, largely due to 
concerns about the health risks, despite the fact 
that they agreed foxes were ‘useful’, ‘beautiful’ 
and ‘had the right to live’ (König, 2008). People 
living in the Munich suburbs held positive at-
titudes toward foxes in general, until it came 
to foxes being present in their own neighbour-
hoods. In contrast, the majority of  people in 
Bakersfield, California, did not associate kit foxes 
in their neighbourhood with any potential risk. 
As a result, people in Bakersfield supported the 
presence of  foxes whereas Munich residents did 
not, though people in both cities held generally 
positive attitudes towards foxes. Similarly, for 
arthropods, people are tolerant and even have 
positive attitudes about arthropods present in 
outdoor areas of  their property, but are simulta-
neously intolerant of  arthropods indoors (Hahn 
and Ascerno, 1991).

Tolerance of  urban wildlife can easily 
turn to intolerance when personal welfare and 
property come into play (Clergeau et al., 2001). 
Although attitudes toward urban birds are 

generally positive, attitudes toward specific spe-
cies, such as house sparrows (Passer domesticus) 
and rock pigeons (Columba livia) are more nega-
tive, since many people perceive these birds as a 
‘nuisance’ (Cox and Gaston, 2015). Species with 
abundant local populations are more likely to 
cross the ‘threshold of  tolerance’, and are often 
considered as ‘pests’ (Clergeau et  al., 2001). In 
general, pest control at the household level is 
largely targeted at abundant species such as rats 
and arthropods, which can quickly cause no-
ticeable property damage when overly abundant 
(Morzillo and Mertig, 2011; Schoelitsz et  al., 
2019).

Individual and Household Structure

Given that attitudes have a strong tie to people’s 
identity, it is important to consider how individ-
ual and household structure, or socio- cultural 
factors, influence attitudes (Heberlein, 2012). 
These variables associated with attitudes in-
clude income, age, education, cultural identity 
and gender. For example, older and wealthier 
individuals tend to hold more positive attitudes 
about the birds present in residential neighbour-
hoods and gardens (Clergeau et al., 2001; Clucas 
et al., 2011; Belaire et al., 2015; Cox and Gaston, 
2015). For attitudes towards species that carry 
a greater perceived risk, a person’s social vul-
nerability measured by factors such as socio- 
economic status and being a cultural or racial 
minority become important attitudinal drivers. 
For instance, a person’s identity and position 
within society influences attitudes toward tigers 
(Panthera tigris) in Nepal more than past experi-
ences with tigers (Carter et al., 2014). Variables 
related to individual and household structure 
also influence management decisions along 
with attitudinal judgements, which ultimately 
affect wildlife biodiversity.

Overall, attitudes have an important but 
complex relationship with behaviour. A better 
understanding of  attitudes will improve our un-
derstanding of  how people affect and are affected 
by urban wildlife. The benefits or negative im-
pacts on well- being associated with interacting 
with urban wildlife occur in both indirect and 
direct ways and may be driven by how these ser-
vices play out in an urban landscape. Ultimately, 
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understanding the interaction between attitudi-
nal and structural factors can inform our under-
standing of  the interactions between people and 
wildlife in cities, and how these interactions help 
drive urban wildlife patterns and process.

Ecosystem Services and Disservices

Broadly speaking, biodiversity is imperative for 
functioning ecosystems, and the wildlife found 
in urban areas provides essential ecosystem 
services. Here we define ecosystem services as 
those services that provide benefits for people, 
including supporting, provisioning, regulating, 
and cultural and social services (Millennium 
Ecosystems Assessment, 2005; Larson et  al., 
2019). We define disservices as the health and 
other hazards associated with interacting with 
‘nuisance’ or ‘pest’ animals (e.g. mosquitoes; 
Lyytimäki et al., 2008). In general, biodiversity 
correlates positively with ecosystem services, 
provided that as plants and animals increase 
in richness, so does the efficiency and efficacy 
of  the ecological service (Schwarz et al., 2017). 
However, urban areas, which are composed 
of  novel ecological features, and animal and 
plant communities, may have different relation-
ships between biodiversity and ecosystem ser-
vices compared to natural areas (Ziter, 2016). 
Increased services may be driven by higher func-
tional diversity within animal communities, 
or the presence of  particular species that con-
tribute disproportionately to services (Schwarz 
et  al., 2017). In either case, intentional and 
unintentional management activities can ei-
ther promote or discourage a wide breadth of  
taxa that perform ecosystem services, as well 
as promote disservices in urban ecosystems. 
Conversely, the reception of  wildlife- derived ser-
vices may be a mechanism of  encouragement to 
promote urban habitat restoration. Thus, man-
aging urban green spaces in a manner that aims 
to maximize ecosystem services while minimiz-
ing disservices has gained considerable traction 
(Goddard et al., 2013; Larson et al., 2016). Here 
we describe the variety of  ecological and cultur-
al services that are derived from urban wildlife, 
and describe how feedback loops between public 
attitudes may contribute to the management of  
urban green space (Fig. 3.1).

Ecological Services (Regulating and 
Supporting)

The presence of  wildlife can provide ecosys-
tem services that both support and regulate 
ecosystems and provide provisions and goods. 
Pollinators (e.g. bees) and seed dispersers (e.g. 
birds) provide supporting services, which ul-
timately increase economic yields in urban 
agriculture and promote vegetation growth 
more generally (Sekercioğlu et  al., 2004; Luck 
et  al., 2009; Cardinale et  al., 2012). The role 
of  pollinators and seed dispersers further sup-
ports other ecosystem functions, due to the role 
vegetation plays in mitigating the urban heat 
island, providing flood control and purifying 
water (Bolund and Hunhammar, 1999). In ad-
dition, agricultural opportunities in urban areas 
have increased in recent years as more derelict 
lands have been restored into functional food- 
producing spaces (Lin et al., 2015; Ferreira et al., 
2018, but see Badami and Ramankutty, 2015).

With increased floral resources in certain 
urban green spaces (e.g. gardens and allot-
ments; Baldock et  al., 2019) comes increased 
pollen deposition (Werrell et al., 2009), which 
further enhances a positive feedback loop that 
increases the floral resources and abundances 
in urban green spaces. Urban areas also contain 
small fragments of  retained natural lands, which 
serve as support networks for surrounding in-
tact natural areas. These small fragments can 
act as sources of  pollinators to the surrounding 
matrix of  natural lands (Hall et al., 2017). Thus, 
ensuring management of  urban green space 
and cultivated floral resources can have cascad-
ing effects that benefit both people and wildlife. 
And finally, birds and mammals provide long- 
distance dispersal of  seeds, aiding in restoration 
and forest growth (Corlett, 2005; Whelan et al., 
2015), though sometimes contributing to non- 
native plant invasions, which further degrades 
habitat quality (Gosper et al., 2005; Minor and 
Gardner, 2011). Species that disperse long dis-
tances (e.g. migratory birds) or have expansive 
home ranges (e.g. large mammals) can be impor-
tant transporters of  nutrients such as nitrogen 
across space and in between habitat boundaries 
(Whelan et  al., 2008). Though not directly de-
rived from animals themselves, the provision of  
habitat for wildlife by way of  planting trees or 
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conserving natural green space can also provide 
additive service by sequestering carbon, prevent-
ing erosion, reducing urban heat and improving 
air quality (Livesley et al., 2016).

Wildlife species that scavenge carrion (e.g. 
crows, Corvus spp.) and consume vertebrate 
and invertebrate pests provide regulating ser-
vices (Sekercioğlu et al., 2004; Luck et al., 2009; 
Cardinale et  al., 2012). These regulating ser-
vices, in turn, provide pest control of  insect and 
rodent outbreaks, and dispose of  waste (Luck 
et  al., 2009). For example, insectivorous birds 
consume billions of  insects, which improves the 
health of  the urban forest, plant growth and 
survival, and increases crop production in ur-
ban gardens (Wenny et al., 2011; Whelan et al., 
2015). Pest consumption by birds, along with 
other biocontrol agents, may also contribute to 
reducing populations of  disease vectors, such 
as ticks and mosquitoes (Samish and Rehacek, 
1999). Vertebrates are not the only taxa that 
provide regulating services. Although ‘urban en-
tomology’ may invoke thoughts of  pests and dis-
ease vectors, urban areas also harbour immense 
diversity of  beneficial taxa and species of  conser-
vation importance. Urban arthropods perform 
important ecosystem services such as pest con-
sumption and parasitization (Shrewsbury and 
Raupp, 2006) and decomposition and consump-
tion of  refuse (e.g. Youngsteadt et  al., 2015). 
Insects also serve as the crucial food resources 
for diverse taxonomic groups that provide other 
ecological and social values, such as insectivo-
rous songbirds (Narango et al., 2017). Predatory 
and parasitic arthropods reduce the impact of  
herbivorous consumers, like caterpillars, by re-
ducing herbivory, stymieing disease vectors (i.e. 
presenting such difficulties as to discourage or 
defeat the effectiveness of  the vector) and im-
proving plant health (McIntyre, 2000).

Social and Cultural Services

Urban wildlife provides social and cultural eco-
system services that improve the quality of  life 
for urban dwellers. Arguably, out of  all ecosys-
tem services, these social and cultural services 
have the broadest and most tangible impact 
on people’s lives. For example, bird diversity is 
linked to the well- being of  city residents through 

affective (emotional) mechanisms such as ex-
periencing the restorative properties of  hearing 
bird song (Ratcliffe et al., 2016; Hedblom et al., 
2017). Further, songbirds provide value by their 
beauty, their song and as objects of  educational 
study, connecting people with nearby nature 
(Belaire et al., 2015). Likewise, park visitors re-
ported ‘feeling better’ in environments that sup-
port greater species richness for trees, birds and 
butterflies (Fuller et al., 2007). Bird feeding and 
birdwatching best exemplify cultural activities, 
which are both multi- million- dollar industries. 
These activities are structured so that people can 
have intimate and personal experiences with 
birds (Reynolds et  al., 2017). At the other end 
of  the experiential spectrum with nature, feel-
ings of  disconnect from nature have been linked 
to negative environmental attitudes (Soga et al., 
2016) and the reduction of  personal subjective 
well- being (Nisbet et al., 2011). Ultimately, posi-
tive interactions with wildlife can mediate pro- 
environmental behaviours and people’s support 
for public environmental initiatives, which hold 
important conservation implications (Soga and 
Gaston, 2016). Therefore, one of  the most criti-
cal ecosystem services that urban wildlife pro-
vides is the ability to galvanize urban residents’ 
support for conservation of  the natural world 
(Hughes et al., 2018).

Disservices

In addition to services, urban wildlife can also 
provide disservices, since not all wildlife is a 
desirable component of  the landscape from the 
perspective of  the public (Belaire et  al., 2015). 
Thus, by inviting wildlife to share our living and 
working spaces in cities and suburbs, there may 
be unintentional consequences. Despite tremen-
dous ecological and economic importance, in-
sects are often either overlooked or despised by 
the public (Kellert, 1993). For example, urban 
areas harbour increased abundance of  insects 
that perform disservices, such as disease vec-
tors (e.g. West Nile virus; LaDeau et al., 2007), 
tree pests (e.g. insects such as the gloomy scale, 
Melanaspis tenebricosa; Frank et  al., 2013), or 
species that are generally despised due to aes-
thetic or cultural revulsion (e.g. cockroaches; 
Kellert, 1993). Invasive insects alter forest 
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health and are particularly detrimental to urban 
forests, which are often planted in monocul-
tures, or experience frequent drought- induced 
stress. For example, in 2007 it was estimated 
that the emerald ash borer (EAB; Agrilus plan-
ipennis Fairmaire) killed more than 53 million 
native ash trees (Fraxinus sp.) in Ohio, Michigan 
and Indiana, with the majority of  mortality oc-
curring in urban environments (Kovacs et  al., 
2010). Given the importance of  urban trees for 
regulating climate, stormwater mitigation, well- 
being and habitat (Bolund and Hunhammar, 
1999), the impact from EAB and other invasive 
insects is far- reaching.

Urban generalist mammals and birds can 
also invoke negative reactions from the public 
when interactions with private land become 
more apparent or detrimental to human well- 
being. For example, predatory carnivores (e.g. 
coyotes, and mountain lions, Puma concolor) are 
seen as threats to children and pets (Soulsbury 
and White, 2015) and vectors of  disease (e.g. 
rabies; Riley et al., 1998). Generalist omnivores 
(e.g. black bears, Ursus americanus, raccoons, 
gulls (Larridae spp.)) often scavenge in human 
refuse and garbage, and are therefore considered 
a nuisance (Newsome and Van Eeden, 2017). 
Large flocks of  birds (e.g. starlings (Sturnus vul-
garis), crows (Corvus brachyrhynchos) and geese 
(various species in the family Anatidae)) also can 
be seen as problems because of  the noise and 
mess they create en masse when congregating 
in forage or roosting locations (Whelan et al., 
2015). Surprisingly, although white- tailed deer 
(Odocoileus virginianus) populations were once 
threatened due to over- hunting, deer popula-
tions have rebounded and enjoy some of  the 
highest densities around urban metropolitan ar-
eas where hunting opportunities may be limited 
and their natural predators have long since been 
extirpated (Indiana Division of  Fish & Wildlife, 
2019). Consequently, deer populations perform 
disservices by over- browsing managed gardens 
and natural plant communities, degrading habi-
tat quality for songbirds and other wildlife, dis-
rupting forest succession, causing car accidents 
and serving as a long- distance dispersal agent 
for Lyme disease (Conover, 1997; McShea and 
Rappole, 2000; Kilpatrick et al., 2007; Indiana 
Division of  Fish & Wildlife, 2019). Yet deer are 
also a well- recognized representation of  ‘na-
ture,’ creating a conundrum for managers who 

need to appease public stakeholders, which 
may have conflicting attitudes towards deer 
(Rutberg, 1997). It is clear that urban wildlife 
provides both ecosystem services and disservic-
es, sometimes simultaneously. As urbanization 
continues to encroach on natural areas, urban 
managers and residents will have to cope with 
the trade- offs associated with the management 
of  urban green spaces for wildlife.

Directions for Future Research in 
Urban Wildlife Ecology

In this chapter, some of  the ecological and so-
cial filtering factors that affect wildlife patterns 
in urban environments have been highlighted 
(Fig.  3.1). Although we attempted to include 
examples from a range of  taxa, a few groups 
have received the majority of  research interest. 
In addition to advancing our understanding of  
species with broad public appeal, like songbirds 
(Marzluff, 2017), bees and butterflies (Ramírez- 
Restrepo and MacGregor- Fors, 2017), we sug-
gest that future studies continue the recent trend 
of  investigating less ‘charismatic’ taxa such as 
ground arthropods, flies, moths, reptiles, am-
phibians and small mammals (e.g. Merckx et al., 
2018; McCary et  al., 2018). Similarly, expand-
ing research in neo-, Afro- and Indo- tropical re-
gions can expand our level of  inference of  urban 
wildlife patterns (McDonnell and Hahs, 2013), 
particularly with regard to social and cultural 
contexts. These understudied tropical regions 
are also critical for future investigations since 
they contain both the most rapidly growing met-
ropolitan regions in the world and high overlap 
with biodiversity hotspots (Seto et  al., 2012). 
Recent reviews of  urban biodiversity in urban 
green spaces have highlighted avenues ripe for 
future research (Beninde et al., 2015). For exam-
ple, a deeper understanding of  the thresholds of  
green space size, and whether green spaces serve 
as population sources or sinks, can help inform 
managers who require detailed information for a 
variety of  different species (Aronson et al., 2017; 
Lepczyk et al., 2017a).

There has been an increased interest in 
how management can enhance the conserva-
tion value of  urban green spaces (e.g. Goddard 
et  al., 2013; Lerman et  al., 2014; Aronson 
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et  al., 2017). Thus, additional detailed studies 
that identify particular recommendations and 
actions that managers, urban planners and 
the public can take to restore ecological integ-
rity and improve biodiversity in urban green 
spaces can further advance biodiversity goals. 
Experimental manipulative studies are neces-
sary to isolate potential mechanistic drivers, but 
are curiously absent in this field (Felson et  al., 
2013; Marzluff, 2017). Recent research that has 
assessed specific mechanisms includes identify-
ing simple solutions for promoting pollinators 
via less frequent lawn mowing (Lerman et  al., 
2018) and how to manage urban green spaces 
to reduce ticks and Lyme disease by planting na-
tive plants (Adalsteinsson et al., 2016). In addi-
tion, identifying specific thresholds, such as the 
amount of  native plants necessary to support 
stable insectivorous bird populations (Narango 
et  al., 2018), can help guide restoration efforts 
and provide empirical support for planning 
goals. These and future studies will help home-
owners, developers, urban green space manag-
ers and designers make informed decisions that 
may simultaneously promote biodiversity and 
improve human health and ecosystem services 
(Aronson et al., 2017).

We also encourage further exploration of  
the links between wildlife and ecosystem ser-
vices that are particular to novel urban systems. 
Increasing our understanding of  the interac-
tions and feedback loops between management 
decisions, their impact on a variety of  different 
species, and how interactions and subsequent 
attitudes, in turn, further shape decisions, can 

assist with future management recommenda-
tions that aim to enhance urban habitats for 
wildlife and people. With this information, we 
could begin to uncover the answers to ultimate 
questions in the field, such as how does the taxo-
nomic and functional homogenization of  some 
taxa impact ecosystem services? Do people rec-
ognize the value of  biodiverse animal commu-
nities, and how can we highlight opportunities 
for enhancing communication strategies that 
affect management decisions? Finally, what are 
the primary drivers of  personal conservation 
stewardship, and what scale is necessary to sup-
port sustainable and biodiverse urban wildlife 
communities?

Conclusion

Urban areas represent a fascinating and novel 
mixture of  human- provided resource inputs, al-
tered ecological communities and human–wild-
life interactions. We have highlighted some key 
differences between vertebrate and invertebrate 
responses to the urban landscape, the unique 
barriers associated with filtering urban com-
munities, and the dynamism within this coupled 
social and ecological system. Urban settings also 
present unique opportunities for conservation, 
education and stewardship. In particular, rec-
ommendations for managing urban green spac-
es can empower local communities to promote 
features that enhance habitat, improve biodiver-
sity and ensure beneficial services for people.
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Introduction

Plants have long been cultivated to improve 
quality of  life in dense human settlements, 
mitigating the environmental stresses of  ur-
ban living. Urban landscape elements include 
gardens, trees and lawns designed to provide 
aesthetic and functional benefits to local resi-
dents, as well as urban natural areas that re-
flect the native biome vegetation. Different 
types of  informal green space are typically 
found in interstitial urban areas wherever 
plants find space, light, water and nutrients to 
grow (Rupprecht and Byrne, 2014). A grow-
ing body of  literature evaluates the health and 
well- being benefits of  these diverse types of  
intentional and unintentional urban nature, 
and advocates for their inclusion in sustain-
able urban design (Konijnendijk et  al., 2013; 
Kowarik, 2018; Threlfall and Kendal, 2018). 
But how does the urban environment impact 
plant physiological function, whether cultivat-
ed or not, native or introduced species, across 
the range of  habitats found within a metropoli-
tan area? And how might those impacts affect 
the ability of  urban plants to perform the eco-
system services desired by urban residents?

Plant ecophysiology (or physiological 
plant ecology) is a field of  study concerned with 
the function and performance of  plants under 
constraints imposed by their growing environ-
ment. Ecophysiological research is integral to 

understanding and managing the fluxes of  
heat, water, gases and nutrients that underlie 
urban ecosystem science and that help make 
cities both liveable and sustainable (Alberti, 
2005). The past few decades have seen a rise 
in research on plant community ecology, but 
ecophysiological studies have lagged behind, 
possibly due to methodological challenges, or 
due to the recent popularity of  other topics in 
plant biology (Beyschlag and Ryel, 2007).

A systematic approach to urban plant 
ecophysiology that is tied to decision making 
can support efforts to improve both liveabil-
ity and sustainability of  cities via plant physi-
ological function. Plants are the foundation of  
most nature- based solutions to environmental, 
social and economic challenges, and physi-
ological function is the engine that drives the 
provision of  associated ecosystem services. 
Knowledge about variation in plant physi-
ological function across genotypes, species, 
urban site types or regions that accounts for 
differences in management intensity or land 
use history will help inform the continued (and 
equitable) provision of  these services. This 
chapter presents a comprehensive approach 
to the study of  urban plant ecophysiology and 
provides a framework for future study, exam-
ining existing research, methodological chal-
lenges and linkages to nature- based solutions 
in cities.
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Approaches to the Study of Urban 
Plant Ecophysiology

The study of  plant ecophysiology in any envi-
ronmental context creates an important link 
between scales and disciplines in plant science 
(Beyschlag and Ryel, 2007; Fig. 4.1). Research 
in plant ecophysiology addresses spatial scales 
from organelles to ecosystems and correspond-
ing timescales from seconds to millennia across 
biochemical, physiological, ecological, and evo-
lutionary processes (Osmond et  al., 1980). In 
the urban context, plant ecophysiology provides 
a mechanistic understanding underlying cur-
rent advances in the study of  urban ecosystem 
fluxes (e.g. Reisinger et  al., 2016; Menzer and 

McFadden, 2017) and plant community ecology 
(e.g. Aronson et al., 2016; Kowarik and von der 
Lippe, 2018).

Predictions of  individual plant, community 
and ecosystem responses to social- ecological 
urban environmental factors are only possible 
with knowledge of  the underlying physiologi-
cal mechanisms. Figure 4.1 illustrates examples 
of  social and biophysical processes that impact 
urban ecosystems at different scales of  space 
and time through direct or indirect human ac-
tivity. Some processes, such as the urban heat 
island effect or non- native species introductions 
have been well studied across many urban ar-
eas. In contrast, the processes of  natural selec-
tion compared to domestic selection through 

Fig. 4.1. A framework for understanding urban plant ecophysiology in relation to other fields of study 
and related social- ecological processes. Circles represent the major disciplines in plant biology and 
include examples of phenomena studied within each discipline. Black arrows represent the feedbacks 
between urban plant ecophysiology and these ecosystem, community or organismal processes. Clear 
arrows illustrate examples of social and biophysical processes that impact urban ecosystems at 
different scales of space and time through direct or indirect human activity. (Adapted from Beyschlag 
and Ryel, 2007 to include examples of phenomena within each discipline and of social and biophysical 
processes)
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arboricultural and horticultural practices 
and resulting impacts on plant ecology are an 
emerging area of  research that has received lit-
tle attention.

Until now, the study of  urban plant physiol-
ogy has been dominated by the paradigm of  ur-
ban environmental stress as well as dominated 
by the urban- to- rural gradient approach. The 
two concepts may be combined, such that an ur-
ban–rural gradient is described as a ‘stress gra-
dient’ (Calfapietra et al., 2015). Although these 
paradigms have provided an initial approach to 
urban plant ecophysiology and resulted in im-
portant research findings, they are incomplete 
and reveal the need for a more comprehensive 
framework.

It is commonly assumed that urban plants 
must acclimate or adapt to conditions of  ‘per-
manent stress’ (Calfapietra et al., 2015). Indeed, 
there are many scenarios in which plants experi-
ence stress in urban environments, resulting in 
less vegetative growth, reduced flowering and 
seed production, failure to germinate, or mor-
tality. The harsh growing conditions of  street 
trees in particular have been studied for several 
decades (Bassuk and Whitlow, 1987; Cregg and 
Dix, 2001; Meineke et  al., 2013), leading to a 
search for stress- tolerant tree species suitable for 
highly developed urban sites (Sjöman and Busse 
Nielsen, 2010). Street tree pits surrounded by 
pavement are known to provide particularly 
stressful environments due to soil compaction, 
high soil pH, soil solution chemistry affected by 
dog urine and de- icing salts, waterlogging, lack 
of  water, air pollution, high summer tempera-
tures, and mechanical damage from people and 
vehicles (Whitlow and Bassuk, 1988). However, 
there are many environmental constraints to 
plant growth that are reduced in urban envi-
ronments, depending on the plant species and 
site type (Table  4.1). While highly visible, the 
street tree pit represents only a fraction of  urban 
tree sites, let alone the habitats of  all vegetation 
contained within a city. Trees planted in lawn 
strips, residential gardens, parks, institutional 
grounds, or naturally regenerating across a va-
riety of  public and private land uses may have 
access to more light, nutrients and water than 
trees in a rural forested condition, and the added 
heat or heavy metals may not be enough to neg-
atively impact physiological function, depending 
on the species and site type (Iakovoglou et  al., 

2001; Pretzsch et al., 2017; Sonti, 2019). Even 
street trees are likely to experience less competi-
tion and reduced herbivory from deer and other 
mammals compared to forest- grown trees. The 
variety of  plant species and site types found 
within cities means that various abiotic and 
biotic aspects of  the urban environment may 
be stressful or beneficial to plant physiological 
function.

Urban influences on environmental con-
straints do not occur in isolation, but interact to 
determine plant growth, physiological function 
and reproductive success, which in turn influ-
ence community composition and ecosystem 
fluxes. For example, research from the eastern 
and midwestern USA shows that insect her-
bivore density increases with elevated urban 
temperatures (Youngsteadt et  al., 2015), and 
that drought stress can predispose urban trees 
to insect pest infestation (Cregg and Dix, 2001). 
Management practices, including irrigation and 
pruning, reduce water- use efficiency and lead to 
sunscald on urban trees in the arid south- west 
USA (Martin and Stabler, 2004; Martin and 
Stutz, 2013). However, interactions between ur-
ban environmental factors can also reduce con-
straints to plant growth and function. Nitrogen 
availability in urban conditions may interact 
with changes in temperature and water avail-
ability to either enhance or limit tree growth 
(Searle et  al., 2011; Osone et  al., 2014). A nu-
anced view of  environmental constraints across 
plant species, cities and urban site types will 
allow for a more accurate picture that reflects 
the values of  urban green spaces for ecosystem 
function.

A second common approach to urban plant 
physiology has been the use of  urban- to- rural 
gradients to understand the influence of  the ur-
ban environment on plant physiology. This ap-
proach can help gain insight into future global 
change conditions (Gregg et  al., 2003; Searle 
et  al., 2012; Calfapietra et  al., 2015). The gra-
dient approach can be a useful construct for 
examining the impact of  large- scale anthropo-
genic factors such as CO

2 emissions, nitrogen 
deposition, changes in ozone concentration 
and precipitation patterns (Lahr et  al., 2018a). 
Urban–rural gradient experiments conducted 
using uniform soil conditions (in pots or con-
structed plots) demonstrate that the elevated 
temperatures, increased levels of  atmospheric 
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Table 4.1. Urban influences on abiotic and biotic environmental factors affecting plant growth, including 
direct and indirect human impacts.

Environmental factors Urban influence

Abiotic

Radiation Shade from tall buildings or planted trees
Reflected UV radiation from built surfaces
Reduced UV radiation due to air pollution

Temperature Urban heat island effect
Soil freezing affected by soil compaction; snow/leaf litter removal

Water

Humidity Wind tunnels
Urban heat island effect

Soil moisture Changes in soil organic matter
Soil compaction
Flashy precipitation and stormwater run- off
Engineered stormwater controls
Stream channelization

Gas

Oxygen deficiency Modified flooding frequency
Soil compaction

Ozone exposure
Atmospheric CO2

Particulate matter

Elevation or depletion
Elevation from local point sources
Modified seasonal dynamics
Increased exposure and deposition

Chemicals/minerals Nutrient excess, deficiency, or imbalance from pollution or fertilizer
Altered pH from fertilizer or anthropogenic construction materials
Changes in salinity from road salt or altered coastal flooding patterns
Increased heavy metals
Pesticide or herbicide application

Mechanical effects

Wind Wind tunnels or wind breaks from tall buildings

Burial Construction activities
Planting practices

Snow and ice cover Urban heat island effect
Snow clearing

Fire Fire suppression
Arson

Vegetation management Pruning
Weeding
Lawn mowing

Biotic

Plants Reduced competition through vegetation control
Increased competition from invasive species or planting
Allelopathy from introduced species

Continued
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CO2 and/or reduced ozone found in urban areas 
can lead to greater plant productivity (Gregg 
et  al., 2003; George et  al., 2009; Searle et  al., 
2012). Mature urban trees growing in situ are 
also more productive than their rural counter-
parts across both open- grown and forested set-
tings (Pretzsch et al., 2017; Sonti et al., 2019), 
although tree longevity may be reduced in ur-
ban areas (Smith et al., 2019). This increase in 
productivity has been observed using remote 
sensing as well (Zhao et al., 2016). Urban con-
ditions can also enhance growth of  species that 
are problematic for human health, including 
ragweed and poison ivy (Ziska, 2003; Ziska et al., 
2007). Urbanization is also known to alter nutri-
ent availability, with implications for foliar nitro-
gen content and physiological function (Vallano 
and Sparks, 2013; Falxa- Raymond et al., 2014;; 
Trammell et  al., 2016). However, urbanization 
gradients are applied inconsistently across stud-
ies and can be an oversimplified and mislead-
ing concept in many situations (McDonnell and 
Hahs, 2008; Raciti et al., 2012a; Short Gianotti 
et  al., 2016). Urban–rural gradients are inad-
equate to capture many of  the environmental 
factors affecting plant physiology that vary on 
small spatial scales within cities and suburbs. 
These factors include impervious surfaces, fer-
tilizer or pesticide application, soil disturbance 
history, and the influence of  domestic versus 
natural selection.

By focusing on terrestrial and aquatic 
patches within cities and suburbs as ana-
logues of  non‐urban habitats, the gradient ap-
proach tends to examine ecology in the city, 
rather than a more comprehensive ecology 
of the city that treats the entire urban mosaic 
as a social- ecological system (Pickett et  al., 
2016). As illustrated in Fig.  4.2, differences in 

human- management intensity and land- use 
history both within a city and across urban–ru-
ral gradients will impact both plant community 
composition and physiological function across 
different site types. This approach provides a 
comprehensive framework in which to design 
specific studies of  urban plant ecophysiology. 
For example, in Baltimore, Maryland, we find 
vacant lots with ruderal plant species and patch-
es of  closed canopy forest (Avins, 2013; Johnson 
et al., 2018); both are examples of  sites with lit-
tle management or cultivation, but their species 
composition and ecophysiological function vary 
greatly due to the history of  development or dis-
turbance on that site. Even within a particular 
type of  urban green space, there may be a great 
deal of  variation in environmental conditions 
due to land- use history. For example, urban soils 
collected from several New York City forest resto-
ration sites supported significantly different lev-
els of  tree seedling health and growth (Pregitzer 
et al., 2016). In addition, we may find particular 
site types, such as a lawn or a patch of  forest, 
that occur within urban, suburban and rural 
areas. Rather than frame research questions 
around an urbanization gradient, it may make 
more sense to conceptualize and compare sites 
within cities or metropolitan areas that vary ac-
cording to specific combinations of  environmen-
tal parameters (McDonnell and Hahs, 2008).

Within urban areas, there is a variety of  
formal and informal green spaces that provide 
habitat for plant life (Kowarik, 2011; Rupprecht 
and Byrne, 2014). Management practices vary 
across these sites, leading to differences in physi-
ological function (Fig. 4.2). For example, water 
use (measured as sap flux) varies between native 
and non- native tree species, as well as between 
natural, irrigated, unirrigated and street tree 

Environmental factors Urban influence

Microorganisms Introduced diseases (virus, bacteria, fungi)
Loss of mycorrhizal fungi
Changes in microorganism biodiversity
Altered rates of nitrification

Animals Herbivory from insect pests (native and introduced)
Trampling and soil compaction from pets
Herbivory and seed predation by urban mammals (e.g. deer, rodents)
Increased faeces and urine from pets

Table 4.1. Continued
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sites in Los Angeles, California (McCarthy and 
Pataki, 2010; Pataki et al., 2011). Research has 
also found that landscaping choices may have 
socio- economic drivers (Kinzig et al., 2005) and 
result in different ecophysiological outcomes. 
Empirical models of  turfgrass and tree evapo-
transpiration combined with remotely sensed 
estimates of  Los Angeles vegetation cover reveal 
that coniferous and palm tree species contribute 
little transpiration compared to angiosperms, 
and that total modelled evapotranspiration 

is correlated with median household income 
(Litvak et al., 2017).

Private residential lands are beginning to 
receive recognition from ecologists as one of  the 
most prevalent land uses in cities, with impor-
tant consequences for urban biodiversity and 
ecosystem function (Locke et  al., 2018; Pearse 
et al., 2018). Lawns in particular dominate ur-
ban green space land cover across many cities 
(Ignatieva et  al., 2015), and much remains to 
be learned about their role in urban ecosystem 

Fig. 4.2. Urban plants grow in a variety of site types that vary along axes of land- use history and 
intensity of cultivation or management, leading to differences in community composition and 
physiological function. These site types are found throughout the urban- to- rural gradient and can be 
utilized to construct or refine experimental studies of plant ecophysiological function.
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functioning. Microclimate factors such as shad-
ing may have a strong influence on turfgrass 
water use, which has implications for lawn ir-
rigation practices (Litvak and Pataki, 2016). 
Analysis of  residential lawns across the USA 
suggests that nitrogen additions interact with 
overall rates of  nitrogen cycling and losses to 
drive foliar nitrogen concentration and isotopic 
composition (Trammell et  al., 2016). Carbon 
assimilation was found to be greater in arid 
residential landscapes than in the surrounding 
native desert across different plant life forms 
(Martin and Stabler, 2002).

In addition to gradients of  urbanization, 
it is important to consider the impact of  latitu-
dinal gradients and range limits of  both native 
and introduced species found in urban areas. 
For example, elevated urban temperatures may 
switch from beneficial to harmful in the lower 
latitudes of  a species’s range (Ghannoum and 
Way, 2011). Plant ecophysiology also underlies 
theory and practice related to the role of  cities 
in plant migration related to climate change 
(Woodall et al., 2010). The role of  urban land-
scapes in plant migration and species range dis-
tributions deserves further study, particularly in 
light of  projected changes in climatic conditions 
influencing ecophysiological function.

Across biomes and land uses, root function 
and other below- ground processes are notori-
ously difficult to measure, and this is even more 
true in urban systems where soil is often locked 
under impervious surfaces and destructive 
sampling is discouraged (Raciti et  al., 2012b). 
However, below- ground processes are a critical 
link in understanding urban plant productiv-
ity and ecosystem function (Högberg and Read, 
2006). Research from several cities across the 
USA suggests that paved surfaces can reduce 
tree growth due to increased rhizosphere tem-
peratures, among other factors (Martin et  al., 
2002; McClung and Ibáñez, 2018). Soils be-
neath pavement may become compacted with-
out the use of  structural materials to maintain 
pore spaces (Grabosky et  al., 2009). Soil com-
paction is considered a major stress to urban 
plants, potentially restricting root access to oxy-
gen and water (Mullaney et  al., 2015). Urban 
soils may also become waterlogged if  drainage 
is inadequate, causing a lack of  oxygen in the 
root zone. De- icing salts can cause ‘chemical 
drought’ to roots; chloride ions taken up by plant 

roots can accumulate to toxic levels in the leaves 
and result in leaf  necrosis (Bassuk and Whitlow, 
1987). Urban fill contains cement with lime-
stone and is often alkaline, which limits avail-
ability of  nutrients like iron and manganese 
in some urban sites. However, less heavily dis-
turbed urban soils may provide greater nutrient 
availability than surrounding native ecosystems 
(Sonti et al., 2019). Urban soils from a variety of  
land uses may support lower rates of  tree root 
colonization by mycorrhizal fungi, which pro-
vide increased water and nutrient absorption to 
the host plant (Martin et al., 2002; Karpati et al., 
2011; Tyburska et al., 2013). The impacts of  ur-
banization on root herbivory also remain largely 
unexplored (Rasmann and Agrawal, 2008).

Urban plant populations and communities 
are shaped by the forces of  both natural selec-
tion and domestic selection (i.e. artificial selec-
tion, propagation and dissemination of  plant 
genotypes with traits deemed advantageous or 
desirable for human use). Species or cultivars 
planted in gardens and other highly cultivated 
sites are selected for specific traits related to their 
physiological function (shade, water use), aes-
thetic appeal (flowers, fall foliage) and/or ease of  
maintenance (male dioecious trees that do not 
produce seeds or fruit) (Cariñanos and Casares- 
Porcel, 2011; Pataki et  al., 2013; Avolio et  al., 
2018). In sites with less maintenance, conven-
tional traits related to natural selection may be 
more relevant to reproductive success (Johnson 
et  al., 2018). The success of  ubiquitous urban 
species such as Ailanthus altissima and Ginkgo bi-
loba may be explained by ecophysiological traits 
allowing for high rates of  photosynthesis and 
water- use efficiency in urban growing condi-
tions (Hamerlynck, 2001; Osone et  al., 2014). 
There is little research comparing physiological 
function of  ornamental species compared to 
the native wildtypes they replace across differ-
ent plant functional groups (Lahr et al., 2018b) 
compared to photosynthesis and stomatal con-
ductance rates among red maple urban- planted 
cultivars and wildtype trees, finding that cul-
tivars had higher maximum rates of  photo-
synthesis but lower water- use efficiency than 
wildtype trees. Red maple is a common urban 
tree species that occurs naturally in urban- to- 
rural landscapes through the eastern USA and 
has also been used to develop dozens of  cultivars 
available for purchase in nurseries. However, 
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cultivars and varieties of  many other native spe-
cies are available to urban residents and land 
managers, and it is not clear how these domestic 
selection processes and the resulting genotypic 
and phenotypic variation in urban plant popu-
lations impact physiological function across the 
urban landscape.

In addition to below- ground processes and 
horticultural practices, there are other urban 
environmental factors affecting plant growth 
(Table 4.1) that have received little attention in 
the literature. For example, although it has been 
suggested that wind tunnels caused by tall build-
ings may increase leaf  desiccation (Bassuk and 
Whitlow, 1987), there is far more research about 
the role of  trees as wind breaks in urban areas 
(Trowbridge and Bassuk, 2004). Presumably, 
if  trees are strategically placed to block strong 
winds, there may be impacts to growth and 
physiological function. The ability of  tall build-
ings to block and reflect light may also impact 
plant growth form or phenology.

Social- ecological factors may influence 
urban plant ecology in completely different 
ways across humid versus arid cities, necessi-
tating different approaches to ecophysiological 
study. In temperate regions of  North America 
and Europe, many cities have reduced tree can-
opy cover compared to the native forest biome 
they replaced, often leading to general changes 
such as more sunlight and less soil organic 
matter. However, arid cities generally have 
more tree cover than the surrounding native 
ecosystem, resulting in more shade and soil or-
ganic matter. In addition, regional differences 
in irrigation, fertilizer application and pesticide 
application practices affect plant physiological 
function differently across local land uses and 
site types. Comparative plant ecophysiology re-
search across urban areas will be critical to de-
termine whether these environmental impacts 
are similar across urban geographies (Sonti, 
2019). Urban site conditions of  different re-
gions vary according to the unique sets of  in-
teracting human and biophysical variables at 
each location, including latitudinal gradient, 
physiography and land- use history, requiring 
careful consideration of  each of  these fac-
tors and their interactions. Traditionally, the 
study of  ecophysiology tends to focus on either 
model plant systems (e.g. Arabidopsis thaliana), 
natural systems, or crops (Ainsworth et  al., 

2016). In this context, urban systems may be 
viewed as natural systems, or may be akin to 
agricultural systems, depending on the level 
of  cultivation, intensity of  continued mainte-
nance, and expected performance of  the urban 
plants in question.

Methodological Considerations 
for Field Studies of Urban Plant 

Physiology

The focus of  plant ecophysiology is often on 
the scale of  a single leaf  and extends up to a 
whole plant, although the discipline includes 
techniques for examining processes from mo-
lecular to global scales (Pearcy et  al., 1989). 
Field methods include assessments of  all of  the 
environmental factors listed in Table  4.1 and 
their resulting impacts on myriad physiologi-
cal processes including gas exchange, nutrient 
uptake, water use, carbon allocation, growth 
and reproduction. Field methods in plant eco-
physiology have been adapted to urban condi-
tions with varying levels of  success, and there 
may be opportunities to develop new directions 
and research techniques suited to urban ecol-
ogy (Fig. 4.3).

As the study of  urban ecology has ad-
vanced, field researchers are recognizing the 
need to include sites beyond formal protected ar-
eas such as parks or other institutional grounds. 
However, fieldwork on private urban land or in-
formal green spaces requires careful precautions 
to ensure security of  equipment, researchers 
and the local community. Studies of  urban plant 
biodiversity and ecosystem fluxes have outpaced 
research on urban plant physiology, which may 
be partly due to the challenges associated with 
plant ecophysiology methods and their reliance 
on expensive instrumentation. A study of  com-
mon problems experienced by urban ecology 
researchers includes several issues of  particular 
relevance to plant physiological ecologists, who 
often need to destructively sample plants and/
or leave expensive equipment on site that is not 
easy to hide (Dyson et al., 2019). Though rare, 
property damage may occur during collection of  
tree cores or other plant tissues, as well as during 
soil sampling or root studies, making it particu-
larly difficult to receive permission to conduct 
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these types of  studies on some urban land uses 
or ownerships. Because small- scale manage-
ment practices can impact individual plant func-
tion, there is also a need to control or document 
these types of  activities during the course of  a 
research project. For example, a study of  resi-
dential tree water use or lawn nutrient dynamics 
will be impacted by irrigation or fertilizer appli-
cation, so it is important to communicate with 
property owners about the frequency of  these 
activities or request that they suspend manage-
ment for the duration of  the research. This is not 
a unique consideration for urban research, but 
the large number of  property owners involved in 
a given urban ecology study makes these types 
of  communications and management activities 
more complex.

Traditional ecophysiology methods in-
clude instrumentation of  individual plants to 
measure physical and chemical parameters 
(Pearcy et  al., 1989). For example, measure-
ments of  tree sap flux or leaf- level gas exchange 
require expensive equipment to be attached to 

plants in situ and left in place anywhere from 
hours to months at a time. As a result, many 
of  these studies have been conducted in pro-
tected urban sites such as an arboretum or 
university campus (but see, for example, Osone 
et al., 2014; Lahr et al., 2018b). Access to tree 
canopies is a challenge in many ecophysiologi-
cal studies, but the urban setting may preclude 
the use of  techniques like scaffolding to reach 
the canopy or shotgun use to collect foliage. 
Pre- dawn measurements of  chlorophyll fluo-
rescence or leaf- water potential may be chal-
lenging if  sites are not considered safe in the 
dark. At the same time, urban sites are gen-
erally more accessible and less remote than 
wilderness areas, making it easier to trans-
port heavy equipment or find supplies to make  
repairs.

Methods that require collection of  a mini-
mal amount of  foliage can be successfully em-
ployed in urban areas, including assessments 
of  foliar nutrients, isotopic composition, chlo-
rophyll fluorescence, or chlorophyll content. 

Fig. 4.3. Two street tree studies conducted by scientists from the USDA Forest Service Northern 
Research Station illustrate the challenges and feasibility associated with design and implementation of 
ecophysiological research methods in urban contexts (Hallett et al., 2018; Westfall et al., 2020)
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For example, foliar nitrogen concentration and 
isotopic composition of  residential lawns may 
be associated with fertilization practices and 
housing age and may differ from associated 
native ecosystems in many cities (Trammell 
et  al., 2016). Nitrogen and oxygen isotope ra-
tios of  winter annual plants in Los Angeles, 
CAalifornia, vary with the spatial distribution 
of  atmospheric NO

2 and ozone, suggesting that 
these pollutants influence stomatal conduct-
ance (Wang and Pataki, 2010). Foliar nitrogen 
concentrations and isotope signatures may also 
reveal differences in species responses to altered 
nitrogen availability in urban green spaces, with 
implications for differential growth and survival 
(Falxa- Raymond et al., 2014).

Growth rates of  woody plants across urban 
site types and management regimes may be as-
sessed easily using repeated measurements of  
stem diameter, or sometimes through increment 
cores when permission is granted (e.g. Pretzsch 
et  al., 2017; Bialecki et  al., 2018). Because of  
the difficulty in assessing tree root growth and 
function in urban sites, some researchers have 
made use of  ground- penetrating radar to assess 
rooting depth in different site conditions (Bassuk 
et al., 2011; Grabosky and Bassuk, 2016).

One approach to studying ecophysiology 
along an urbanization gradient is to use potted 
plants that may be grown and harvested with-
out harming existing vegetation. These types of  
studies measure plant physiological responses 
to atmospheric factors such as ozone, carbon 
dioxide, temperature and nitrogen deposition, 
but do not account for below- ground influenc-
es of  the urban environment (e.g. Gregg et al., 
2003; Searle et al., 2012; Vallano and Sparks, 
2013). Of  course, greenhouses, growth cham-
bers and experimental plots may also be used 
to simulate urban environmental conditions, 
avoiding many of  the difficulties of  urban eco-
physiology field research (e.g. Mueller and Day, 
2005; Bartens et al., 2008; Searle et al., 2011, 
2012; Rahman et  al., 2014; Pregitzer et  al., 
2016). These methods also have the advantage 
of  direct experimental manipulation and sub-
sequent determination of  causal relationships 
between environment and plant physiological 
response, which is difficult to achieve in the ur-
ban setting. However, the applicability of  these 
results to urban field conditions may be more 
limited.

Flux towers can be used to examine the 
influence of  urban vegetation on atmospheric 
CO

2 fluxes (Briber et  al., 2013), particularly 
when combined with empirical data such as 
leaf- level gas exchange (Ng et al., 2015) or tree- 
level carbon sequestration estimates (Velasco 
et  al., 2016). Flux tower data has also shown 
that tree canopy can augment atmospheric 
elemental inputs to urban ground surfaces 
(Decina et  al., 2018). Although flux towers 
are large installations that may be difficult to 
establish initially, they can be used to collect 
continuous long- term data unobtrusively once 
they are installed.

High spatial resolution remote sensing 
may also provide insight into urban plant 
ecophysiology. For example, evapotranspira-
tion rates of  different types of  urban vegeta-
tion cover may be associated with Normalized 
Difference Vegetation Index (NDVI) values 
derived from high spatial resolution imagery 
(Nouri et al., 2013); although, at a lower spa-
tial resolution, Moderate Resolution Imaging 
Spectroradiometer (MODIS) data have been 
used to demonstrate the effect of  the urban 
heat island on vegetation phenology (Zhang 
et al., 2004) as well as to estimate net primary 
productivity in urban areas (Lu et  al., 2010; 
Yan et  al., 2018). High- resolution hyperspec-
tral imagery and LiDAR data may be used to 
map tree species, health status, leaf  area in-
dex (LAI) and carbon storage (Alonzo et  al., 
2016; Pontius et  al., 2017). Ground- based 
LiDAR can also be used to model urban tree 
biomass in a non- destructive manner (McHale 
et  al., 2009). Unmanned aerial vehicle (UAV) 
remote sensing also has great potential for 
ultra- high- resolution (both spatial and tem-
poral) mapping of  vegetation structure and 
function in complex urban landscapes pro-
vided that safety and privacy concerns of  this 
emerging technology are addressed (Feng 
et  al., 2015; Gallacher, 2016). The increased 
availability of  high- resolution data about the 
structure and arrangement of  urban vegeta-
tion in relation to the built environment also 
allows for improved design of  plant ecophysi-
ology studies. For example, mapping of  woody 
and herbaceous vegetation in front versus 
backyards in Boston, Massachusetts, would 
allow for investigation of  physiological func-
tion of  these different vegetation types across 
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residential management contexts (Ossola et al.,  
2019).

Urban Plant Ecophysiology as 
the Foundation of Nature-based 

Solutions

The field of  plant ecophysiology has long been 
central to the mitigation of  anthropogenic 
global change factors, as well as maintain-
ing humankind’s supply of  goods and service 
in the face of  increasing environmental stress 
(Ainsworth et al., 2016). Thus, the discipline is a 
natural fit with urban ecology, which also seeks 
to address issues of  sustainability, environmen-
tal quality and human well- being (McDonnell 
and MacGregor- Fors, 2016). Using an approach 
which has been termed ecology for the city, in-
terdisciplinary scientists seek to inform the 
design, planning, construction and manage-
ment of  cities and towns through the study of  
the structure and function of  urban ecosystems 
(Childers et  al., 2015). The provision of  such 
evidence- based knowledge is essential for the 
success of  ‘nature- based solutions’ that aim to 
promote public health and safety, enhance qual-
ity of  life, and restore natural hydrologic and 
ecological processes in urban areas (Nesshöver 
et  al., 2017; Keeler et  al., 2019). Cost- effective, 
nature- based solutions are often presented as 
‘green infrastructure’ that provide additional 
social- ecological co- benefits, unlike costly tech-
nological ‘grey infrastructure’. Plants provide 
the foundation of  most nature- based solutions, 
and a comprehensive understanding of  their 
physiological functioning in relation to current 
and future urban environmental conditions will 
allow for more effective design, implementation 
and maintenance of  these ecological features. 
Of  course, it is important to consider the ways in 
which interactions among social, ecological and 
technological factors (including climate change) 
will impact the efficacy with which plants pro-
vide urban ecosystem services and disservices 
(Keeler et al., 2019).

As the use of  nature- based solutions be-
comes more widespread in urban areas, there 
is a need to evaluate the current physiological 
performance of  plants within these installations 
as well as the suitability of  species and cultivars 

or varieties of  plants for future installations. To 
this end, Ordóñez et al. (2019) have developed 
a performance assessment framework, using 
street trees as a model nature- based solution. 
Unsurprisingly, tree ecophysiology is central to 
the conceptual and methodological framework, 
as the performance indicators centre around 
measures of  tree physiological performance and 
the abiotic and biotic environmental conditions 
that influence it (Ordóñez et al., 2019). Research 
by Ballinas and Barradas (2015,2016) illus-
trates the utility of  this approach, showing that 
measurements of  transpiration and stomatal 
conductance may be used to inform urban tree- 
planting arrangements that will dissipate the 
greatest possible amount of  heat, mitigating 
the urban heat island. Similarly, water- use ef-
ficiency can be used as a metric of  urban eco-
system service provision by different species in 
arid cities, given that it captures the trade- off  
between plant water use and growth (McCarthy 
et al., 2011).

Ecophysiological function of  certain 
nature- based solutions has been studied more 
thoroughly than others, including green roofs. 
In these highly designed settings, species selec-
tion and management practices are extremely 
important in order to achieve the desired physi-
ological performance and environmental out-
comes. For example, research shows that green 
roof  substrate design, vegetation type and spe-
cies have been found to affect plant performance 
(e.g. photosynthesis or water use) and/or green 
roof  performance (water run- off) (VanWoert 
et al., 2005; Nagase and Dunnett, 2012; Starry 
et al., 2014). Green roof  plant functional traits 
may also impact provision of  ecosystem services 
such as canopy density, substrate organic mat-
ter, substrate temperature index, and substrate 
nutrient retention (Xie et  al., 2018). Selection 
of  green roof  plant species based on evapotran-
spiration rates provides a tangible example of  
the use of  ecophysiological properties to inform 
design of  nature- based solutions (Kemp et  al., 
2019). Interactions between species are also 
important in these systems. For example, myc-
orrhizae may be introduced into green roofs or 
other nature- based solutions to enhance pro-
ductivity and performance (John et  al., 2017). 
Sedum groundcover may be used strategically 
to enhance performance and phenolic con-
centrations in edible plants used as part of  a 

 EBSCOhost - printed on 2/13/2023 11:25 AM via . All use subject to https://www.ebsco.com/terms-of-use



78 N.F. Sonti

sustainable urban agriculture green roof  pro-
gramme (Ahmed et al., 2017).

Phytoremediation systems are another ex-
ample of  nature- based solutions that use more 
advanced species and genotype selection pro-
cesses in order to achieve specific ecosystem 
service outcomes. Dozens of  plant species have 
been identified as hyperaccumulators of  heavy 
metals and at least ten uptake mechanisms have 
been identified as part of  a comprehensive model 
of  phytoremediation technology (Mahar et  al., 
2016). Salicaceae species are particularly well 
studied, with a combination of  field and labo-
ratory trials exploring the growth and physiol-
ogy of  Populus and Salix spp. genotypes used in 
phytoremediation of  heavy metals and organ-
ics (Marmiroli et al., 2011). Further research is 
needed on both intraspecific and interspecific 
variation in productivity across a range of  urban 
conditions in order to maximize plant function 
and associated performance of  nature- based 
solutions.

Conclusions: Future Directions for 
Urban Plant Ecophysiology Research

In 1988, Whitlow and Bassuk published ‘An 
Agenda for Urban Ecophysiological Research’, 
focused on street trees, which are highly visible 
and managed components of  many cities, and 
which provide important benefits to urban resi-
dents (Whitlow and Bassuk, 1988). Many of  the 
questions they identified remain to be answered, 
both for street trees and other types of  urban 
vegetation. However, our increased recognition 
of  the value of  urban plants across a diverse 
range of  habitats, and their central role in the 
function of  nature- based solutions, requires an 
expansion of  this research agenda. Over half  
of  the world’s population already lives in ur-
ban areas and it is projected that 60% will live 
in cities by 2030 (United Nations et al., 2018). 
Ambitious urban greening agendas worldwide 
recognize the value of  urban vegetation in 
sustaining and enhancing human and ecosys-
tem health and well- being, particularly in the 
face of  changing climate conditions (Tan et al., 
2013; Anguelovski et al., 2018). Successful im-
plementation of  these greening initiatives will 
require a mechanistic understanding of  plant 

productivity that is critical to the design and 
management of  urban green spaces.

Several areas of  urban ecophysiological 
research have received little attention but have 
particular potential to inform the practice of  ur-
ban natural resource management. There is a 
need to elucidate the impacts of  domestic selec-
tion on genotypic and species diversity of  urban 
plants and on associated ecosystem function. 
Continued research on both inter- and intra- 
specific variation in physiological function of  
native and introduced urban plants can help in-
form planning and design of  urban landscapes. 
The ability to match plant species and genotypes 
with specific urban site conditions can help re-
duce the resources needed to sustain urban 
landscapes that provide a high quality of  life to 
residents. There is also a need to quantify plant 
performance and physiological function across a 
range of  urban site types, from the most inten-
sively managed to urban wilderness areas. When 
informed by an ecophysiological approach, 
patch analysis of  the urban mosaic using re-
motely sensed data may be used to estimate the 
extent of  urban vegetation site types, with impli-
cations for ecosystem function at a metropolitan 
or regional scale (e.g. Cadenasso et al., 2007). In 
addition, plant growth in each of  these social- 
ecological contexts will lead to different positive 
and negative outcomes for human health and 
well- being. Research from landscape architec-
ture and social science perspectives can provide 
complementary information about human val-
ues and perceptions of  urban vegetation form 
and function (e.g. Heynen et al., 2006; Jansson 
et  al., 2013). Together, social and ecophysi-
ological research can inform optimization of  the 
trade- offs between resources (carbon emissions, 
water) and ecosystem services or disservices  
(biophysical and socio- cultural).

Cities are dynamic ecosystems made up of  a 
mosaic of  heterogeneous sites that may be heav-
ily managed or not managed at all. Plants may 
be integrated into urban landscapes in highly 
intentional ways with expected or unanticipat-
ed functional outcomes (Pataki, 2015), or they 
may exist and function in ways that are not in-
tentional at all. As large- scale urban greening 
initiatives become increasingly widespread and 
the impact of  their changes to the urban land-
scape are borne out, a greater understanding 
of  plant ecophysiology will provide insight into 
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carbon, water and nutrient dynamics essential 
to sustaining life in cities. Urban ecology and 
plant ecophysiology are both areas of  study that 
cross scales and disciplines in order to describe 
mechanisms underlying observed ecological 
patterns, but also to inform desired ecosystem 

function and related impacts on human health 
and well- being. Advancing an urban plant eco-
physiology research agenda can help support the 
design and implementation of  more sustainable 
and resilient cities in the face of  complex and un-
certain future social- ecological conditions.

References

Ahmed, S., Buckley, S., Stratton, A.E., Asefaha, F., Butler, C. et al. (2017) Sedum groundcover variably 
enhances performance and phenolic concentrations of perennial culinary herbs in an urban edible 
green roof. Agroecology and Sustainable Food Systems 41, 487–504.

Ainsworth, E.A., Bernacchi, C.J. and Dohleman, F.G. (2016) Focus on ecophysiology. Plant Physiology 
172, 619–621.

Alberti, M. (2005) The effects of urban patterns on ecosystem function. International Regional Science 
Review 28, 168–192.

Alonzo, M., McFadden, J.P., Nowak, D.J. and Roberts, D.A. (2016) Mapping urban forest structure 
and function using hyperspectral imagery and lidar data. Urban Forestry and Urban Greening 17, 
135–147.

Anguelovski, I., Argüelles, L., Baró, F., Cole, H.V.S., Connolly, J.J.T. et  al. (2018) Green trajectories: 
Municipal policy trends and strategies for greening in Europe, Canada and United States (1990–
2016). Barcelona Laboratory for Urban Environmental Justice and Sustainability, Barcelona, p. 260.

Aronson, M.F.J., Nilon, C.H., Lepczyk, C.A., Parker, T.S., Warren, P.S. et al. (2016) Hierarchical filters de-
termine community assembly of urban species pools. Ecology 97, 2952–2963.

Avins, M. (2013) Baltimore’s Forest Patches: Emerald Assets for Ecosystem Services. Baltimore Green 
Space.

Avolio, M.L., Pataki, D.E., Trammell, T.L. and Endter‐Wada, J. (2018) Biodiverse cities: the nursery industry, 
homeowners, and neighborhood differences drive urban tree composition. Ecological Monographs 
88, 259–276.

Ballinas, M. and Barradas, V.L. (2015) The urban tree as a tool to mitigate the urban heat island in Mexico 
City: a simple phenomenological model. Journal of Environment Quality 45, 157.

Ballinas, M. and Barradas, V.L. (2016) Transpiration and stomatal conductance as potential mechanisms 
to mitigate the heat load in Mexico City. Urban Forestry and Urban Greening 20, 152–159.

Bartens, J., Day, S.D., Harris, J.R., Dove, J.E. and Wynn, T.M. (2008) Can urban tree roots improve infiltra-
tion through compacted subsoils for stormwater management? Journal of Environment Quality 37, 
2048–2057.

Bassuk, N., Grabosky, J., Mucciardi, A. and Raffel, G. (2011) Ground- penetrating radar accurately locates 
tree roots in two soil media under pavement. Arboriculture and Urban Forestry 37, 160–166.

Bassuk, N.L. and Whitlow, T.H. (1987) Environmental stress in street trees. Acta Horticulturae 195, 49–57.
Beyschlag, W. and Ryel, R.J. (2007) Plant physiological ecology: an essential link for integrating across 

disciplines and scales in plant ecology. Flora: Morphology, Distribution, Functional Ecology of Plants 
202, 608–623.

Bialecki, M.B., Fahey, R.T. and Scharenbroch, B. (2018) Variation in urban forest productivity and re-
sponse to extreme drought across a large metropolitan region. Urban Ecosystems 21, 157–169.

Briber, B., Hutyra, L., Dunn, A., Raciti, S. and Munger, J. (2013) Variations in atmospheric CO
2 mixing 

ratios across a Boston, MA urban to rural gradient. Land 2, 304–327.
Cadenasso, M.L., Pickett, S.T. and Schwarz, K. (2007) Spatial heterogeneity in urban ecosystems: recon-

ceptualizing land cover and a framework for classification. Frontiers in Ecology and the Environment 
5, 80–88.

Calfapietra, C., Peñuelas, J. and Niinemets, Ü. (2015) Urban plant physiology: Adaptation- mitigation 
strategies under permanent stress. Trends in Plant Science 20, 72–75.

Cariñanos, P. and Casares- Porcel, M. (2011) Urban green zones and related pollen allergy: a review. 
Some guidelines for designing spaces with low allergy impact. Landscape and Urban Planning 101, 
205–214.

 EBSCOhost - printed on 2/13/2023 11:25 AM via . All use subject to https://www.ebsco.com/terms-of-use



80 N.F. Sonti

Childers, D.L., Cadenasso, M.L., Grove, J.M., Marshall, V., McGrath, B. et al. (2015) An ecology for cities: 
a transformational nexus of design and ecology to advance climate change resilience and urban 
sustainability. Sustainability 7, 3774–3791.

Cregg, B.M. and Dix, M.E. (2001) Tree moisture stress and insect damage in urban areas in relation to heat 
island effects. Journal of Arboriculture 27, 8–17.

Decina, S.M., Templer, P.H. and Hutyra, L.R. (2018) Atmospheric inputs of nitrogen, carbon, and phos-
phorus across an urban area: unaccounted fluxes and canopy influences. Earth's Future 6, 134–148.

Dyson, K., Ziter, C., Fuentes, T.L. and Patterson, M.S. (2019) Conducting urban ecology research on pri-
vate property: advice for new urban ecologists. Journal of Urban Ecology 5, 1–10.

Falxa- Raymond, N., Palmer, M. I., McPhearson, T. and Griffin, K.L. (2014) Foliar nitrogen characteristics 
of four tree species planted in New York City reforestation sites. Urban Ecosystems 17, 807–824.

Feng, Q., Liu, J. and Gong, J. (2015) UAV remote sensing for urban vegetation mapping using random 
forest and texture analysis. Remote Sensing 7, 1074–1094.

Gallacher, D. (2016) Drones to manage the urban environment: risks, rewards, alternatives. Journal of 
Unmanned Vehicle Systems 4, 115–124.

George, K., Ziska, L.H., Bunce, J.A., Quebedeaux, B., Horn, J.L. et al. (2009) Macroclimate associat-
ed with urbanization increases the rate of secondary succession from fallow soil. Oecologia 159, 
637–647.

Ghannoum, O. and Way, D.A. (2011) On the role of ecological adaptation and geographic distribution in 
the response of trees to climate change. Tree Physiology 31, 1273–1276.

Grabosky, J., Haffner, E. and Bassuk, N. (2009) Plant available moisture in stone- soil media for use under 
pavement while allowing urban tree root growth. Arboriculture and Urban Forestry 35, 271–278.

Grabosky, J. and Bassuk, N. (2016) Seventeen years’ growth of street trees in structural soil compared 
with a tree lawn in New York City. Urban Forestry and Urban Greening 16, 103–109.

Gregg, J.W., Jones, C.G. and Dawson, T.E. (2003) Urban ozone depletion: why a tree grows better in New 
York City. Nature 424, 183–187.

Hallett, R., Johnson, M.L. and Sonti, N.F. (2018) Assessing the tree health impacts of salt water flooding in 
coastal cities: a case study in New York City. Landscape and Urban Planning 177, 171–177.

Hamerlynck, E. (2001) Chlorophyll fluorescence and photosynthetic gas exchange responses to irrandi-
ance of Tree of Heaven (Ailanthus altissima) in contrasting urban environments. Photosynthetica 39, 
79–86.

Heynen, N., Perkins, H.A. and Roy, P. (2006) The political ecology of uneven urban green space: the im-
pact of political economy on race and ethnicity in producing environmental inequality in Milwaukee. 
Urban Affairs Review 42, 3–25.

Högberg, P. and Read, D.J. (2006) Towards a more plant physiological perspective on soil ecology. Trends 
in Ecology and Evolution 21, 548–554.

Iakovoglou, V., Thompson, J., Burras, L. and Kipper, R. (2001) Factors related to tree growth across 
urban- rural gradients in the Midwest, USA. Urban Ecosystems 5, 71–85.

Ignatieva, M., Ahrné, K., Wissman, J., Eriksson, T., Tidåker, P. et al. (2015) Lawn as a cultural and ecologi-
cal phenomenon: a conceptual framework for transdisciplinary research. Urban Forestry and Urban 
Greening 14, 383–387.

Jansson, M., Fors, H., Lindgren, T. and Wiström, B. (2013) Perceived personal safety in relation to urban 
woodland vegetation: a review. Urban Forestry and Urban Greening 12, 127–133.

John, J., Kernaghan, G. and Lundholm, J. (2017) The potential for mycorrhizae to improve green roof 
function. Urban Ecosystems 20, 113–127.

Johnson, A.L., Borowy, D. and Swan, C.M. (2018) Land use history and seed dispersal drive divergent 
plant community assembly patterns in urban vacant lots. Journal of Applied Ecology 55, 451–460.

Karpati, A.S., Handel, S.N., Dighton, J. and Horton, T.R. (2011) Quercus rubra- associated ectomycorrhizal 
fungal communities of disturbed urban sites and mature forests. Mycorrhiza 21, 537–547.

Keeler, B.L., Hamel, P., McPhearson, T., Hamann, M.H., Donahue, M.L. et al. (2019) Social- ecological and 
technological factors moderate the value of urban nature. Nature Sustainability 2, 29–38.

Kemp, S., Hadley, P. and Blanuša, T. (2019) The influence of plant type on green roof rainfall retention. 
Urban Ecosystems 22, 355–366.

Kinzig, A.P., Warren, P., Martin, C., Hope, D. and Katti, M. (2005) The effects of human socioeconomic 
status and cultural characteristics on urban patterns of biodiversity. Ecology and Society 10, 23–35.

Konijnendijk, C.C., Annerstedt, M., Nielsen, A.B. and Maruthaveeran, S. (2013) Benefits of urban parks: a 
systematic review. A report for IPFRA.

 EBSCOhost - printed on 2/13/2023 11:25 AM via . All use subject to https://www.ebsco.com/terms-of-use



81Urban Plant Ecophysiology

Kowarik, I. (2011) Novel urban ecosystems, biodiversity, and conservation. Environmental Pollution 159, 
1974–1983.

Kowarik, I. (2018) Urban wilderness: supply, demand, and access. Urban Forestry and Urban Greening 
29, 336–347.

Kowarik, I. and von der Lippe, M. (2018) Plant population success across urban ecosystems: a framework 
to inform biodiversity conservation in cities. The Journal of Applied Ecology 55, 2354–2361.

Lahr, E.C., Dunn, R.R. and Frank, S.D. (2018a) Getting ahead of the curve: cities as surrogates for global 
change. Proceedings of the Royal Society B: Biological Sciences 285, 20180643.

Litvak, E., Manago, K.F., Hogue, T.S. and Pataki, D.E. (2017) Evapotranspiration of urban landscapes in 
Los Angeles, California at the municipal scale. Water Resources Research 53, 4236–4252.

Lahr, E.C., Dunn, R.R. and Frank, S.D. (2018b) Variation in photosynthesis and stomatal conductance 
among red maple (Acer rubrum) urban planted cultivars and wildtype trees in the southeastern 
United States. PLOS ONE 13, 1–18.

Litvak, E. and Pataki, D.E. (2016) Evapotranspiration of urban lawns in a semi- arid environment: An in situ 
evaluation of microclimatic conditions and watering recommendations. Journal of Arid Environments 
134, 87–96.

Locke, D.H., Avolio, M., Trammel, T., Chowdhury, R.R., Grove, J.M. et al. (2018) A multi- city comparison 
of front and backyard differences in plant species diversity and nitrogen cycling in residential land-
scapes. Landscape and Urban Planning 178, 102–111.

Lu, D., Xu, X., Tian, H., Moran, E., Zhao, M. et al. (2010) The effects of urbanization on net primary pro-
ductivity in southeastern China. Environmental Management 46, 404–410.

Mahar, A., Wang, P., Ali, A., Awasthi, M.K., Lahori, A.H. et al. (2016) Challenges and opportunities in the 
phytoremediation of heavy metals contaminated soils: a review. Ecotoxicology and Environmental 
Safety 126, 111–121.

Marmiroli, M., Pietrini, F., Maestri, E., Zacchini, M., Marmiroli, N. et al. (2011) Growth, physiological and 
molecular traits in Salicaceae trees investigated for phytoremediation of heavy metals and organics. 
Tree Physiology 31, 1319–1334.

Martin, C.A. and Stabler, L.B. (2002) Plant gas exchange and water status in urban desert landscapes. 
Journal of Arid Environments 51, 235–254.

Martin, C.A. and Stabler, L.B. (2004) Urban horticultural ecology: interactions between plants, people and 
the physical environment. Acta Horticulturae 639, 97–101.

Martin, C.A. and Stutz, J.C. (2013) Tree health in Phoenix, Arizona, US. Arboriculture and Urban Forestry 
39, 286–291.

Martin, C.A., Stabler, L.B., Celestian, S.B. and Stutz, C. (2002) Urban plant ecology: a horticultural per-
spective. Initial results from a Long Term Ecological Research (LTER) Site. Proceedings of the 12th 
METRIA Conference.

McCarthy, H.R. and Pataki, D.E. (2010) Drivers of variability in water use of native and non- native urban 
trees in the greater Los Angeles area. Urban Ecosystems 13, 393–414.

McCarthy, H.R., Pataki, D.E. and Jenerette, G.D. (2011) Plant water- use efficiency as a metric of urban 
ecosystem services. Ecological Applications 21, 3115–3127.

McClung, T. and Ibáñez, I. (2018) Quantifying the synergistic effects of impervious surface and drought on 
radial tree growth. Urban Ecosystems 21, 147–155.

McDonnell, M.J. and Hahs, A.K. (2008) The use of gradient analysis studies in advancing our understand-
ing of the ecology of urbanizing landscapes: current status and future directions. Landscape Ecology 
23, 1143–1155.

McDonnell, M.J. and MacGregor- Fors, I. (2016) The ecological future of cities. Science 352, 936–938.
McHale, M.R., Burke, I.C., Lefsky, M.A., Peper, P.J. and McPherson, E.G. (2009) Urban forest biomass es-

timates: is it important to use allometric relationships developed specifically for urban trees? Urban 
Ecosystems 12, 95–113.

Meineke, E.K., Dunn, R.R., Sexton, J.O. and Frank, S.D. (2013) Urban warming drives insect pest abun-
dance on street trees 8, 2–8.

Menzer, O. and McFadden, J.P. (2017) Statistical partitioning of a three- year time series of direct urban net 
CO

2 flux measurements into biogenic and anthropogenic components. Atmospheric Environment 
170, 319–333.

Mueller, E.C. and Day, T.A. (2005) The effect of urban ground cover on microclimate, growth and 
leaf gas exchange of oleander in Phoenix, Arizona. International Journal of Biometeorology 49, 
244–255.

 EBSCOhost - printed on 2/13/2023 11:25 AM via . All use subject to https://www.ebsco.com/terms-of-use



82 N.F. Sonti

Mullaney, J., Lucke, T. and Trueman, S.J. (2015) A review of benefits and challenges in growing street 
trees in paved urban environments. Landscape and Urban Planning 134, 157–166.

Nagase, A. and Dunnett, N. (2012) Amount of water runoff from different vegetation types on extensive 
green roofs: effects of plant species, diversity and plant structure. Landscape and Urban Planning 
104, 356–363.

Nesshöver, C., Assmuth, T., Irvine, K.N., Rusch, G.M., Waylen, K.A. et al. (2017) The science, policy and 
practice of nature- based solutions: an interdisciplinary perspective. Science of the Total Environment 
579, 1215–1227.

Ng, B.J.L., Hutyra, L.R., Nguyen, H., Cobb, A.R., Kai, F.M. et al. (2015) Carbon fluxes from an urban tropi-
cal grassland. Environmental Pollution 203, 227–234.

Nouri, H., Beecham, S., Kazemi, F. and Hassanli, A.M. (2013) A review of ET measurement techniques for 
estimating the water requirements of urban landscape vegetation. Urban Water Journal 10, 247–259.

Ordóñez, C., Grant, A., Millward, A.A., Steenberg, J. and Sabetski, V. (2019) Developing performance indi-
cators for nature- based solution projects in urban areas: the case of trees in revitalized commercial 
spaces. Cities and the Environment 12, Article 1.

Osmond, C.B., Björkman, O. and Anderson, D.J. (1980) Physiological Processes in Plant Ecology: Towards 
a Synthesis with Atriplex. Springer- Verlag, Berlin.

Osone, Y., Kawarasaki, S., Ishida, A., Kikuchi, S., Shimizu, A. et al. (2014) Responses of gas- exchange 
rates and water relations to annual fluctuations of weather in three species of urban street trees. Tree 
Physiology 34, 1056–1068.

Ossola, A., Locke, D., Lin, B. and Minor, E. (2019) Greening in style: urban form, architecture and the 
structure of front and backyard vegetation. Landscape and Urban Planning 185, 141–157.

Pataki, D.E. (2015) Grand challenges in urban ecology. Frontiers in Ecology and Evolution 3, 1–6.
Pataki, D.E., McCarthy, H.R., Litvak, E. and Pincetl, S. (2011) Transpiration of urban forests in the Los 

Angeles metropolitan area. Ecological Applications 21, 661–677.
Pataki, D.E., McCarthy, H.R., Gillespie, T., Jenerette, G.D. and Pincetl, S. (2013) A trait- based ecology of 

the Los Angeles urban forest. Ecosphere 4, 1–20.
Pearcy, R.W., Ehleringer, J.R., Mooney, H. and Rundel, P.W. (1989) Introduction. In: Plant Physiological 

Ecology: Field Methods and Instrumentation. Springer Science and Business Media, Dordrecht, The 
Netherlands, pp. xv–xix.

Pearse, W.D., Cavender‐Bares, J., Hobbie, S.E., Avolio, M.L., Bettez, N. et al. (2018) Homogenization of 
plant diversity, composition, and structure in North American urban yards. Ecosphere 9, 1–17.

Pickett, S.T.A., Cadenasso, M.L., Childers, D.L., Mcdonnell, M.J. and Zhou, W. (2016) Evolution and future 
of urban ecological science: ecology in, of, and for the city. Ecosystem Health and Sustainability 2, 
e01229.

Pontius, J., Hanavan, R.P., Hallett, R.A., Cook, B.D. and Corp, L.A. (2017) High spatial resolution spec-
tral unmixing for mapping ash species across a complex urban environment. Remote Sensing of 
Environment 199, 360–369.

Pregitzer, C.C., Sonti, N.F. and Hallett, R.A. (2016) Variability in urban soils influences the health and 
growth of native tree seedlings. Ecological Restoration 34, 106–116.

Pretzsch, H., Biber, P., Uhl, E., Dahlhausen, J., Schütze, G. et  al. (2017) Climate change accelerates 
growth of urban trees in metropolises worldwide. Scientific Reports 7, 1–10.

Raciti, S.M., Hutyra, L.R., Rao, P. and Finzi, A.C. (2012a) Inconsistent definitions of “urban” result in dif-
ferent conclusions about the size of urban carbon and nitrogen stocks. Ecological Applications 22, 
1015–1035.

Raciti, S.M., Hutyra, L.R. and Finzi, A.C. (2012b) Depleted soil carbon and nitrogen pools beneath imper-
vious surfaces. Environmental Pollution 164, 248–251.

Rahman, M.A., Armson, D. and Ennos, A.R. (2014) Effect of urbanization and climate change in the root-
ing zone on the growth and physiology of Pyrus calleryana. Urban Forestry and Urban Greening 13, 
325–335.

Rasmann, S. and Agrawal, A.A. (2008) In defense of roots: a research agenda for studying plant resistance 
to belowground herbivory. Plant Physiology 146, 875–880.

Reisinger, A.J., Groffman, P.M. and Rosi- Marshall, E.J. (2016) Nitrogen cycling process rates across urban 
ecosystems. FEMS Microbiology Ecology 92, 1–11.

Rupprecht, C.D.D. and Byrne, J.A. (2014) Informal urban greenspace: a typology and trilingual systematic 
review of its role for urban residents and trends in the literature. Urban Forestry and Urban Greening 
13, 597–611.

 EBSCOhost - printed on 2/13/2023 11:25 AM via . All use subject to https://www.ebsco.com/terms-of-use



83Urban Plant Ecophysiology

Searle, S.Y., Bitterman, D.S., Thomas, S., Griffin, K.L., Atkin, O.K. et al. (2011) Respiratory alternative 
oxidase responds to both low- and high- temperature stress in Quercus rubra leaves along an urban- 
rural gradient in New York. Functional Ecology 25, 1007–1017.

Searle, S.Y., Turnbull, M.H., Boelman, N.T., Schuster, W.S.F., Yakir, D. et al. (2012) Urban environment of 
New York City promotes growth in northern red oak seedlings. Tree Physiology 32, 389–400.

Short Gianotti, A.G., Getson, J.M., Hutyra, L.R. and Kittredge, D.B. (2016) Defining urban, suburban, and 
rural: a method to link perceptual definitions with geospatial measures of urbanization in central and 
eastern Massachusetts. Urban Ecosystems 19, 823–833.

Sjöman, H. and Busse Nielsen, A. (2010) Selecting trees for urban paved sites in Scandinavia – a review of 
information on stress tolerance and its relation to the requirements of tree planners. Urban Forestry 
and Urban Greening 9, 281–293.

Smith, I.A., Dearborn, V.K. and Hutyra, L.R. (2019) Live fast, die young: accelerated growth, mortality, and 
turnover in street trees. PLOS ONE 14, e0215846.

Sonti, N.F. (2019) Ecophysiological and social functions of urban forest patches. Ph.D. dissertation. 
University of Maryland, College Park, MD. 166 p.

Sonti, N.F., Hallett, R.A., Griffin, K.L. and Sullivan, J.H. (2019) White oak and red maple tree ring analy-
sis reveals enhanced productivity in urban forest patches. Forest Ecology and Management 453, 
117626.

Starry, O., Lea- Cox, J.D., Kim, J. and van Iersel, M.W. (2014) Photosynthesis and water use by two 
Sedum species in green roof substrate. Environmental and Experimental Botany 107, 105–112. DOI: 
10.1016/j.envexpbot.2014.05.014.

Tan, P.Y., Wang, J. and Sia, A. (2013) Perspectives on five decades of the urban greening of Singapore. 
Cities 32, 24–32. DOI: 10.1016/j.cities.2013.02.001.

Threlfall, C.G. and Kendal, D. (2018) The distinct ecological and social roles that wild spaces play in urban 
ecosystems. Urban Forestry & Urban Greening 29, 348–356. DOI: 10.1016/j.ufug.2017.05.012.

Trammell, T.L.E., Pataki, D.E., Cavender- Bares, J., Groffman, P.M., Hall, S.J. et  al. (2016) Plant nitro-
gen concentration and isotopic composition in residential lawns across seven US cities. Oecologia 
181(1), 271–285. DOI: 10.1007/s00442-016-3566-9.

Trowbridge, P.J. and Bassuk, N.L. (2004) Trees in the Urban Landscape: Site Assessment, Design, and 
Installation. John Wiley and Sons, Hoboken, New Jersey.

Tyburska, J., Frymark- Szymkowiak, A., Kulczyk- Skrzeszewska, M. and Kieliszewska- Rokicka, B. (2013) 
Mycorrhizal status of forest trees grown in urban and rural environments in Poland. Ecological 
Questions 18, 49–57. DOI: 10.12775/ecoq-2013-0005.

United Nations, Department of Economic and Social Affairs, Population Division (2018) The World’s Cities 
in 2018—Data Booklet (ST/ESA/ SER.A/417). 29 p.

Vallano, D.M. and Sparks, J.P. (2013) Foliar 15N is affected by foliar nitrogen uptake, soil nitrogen, 
and mycorrhizae along a nitrogen deposition gradient. Oecologia 172(1), 47–58. DOI: 10.1007/
s00442-012-2489-3.

VanWoert, N.D., Rowe, D.B., Andresen, J.A., Rugh, C.L. and Xiao, L. (2005) Watering regime and green 
roof substrate design affect Sedum plant growth. HortScience 40(3), 659–664. DOI: 10.21273/
HORTSCI.40.3.659.

Velasco, E., Roth, M., Norford, L. and Molina, L.T. (2016) Does urban vegetation enhance carbon seques-
tration? Landscape and Urban Planning 148, 99–107. DOI: 10.1016/j.landurbplan.2015.12.003.

Wang, W. and Pataki, D.E. (2010) Spatial patterns of plant isotope tracers in the Los Angeles urban region. 
Landscape Ecology 25(1), 35–52. DOI: 10.1007/s10980-009-9401-5.

Westfall, J.A., Sonti, N.F., Wiemann, M.C., Eberhardt, T.L. and So, C.-L. (2020) Urban tree specific gravity 
and ash content: a case study from Baltimore, Maryland USA. Urban Forestry & Urban Greening 48, 
126556. DOI: 10.1016/j.ufug.2019.126556.

Whitlow, T.H. and Bassuk, N.L. (1988) Ecophysiology of urban trees and their management—the North 
American experience. HortScience: a publication of the American Society for Horticultural Science 
23, 542–546.

Woodall, C.W., Nowak, D.J., Liknes, G.C. and Westfall, J.A. (2010) Assessing the potential for urban trees 
to facilitate forest tree migration in the eastern United States. Forest Ecology and Management 
259(8), 1447–1454. DOI: 10.1016/j.foreco.2010.01.018.

Xie, G., Lundholm, J.T. and Scott MacIvor, J. (2018) Phylogenetic diversity and plant trait composition 
predict multiple ecosystem functions in green roofs. Science of the Total Environment 628-629, 
1017–1026. DOI: 10.1016/j.scitotenv.2018.02.093.

 EBSCOhost - printed on 2/13/2023 11:25 AM via . All use subject to https://www.ebsco.com/terms-of-use



84 N.F. Sonti

Yan, Y., Liu, X., Wang, F., Li, X., Ou, J. et al. (2018) Assessing the impacts of urban sprawl on net primary 
productivity using fusion of Landsat and MODIS data. Science of the Total Environment 613-614, 
1417–1429. DOI: 10.1016/j.scitotenv.2017.09.139.

Youngsteadt, E., Dale, A.G., Terando, A.J., Dunn, R.R. and Frank, S.D. (2015) Do cities simulate climate 
change? A comparison of herbivore response to urban and global warming. Global Change Biology 
21(1), 97–105. DOI: 10.1111/gcb.12692.

Zhang, X., Friedl, M.A., Schaaf, C.B., Strahler, A.H. and Schneider, A. (2004) The footprint of ur-
ban climates on vegetation phenology. Geophysical Research Letters 31(12), L12209. DOI: 
10.1029/2004GL020137.

Zhao, S., Liu, S. and Zhou, D. (2016) Prevalent vegetation growth enhancement in urban environ-
ment. Proceedings of the National Academy of Sciences 113(22), 6313–6318. DOI: 10.1073/
pnas.1602312113.

Ziska, L.H. (2003) Evaluation of the growth response of six invasive species to past, present and future 
atmospheric carbon dioxide. Journal of Experimental Botany 54(381), 395–404. DOI: 10.1093/jxb/
erg027.

Ziska, L.H., George, K. and Frenz, D.A. (2007) Establishment and persistence of common ragweed 
(Ambrosia artemisiifolia L.) in disturbed soil as a function of an urban- rural macro- environment. 
Global Change Biology 13(1), 266–274. DOI: 10.1111/j.1365-2486.2006.01264.x.

 EBSCOhost - printed on 2/13/2023 11:25 AM via . All use subject to https://www.ebsco.com/terms-of-use



85
© CAB International 2021. Urban Ecology: Its Nature and Challenges (ed. P. Barbosa)

5 Urban Biodiversity: Between 
Elsewhere- Nature and the Post- Wild World

Lea R. Johnson*
Research and Conservation Division, Longwood Gardens, Kennett Square, PA

* ljohnson@ longwoodgardens. org

Introduction

Most of  humanity now lives in cities and towns, 
and human experiences of  biodiversity are more 
and more often urban ones (Fig. 5.1). These en-
counters may evoke in us an array of  responses: 
delight and fear, repulsion and curiosity, annoy-
ance and wonder. We build understanding from 
experience, and the opinions and perceptions 
we develop from these encounters with biodi-
versity influence our actions. Urban biodiversity 
is therefore increasingly central to the way hu-
manity perceives and acts toward the diversity 
of  life on earth.

Over the past half- century, the field of  ur-
ban ecology has revealed diverse species, region-
ally rare habitats and complex relationships 
among urban biodiversity, the built environ-
ment and human choices (Pickett et al., 2011). 
At the same time, urbanization destroys habi-
tats and replaces ecosystems,and proposals for 
urban biodiversity conservation are often met 
with surprise or skepticism (Soanes et al., 2019). 
There is broad concern about the potential ef-
fects of  ‘nature deficit disorder’ and ‘extinction 
of  experience’ of  nature in human life (Miller, 
2005; Louv, 2011; Palomino et al., 2016). What 
can be done to enrich and connect experiences 
of  urban nature to larger environmental sys-
tems, and to stewardship of  biodiversity?

To explore this question, we will first visit 
two poles in thinking about urban biodiversity, 
‘elsewhere- nature’ and the ‘post- wild world’, 
and the middle ground between them. We will 
then examine relationships between these 
tendencies and our current understanding of  
urban biodiversity, and implications of  these 
tendencies for perceptions and actions. We will 
conclude with an exploration of  some ways 
forward: embracing uncertainty and inquiry, 
possibility- based management, and experiences 
of  wonder and beauty.

What Do We Mean When We Talk 
about Biodiversity?

At its broadest, biodiversity encompasses the 
variety of  life on earth; from genes to species, 
and from communities to ecosystems. It can be 
viewed as accumulated knowledge about how to 
survive the changing environment of  this plan-
et, stored in evolving species or expressed as an 
equation (Harper et  al., 1994). For people, bio-
diversity is the source of  products and processes 
on which our lives depend, though the relation-
ship may not be obvious in urban life (TEEB, 
2011). Biodiversity can be a source of  solace, 
recreation, recharge and relaxation (van den 
Bosch and Ode Sang, 2017). As a measurement, 
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biodiversity’s power is that it allows us to under-
stand similarities and differences among places, 
across space and time – from arctic tundra to 
tropical rainforest, and through changes in an 
abandoned field as it grows into an old forest. 
The numbers we use to calculate biodiversity 
are generated by identifying and counting how 
many kinds of  things there are, and how many 
of  each of  them are found in an area of  a certain 
size. From these counts, we can calculate rich-
ness and eveness (the number of  different kinds 
found in an area and whether there are few or 
many of  each kind there). From these measures, 
we can evaluate indicators of  habitat quality, 
such as diversity of  floral resources for pollina-
tors, or understand how unique a place is, in a 
global context. The importance of  the increas-
ingly rare human skill of  identifying diverse life 
cannot be over- emphasized here (Drew, 2011).

Whether we are interested in trees in a park, 
microbes in a teaspoon of  soil, or birds migrat-
ing through an urban region, the scale of  our fo-
cus reveals different dimensions of  biodiversity. 
Considering urban biodiversity, we might be in-
terested in knowing how the diversity of  plants 
in an urban green space varies across a city 
(Pregitzer et  al., 2019), or how urban regions 

on different continents compare to their sur-
roundings (Aronson et al., 2014). At each level 
of  scale, we may find different patterns (Hulme, 
2008). Biodiversity helps us to understand the 
distribution of  life on the planet and to see re-
gional uniqueness. It is a measure that shows 
us the mind- boggling array of  ways that life has 
evolved, and the effects of  human actions and 
decisions on ecosystems.

‘Elsewhere-nature’ and the ‘Post-
wild World’: How We Think about 

Biodiversity in Cities

For some people, ‘urban biodiversity’ would seem 
to be a contradiction in terms, while for others 
true wilderness is found along train tracks and 
in abandoned lots. A spectrum in popular think-
ing about urban biodiversity ranges between 
these two poles (Fig. 5.2). What formative expe-
riences have informed these divergent percep-
tions, and what implications do they have for 
decision making about the environment?

One end of  this spectrum is informed by a 
tendency to think of  nature as something you 

Fig. 5.1. A few urban experiences of biodiversity in temperate- zone cities. Top, left to right: pigeon 
(Columba livia)- shaped bench at a bus stop; willow oak (Quercus phellos) sprouting from an acorn on 
a paved walkway; sharing lunch with an Eastern gray squirrel (Sciurus carolinensis). Bottom: monarch 
butterfly (Danaus plexippus) on a butterfly bush (Buddleja davidii); slug on a sandwich bag; white- tailed 
deer (Odocoileus virginianus) browsing in a residential garden. (All photos by L. R. Johnson)
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find far away from cities: deep forest, desert, 
mountain peaks. Although it is beyond the scope 
of  this chapter to include a review of  the many 
definitions of  ‘nature’, this view aligns with a 
current dictionary definition: existing or happen-
ing independently of  people (Cambridge English 
Dictionary, 2019). This ‘elsewhere’ nature is 
real but distant from everyday urban life. We 
learn about it via nature excursions to these far- 
away places that we, or others, make. Elsewhere- 
nature is made vivid by photographers who sit 
still among mosquitoes for days to capture a 
single image, and by a sunrise bird chorus on a 
weekend camping trip. Elsewhere- nature can be 
far away in time, as in a landscape that has been 
destroyed. It may evoke feelings of  longing or 
nostalgia, or anxiety arising from an awareness 
that it is increasingly scarce. Elsewhere- nature is 
a source of  joy and beauty, and motivation for 
preservation of  remaining large wild places. It 
inspires the funding of  organizations that do im-
portant work in places and on behalf  of  species 
that most people will never see with their own 
eyes. However, this long- distance view, as it fo-
cuses on the horizon, overlooks local biodiversity.

A contrasting view has arisen in cities. 
Resisting the definition of  the city as anti- 
nature, a new enthusiasm has grown for over-
looked plants and animals in urban everyday life. 
Murals of  weeds sprout larger than life (Caron, 
2019). Foragers prowl parks in search of  fruits 
and vegetables (Foderaro, 2011; McLain et  al., 
2014; Shackleton et  al., 2017). Weeds, viewed 
in another light, turn out to be herbs, spices and 

flowers (Seiter, 2016). Some go as far as to de-
clare the entire world ‘post- wild’ (Marris, 2013), 
embracing novelty as the new status quo and 
accepting human dominance of  all ecosystems. 
Some proponents of  the post- wild world view 
it from a conservation perspective, advocating 
for more naturalistic approaches to landscape 
design of  the built environment (Rainer and 
West, 2015). Applied to cities, this tendency in-
spires joy in, and recognition of, the plants and 
animals in everyday urban life (Cazabon, 2019). 
This perspective is refreshing in its ability to see 
and embrace life in places where it has been 
overlooked and has potential for positive effects 
on an ecological sense of  place in urban eco-
systems. This enthusiasm would seem to bode 
well for conservation in the broader landscape. 
Experiences of  biodiversity in childhood inform 
our adult perceptions of  quality and change in 
the environment, and awareness of  urban bio-
diversity could counteract ‘extinction of  expe-
rience’ of  nature in urban life, particularly for 
children. However, it remains to be seen wheth-
er effects of  ‘shifting baselines’ (Turvey et  al., 
2010) or ‘environmental generational amnesia’ 
(Kahn and Weiss, 2017) could result in lowered 
expectations for both local and global biodiver-
sity. As species are lost, children perceive the en-
vironment into which they are born as normal, 
leading to a downward- shifting baseline in ex-
pectations of  species diversity.

These perspectives on urban biodiversity 
share a limitation in their simplicity. Simpler, or 
seemingly simpler, solutions are more quickly 

Fig. 5.2. A spectrum of tendencies in popular thinking about urban biodiversity. Human perceptions and 
opinions based in experiences influence approaches to management of urban biodiversity.
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grasped, but at the extreme of  both positions, 
the potential for urban environments to contrib-
ute to global biodiversity could be oversimplified 
and underestimated. On the elsewhere- nature 
end of  the spectrum, urban biodiversity is over-
looked entirely. At the other extreme, the post- 
wild world accepts a shifted baseline. In both 
cases, opportunities to preserve and enhance 
biodiversity could be missed.

Understanding Urban Biodiversity

Patterns in urban biodiversity have been revealed 
by ecological research in cities across the globe 
(e.g., Shochat et al., 2006, 2010; Wittig, 2010; 
Faeth et  al., 2011; Swan et  al., 2011; Aronson 
et al., 2014, 2016; McDonnell and Hahs, 2015; 
McPhearson et al., 2016; Lepczyk et al., 2017). 
This growing body of  knowledge lends support a 
spectrum of  views of  urban biodiversity.

On one hand, cities clearly destroy habi-
tats as they expand. Habitat loss is the primary 
driver of  species extinctions at a global scale 
(Pimm and Raven, 2000). If  current trends in 
human population density continue, the pro-
portion of  the planet’s surface covered by urban 
land will nearly triple between 2000 and 2030, 
increasing by more than a million square kilo-
metres (Seto et al., 2012). As a city expands, na-
tive ecosystems are destroyed, fragmented and 
transformed. Pavement, roofing and pipes alter 
the flow of  water (Hughes et  al., 2014), cars 
and factories add pollution to the air, and heat 
trapped by buildings and roads warm the local 
climate (Alcoforado and Andrade, 2008). Soils 
are sealed, deposited on, turned over and built 
upon (Effland and Pouyat, 1997; Craul, 1999; 
Wessolek, 2008). People introduce new species 
both intentionally and by accident, leading to 
new interactions among competitors, herbi-
vores, predators and prey (Aronson and Handel, 
2011; Johnson et al., 2019a). Remnant habitats 
are subject to species loss due to reduced area, 
while at the same time introduced species re-
duce native diversity via competitive exclusion 
(Shochat et  al., 2010). These changes make 
cities unsuitable for many species, filtering out 
a great deal of  the biodiversity of  the region 
(Aronson et al., 2016).

However, biodiversity loss is not uniform 
across an urbanized area, and urban envi-
ronments create new opportunities for some 
species. Studies of  urban landscape ecology re-
veal that the fabric of  cities is a heterogeneous 
mosaic of  very different patches at a very fine 
scale (Band et al., 2005; Pickett and Cadenasso, 
2009; Pickett et al., 2017). Fragments of  origi-
nal woodlands continue growing (Loeb, 2011; 
Atha et  al., 2016). Processes of  soil formation 
continue as they have for millennia, breaking 
down new urban parent materials (Effland and 
Pouyat, 1997). Cities can support populations of  
regionally rare and threatened plants and ani-
mals (Güneralp and Seto, 2013; Ives et al., 2016; 
Rebelo et al., 2011; Kantsa et al., 2013; Kowarik 
et al., 2019). Plants and animals that thrive in 
cities can be more abundant than they were in 
their original habitats (Faeth et al., 2011). Novel 
assemblages of  native and introduced species 
emerge where spontaneous vegetation is allowed 
to grow, providing refugia for native species and 
nature experiences for urban residents (Kowarik 
and Körner, 2005; Kowarik et al., 2019).

The region in which a city develops is 
the source of  the native species found in that 
city, leading to diversity in urban native spe-
cies across the globe. For example, your lunch 
may be stolen by a squirrel in Chicago (ABC7, 
2019), or by a monkey in Jaipur (Singh, 1969). 
Similarly, the history of  environmental change 
surroundings a city affects patterns of  urban 
biodiversity. Cities surrounded by large- scale 
agriculture, deserts, or forests vary in the plants 
and animals that are available. Species also vary 
in their ability to use and move across an urban 
mosaic (Graham et al., 2019). Some species are 
able to take advantage of  ‘habitat analogues’ 
(Lundholm and Richardson, 2010), making use 
of  human- created structures and resources that 
are similar to elements of  their original habi-
tat; a classic example is the Eurasian rock dove 
(Columba livia), which finds building ledges in 
cities all over the world a fine substitution for the 
cliffs where it originally nested.

Mobile organisms like blue jays (Lundberg 
and Moberg, 2003) or plants with wind- blown 
seeds and pollen may be able to use small 
patches as stepping stones to travel across a city 
(Ignatieva et al., 2011; Van Rossum and Triest, 
2012). However, those that travel via ant dis-
persal are not able to move if  conditions become 
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unfavorable, or if  a parcel is cleared for develop-
ment. For species that can’t make use of  paved 
and built surfaces, patches of  suitable habitat 
are surrounded by a matrix of  other urban land 
uses, as in urban parks or vacant lots. There is 
now evidence that isolation of  plant and ani-
mal populations in cities is having evolutionary 
effects on genetic diversity; in New York City, 
uptown rats are genetically distinct from down-
town ones (Johnson and Munshi- South, 2017). 
In Paris, tiny plants in sidewalk cracks disperse 
their seeds differently from members of  the same 
species growing in agricultural fields outside the 
city (Cheptou et al., 2008).

Although animal species richness gener-
ally declines in cities, the abundance of  some 
groups, especially birds and arthropods, often 
increase (Faeth et  al., 2011). While large pred-
ators are often extirpated, smaller predators 
such as domestic cats (Felis catus), raccoons 
(Procyon lotor), skunks (Mephitis mephitis) and 
foxes (Vulpes vulpes), whose prey include urban 
rodents and birds, increase in number (Prange 
and Gehrt, 2004; Rodewald and Kearns, 2011). 
While smaller and isolated patches support few-
er species, urban habitat diversity can increase 
the number of  species that are found in a city if  
patches are big enough to support viable popula-
tions (Lepczyk et al., 2017). Where patches are 
large enough or connect to larger areas on the 
urban fringe, they can be suitable for animals 
requiring larger territories, as in Berlin where 
sightings of  wild boars are a common occur-
rence in some neighborhoods (Stillfried et  al., 
2017).

Species that thrive in human- created 
habitats have been called synanthropes, syn-
urbic (Francis and Chadwick, 2012), ur-
banophiles (Wittig et  al., 1985), and urban 
adapters (McKinney, 2006; Wrzesień et  al., 
2016). Whether called by these or other titles, 
these species benefit from resource subsidies 
and structures provided by the built environ-
ment and human activities. These include spe-
cies that would be familiar to people in many 
cities, such as house sparrows (Passer domesti-
cus), brown rats (Rattus norvegicus), dandelions 
(Taraxacum officinale), house mice (Mus mus-
culus), feral cats (Felis catus) and cockroaches 
(Blattodea). Species that thrive in cities can 
have much larger populations inside cities than 
outside of  them (McDonnell and Hahs, 2015). 

The abundance of  these species can sometimes 
lead to human–wildlife conflict (Morzillo et al., 
2014).

Cities Are both Rich and Poor in 
Species

In terms of  species richness (the total number of  
species, not considering how many individuals 
there are of  each) cities are both rich and poor. 
This pattern is underlain by the distribution of  
species and resources across urban landscapes 
as a result of  human activities. Cities are rich in 
plant species because land uses and commercial 
transactions leave traces in the urban flora. Many 
cities are built in places that were once highly 
productive ecosystems, and are global hotspots 
of  species introduction because they lie where 
trade and transportation converge (Imhoff  et al., 
2004; Kühn et al., 2004). Members of  original 
plant communities of  a place are joined by agri-
cultural introductions – crops and weeds – from 
early farms engulfed by urban expansion. To these 
are added the delights and mistakes of  ornamen-
tal horticulture, some of  which escape and spread 
across any bit of  open ground, and by plants im-
ported for a variety of  utilitarian purposes along 
with many hitch- hikers. As a result of  these many 
introductions, cities can contain more species 
than surrounding rural areas (Kowarik, 2011; 
Aronson et al., 2014).

Because they are the driver of  primary 
productivity and a major component of  habitat 
structure, plants are both a component of  biodi-
versity and a key element of  the conditions for 
survival of  other species in cities. Much of  the 
intentionally introduced plant richness of  cities 
has been selected to be resistant to herbivores 
and pests; many species are intentionally im-
ported from other continents without herbivores 
and diseases that have evolved the ability to eat 
or infect them despite their defences. Patches 
of  spontaneous vegetation with native plants 
are generally much richer in species than most 
human- designed plantings, and include more 
plants that support coevolved relationships with 
native insects and animals (Burghardt et  al., 
2009).
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Local Uniqueness and Global 
Homogenization

Because cities contain many elements that 
are repeated across the globe, particularly the 
dominance of  buildings and pavement, they 
create similar environments. This observation 
has led to the hypothesis that urbanization 
leads to homogenization of  species at a global 
scale (McKinney, 2006). Evidence testing this 
hypothesis is inconclusive, due in part to both 
the influence of  native diversity on assem-
blages at continental scales and the range of  
heterogeneous environments found in cities 
(Kühn and Klotz, 2006; La Sorte et al., 2014). 
The homogenization hypothesis seems to be 
best supported when focused on similar repeat-
ing elements of  urban form across cities on the 
same continent (Hall et al., 2016; Pearse et al., 
2018) and excluding areas of  remnant and 
regenerating native vegetation (Wittig, 2010; 
Wittig and Becker, 2010). Where homogeniza-
tion has been documented, evidence suggests 
that introduced species and human- changed 
conditions of  the abiotic environment are im-
portant interacting drivers (Trentanovi et  al., 
2013). In Europe, where species have been in-
troduced in great numbers over a long period 
of  time, plants present prior to the year 1500 
differ from those introduced more recently in 
patterns of  urban homogenization (Lososová 
et al., 2012). When considered in the light of  
time lags of  hundreds of  years that have been 
documented in invasive plant species (Kowarik 
et  al., 1995), it is clear that the long- term ef-
fects of  humanity’s great experiment in mov-
ing species around the planet remain to be 
seen.

The role of  expanding cities in global 
biodiversity conservation will become increas-
ingly important. The regions of  the world 
currently projected to urbanize fastest in-
clude areas of  globally rare biodiversity with 
currently low urbanization (United Nations, 
2014), such as the Eastern Afromontane, 
West Africa, India and Sri Lanka, with the 
greatest urban expansion in biodiversity hot-
spots predicted in South America (Güneralp 
and Seto, 2013).

Visions and Actions for the Future of 
Urban Biodiversity

What obligation do we as human beings, mem-
bers of  the species that is changing the planet at 
an unprecedented rate and scale, have toward 
the rest of  life on earth? How much of  it will we 
bring with us into the future? The planet’s biodi-
versity is supported by a web of  complex, long- 
term, coevolved relationships that we do not yet 
fully understand. If  we do have a responsibility 
to take these species and their relationships for-
ward in time with us, then urban biodiversity is 
important to this effort.

Although urbanization is often thought of  
as a local issue, the combined global impacts of  
local urban expansion will require significant 
policy changes to minimize losses of  global bio-
diversity (Seto et al., 2012). Biodiversity can be 
maintained worldwide only if  each country and 
each region takes care of  its unique species and 
characteristic ecosystem types (Wittig, 2010).

To address this challenge, we need a 
broad array of  perspectives and approaches. 
Elsewhere- nature and the post- wild world frame 
a spectrum of  views, information, and experi-
ence that can help humans as an urban species 
to see the places where we live and work. Three 
complementary ways forward have emerged 
from communities seeking to understand and 
support urban biodiversity: rigorous curiosity, 
possibility- focused management and experienc-
es of  wonder and beauty.

Rigorous Curiosity

Cities are neither the only problem nor the only 
answer when considering how to conserve the 
planet’s biodiversity. Researchers in numerous 
fields have pointed to areas of  inquiry that could 
advance our understanding of  cities as ecosys-
tems and our progress toward human societies 
that make room for other species. As our under-
standing of  urban ecosystems has advanced, 
there have been surprises and counterintuitive 
findings (Pickett et  al., 2011), and there is still 
much to learn (McPhearson et al., 2016). To find 
answers to pressing problems facing biodiversity, 
we need rigorous curiosity.
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Social- ecological systems thinking (Palmer 
et al., 2016) has emerged as an important tool 
for grappling with relationships between socie-
ties and their environments. Ecologists have 
pointed to the need to better understand social 
drivers of  ecological processes (Pickett et  al., 
1997; Niemelä, 1999) and new insights and 
frameworks for problem- solving in these com-
plex systems have arisen from this approach 
(Folke et al., 2005; Ostrom, 2009; Johnson et al., 
2019b). These approaches require collaboration 
within and across boundaries of  expertise and 
experience.

New methods for understanding urban 
biodiversity are being developed as an increas-
ing number of  disciplines see the human ef-
fects on ecosystems as an important focus for 
problem- solving Direct observation can now 
be combined with an array of  other tools. As 
new technologies and approaches develop, 
they allow for understanding of  spatial pat-
terns of  urban biodiversity at ever finer scales. 
For example, landscape- scale patterns in ur-
ban vegetation can now be detected more pre-
cisely than before using remote sensing (Ossola 
et al., 2019), and molecular techniques allow 
detection of  evolution in genetically distinct 
populations of  urban animals (Johnson and 
Munshi- South, 2017).

The spatial scale of  these inquiries is im-
portant, and there is more to be learned about 
how findings from one scale apply to social- 
ecological problems at other scales (McPhearson 
et al., 2016). Conceptual scale mismatch may be 
responsible for some of  the distance between 
elsewhere- nature and the post- wild world; 
at continental scales, urban biodiversity can 
seem insignificantly small, while at the scale 
of  human experience it is highly important. 
Comparisons across multiple cities are increas-
ingly being used to understand broad relation-
ships between the structure and function of  
urban ecosystems and biodiversity (McDonnell 
and Hahs, 2013; Padullés Cubino et al., 2018). 
Most studies in urban ecology so far have been 
conducted in temperate climate zones (McHale 
et  al., 2013, 2015). To maximize biodiversity 
in the world’s most rapidly urbanizing regions, 
more research is needed in other climates (Seto 
et al., 2012).

Possibility-focused Management

What biodiversity conservation goals are attain-
able in cities? Both public and civic stewards of  
urban nature are in need of  guidance, goals, 
and techniques to address this question. ,Cities 
across the globe are developing plans for future 
biodiversity, but many of  these plans lack spe-
cific targets (Nilon et al., 2017). It is important 
to specify goals for these at the outset so that pro-
gress can be measured and effects can be learned 
from, whether the aim is preserving habitats, 
improving connectivity, providing ecosystem 
services, responding to environmental change, 
or fulfilling ethical responsibilities (Dearborn 
and Kark, 2010).

This is the territory in which the elsewhere- 
nature and post- wild world perspectives meet to 
offer useful insight: ‘possibility- based’ approaches 
to urban ecosystem management that engage with 
both social and environmental context. The prac-
tice of  ecological restoration was conceived outside 
of  the urban context. In its simplest form, ecologi-
cal restoration addresses damage to ecosystems by 
ending human actions causing harm and allowing 
ecosystem processes to unfold. Informed by this ap-
proach, early efforts at urban biodiversity conser-
vation aimed at pristine target conditions. Urban 
practitioners of  ecological restoration have encoun-
tered constraints of  the urban social- ecological con-
text on reaching this type of  goal. Like the ecological 
restoration community as a whole, emphasis in ur-
ban ecological restoration has shifted from attaining 
pristine conditions or historic species assemblages to 
focus on restoration of  ecosystem processes and tra-
jectories (McDonald et al., 2016). Introduced species 
are now expected to be part of  urban ecosystems in 
the future (Davis et al., 2011).

More work is needed to understand interac-
tions among species in these novel assemblages. 
New and complex relationships between species 
and human- controlled conditions result in many 
surprises and make it difficult to predict long- term 
results of  efforts to conserve or enhance urban 
biodiversity. Although conservation attitudes 
tuned to elsewhere- nature may find it a stretch 
to embrace the novelty of  urban ecosystems with 
many non- native species, these emerging urban 
communities can provide ecosystem services and 
social benefits, and contribute to biodiversity con-
servation (Kowarik, 2011).
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One such type of  community is the early- 
successional habitat. There is increasing interest 
in the potential for communities like meadows 
and grasslands to contribute to urban biodiver-
sity (Kühn, 2006; Fischer et al., 2013; Williams 
et  al., 2014). In some areas, early- successional 
habitats have become rare, and the high fre-
quency and intensity of  ecological disturbance 
in cities can therefore provide a regionally 
scarce refuge for species. Abandoned land may 
have temporary value for urban biodiversity by 
making space for communities of  varied ages 
(Kattwinkel et  al., 2009, 2011), or over longer 
periods of  time grow to be dominated by species 
found later in ecological succession (Kowarik 
and Körner, 2005).

Where regionally unique habitats and spe-
cies are found in urban regions, they require 
special protection and management (Kühn 
and Klotz, 2006). High- quality, connected 
patches of  50 hectares or more are key to 
maximizing species richness in cities (Beninde 
et al., 2015). However, the clear value of  large 
and connected patches does not reciprocally 
mean that small and fragmented patches are 
without value (Guldin et  al., 1990; Godefroid 
and Koedam, 2003; Bodin et al., 2006; Fahrig, 
2017). Small patches of  spontaneous veg-
etation make up an important proportion of  
the habitat in many cities (e.g.,Avins, 2013). 
This has implications for land- sharing versus 
land- sparing approaches to urban planning 
for biodiversity (Lin and Fuller, 2013; Soga 
et  al., 2014). Although urban habitats can 
harbor self- sustaining populations of  com-
mon, rare and endangered native species, 
they cannot replace the complete functional-
ity of  less- disturbed places (Kowarik, 2011). 
Multiple complementary approaches are  
needed.

Growing interest in residential areas as 
potential habitat may point toward new solu-
tions (Padullés Cubino et  al., 2018). A major 
challenge for efforts to support and enhance 
biodiversity remains the matrix surround-
ing patches of  habitat (Fischer et  al., 2005; 
Hostetler et  al., 2011). In cities, this means 
scaling up conservation planning to include 
privately held properties (Goddard et al., 2010) 
and considering the broad range of  urban eco-
systems, with diversity in many dimensions of  
pattern and form. Yards and gardens can create 

corridors of  connectivity and provide resourc-
es for resident and migratory species (Rudd 
et al., 2002; Gaston et al., 2005). Homeowner 
association rules can be designed to invite bio-
diverse plantings that support local wildlife 
(Lerman et  al., 2012). These approaches to 
‘bringing nature home’ (Tallamy and Darke, 
2009) shorten the distance between people 
and the experience of  urban biodiversity.

Experiences of Wonder and Beauty

If  ‘in the end we will conserve only what we 
love, we will love only what we understand, and 
we will understand only what we are taught’ 
(Dioum, 1969), it is essential to biodiversity at a 
global scale that people in cities can experience 
biodiversity where they live their everyday lives 
(Nilon, 2011). This has been called the ‘pigeon 
paradox’; people are most likely to be interested 
in learning about and conserving nature when 
they experience it personally, especially as chil-
dren, but as humanity becomes more urban, 
most people will experience only species that live 
in cities (Dunn et al., 2006).

More effort needs to be made to broaden 
and deepen urban children’s interactions with 
nature, and, whenever possible, with ‘big na-
ture’ (Kahn and Weiss, 2017). Fortunately, a 
city park can harbor a wild place big enough 
to get lost in, and ‘outside lies magic’ (Stilgoe, 
1999) for all those who look. Growing inter-
est in urban nature has opened many new av-
enues for engagement with biodiversity, from 
nature play schools to foraging lessons. There 
is a growing global enthusiasm for forest bath-
ing to decrease stress and improve feelings of  
well- being (Miyazaki, 2018; Antonelli et  al., 
2019), and remedies for nature- deficit disorder 
now include medical prescriptions for outdoor 
time (Crnic and Kondo, 2019; Koselka et  al., 
2019). People of  all ages are observing urban 
species as participants in citizen science pro-
grames (Schuttler et  al., 2018); while urban 
environmental stewardship networks span 
and interconnect across cities (Svendsen and 
Campbell, 2008; Svendsen et al., 2016). Effects 
of  these activities reach beyond the addition 
of  a planted tree; participation in steward-
ship is often motivated by interest in helping 
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the community in which people live (Sorensen 
et  al., 2018) and can increase civic engage-
ment (Fisher et al., 2015).

Care may be a way to engage people in 
stewardship of  biodiversity by connecting re-
sponses to species they notice in everyday life 
to their effect on larger environmental systems 

(Nassauer, 2011). Urban ecosystems are the 
baseline from which future generations will 
extend their understanding of  biodiversity. It is 
here that the post- wild world perspective, with 
its ability to find wonder in weeds, can create a 
bridge to elsewhere- nature by inspiring curios-
ity and care.
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Introduction

With urban land area expected to triple from 
2000 to 2030 (Seto et al., 2012), more species 
will come into contact with metropolitan envi-
ronments. Such areas are traditionally viewed 
as biological deserts with marginal conserva-
tion value, as they are associated with habitat 
degradation and species loss (Hall et  al., 2017; 
McKinney, 2008). However, the rapid expansion 
of  urbanization and the global concern about bi-
odiversity loss have led to greater awareness and 
interest in urban ecology. Urban planners are 
starting to rethink the role of  cities by incorpo-
rating ecological function and conservation into 
design and renovation projects. Urban areas are 
thus increasingly recognized as having potential 
to protect insect diversity and their ecosystem 
services, particularly pollination (Baldock et al., 
2015; New, 2015).

Pollinators comprise a variety of  organ-
isms, ranging from bats to birds and a host 
of  insects including beetles, butterflies, flies, 
moths and, of  course, bees. Managed and wild 
bees are the most efficient pollinators thanks 
to their specialized pollen collecting tools and 
foraging behaviours (Wilson- Rich, 2014). 
Approximately 75% of  agricultural food crops 
(Klein et al., 2007; Aizen et al., 2009) and 89% 
of  wild flowering plants, at least to some extent, 

rely on bee pollination (Ollerton et  al., 2011). 
From an economic perspective, pollination of  
global agricultural crops is valued at an estimat-
ed $US351 billion annually (Lautenbach et al., 
2012). Consequently, pollination services are 
highly valued by humans and considered a key-
stone process to agriculture and natural vegeta-
tion productivity, making managed and wild bee 
health a priority in rural and urban areas alike 
(Kevan, 1991).

From a practical standpoint, unlike mam-
mal conservation, which often requires large 
areas of  undisturbed habitat, bees are tiny and 
have a relatively small ecological footprint. Also, 
the physical features of  bee habitat (colourful 
flowers and warm season bunch grasses that 
offer seasonal interest and texture) and various 
attributes (minimal maintenance needed once 
established) can be complementary to urban 
aesthetics and function, thus increasing the 
likelihood of  pollinator conservation receiving 
wide public acceptance and adoption (Hall et al., 
2017). While urban pollinators face multiple 
challenges including habitat loss, degradation 
and fragmentation, cities often support diverse 
bee faunas in public green spaces, and offer tre-
mendous potential to support and expand pol-
linator conservation efforts (Hall et al., 2017; 
Gardiner et al., 2013; Baldock et al., 2015).

Urban green space management, likewise, 
faces practical challenges, as it is a complex 
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and interacting combination of  social, cultural 
and economic factors with multiple and diverse 
stakeholders (Aronson et  al., 2017; Turo and 
Gardiner, 2019). Previous efforts to create pol-
linator habitat in metropolitan areas have been 
met with mixed results, eliciting both positive 
and negative feelings from those living nearby 
(Aronson et al., 2017; Hoyle et al., 2017; Turo 
and Gardiner, 2019). To achieve desired out-
comes, urban ecologists must meet pollinators’ 
needs in a way that is economically practical and 
respectful of  societal norms and safety concerns 
(Kevan 1991; Gardiner et  al., 2013). Lessons 
learned from numerous case studies show that 
a community- guided approach is needed in de-
sign and management of  public green spaces 
(Hunter and Hunter, 2008; Green et al., 2016; 
Turo and Gardiner, 2019).

In this chapter, we provide guidelines on 
how to protect bees in the urban environment. 
With that goal in mind, we review the basic 
habitat requirements of  bees, consider the fac-
tors that influence plant–pollinator interactions 
in urban environments, discuss urban trends 
that have been observed by both beekeepers 
and wild- bee researchers, consider the complex 
challenge of  combining pollinator conservation 
with the needs and preferences of  human com-
munities, and provide a roadmap for achieving 
long- lasting pollinator conservation in urban 
environments.

Pollinator Conservation – What Do 
Bees Need?

Bees (Order: Hymenoptera) belong to a group in 
the superfamily Apoidea called Anthophila; a name 
that originates from the adjective anthophagous, 
which means feeding on flowers. The common 
honey bee (Apis mellifera) is only one of  over 
20,000 known species of  bees worldwide (Wilson- 
Rich, 2014). Angiosperms or flowering plants, 
which coevolved with bees and other pollinating 
insects, have flourished and are now the domi-
nant vegetation type with over 300,000 species 
comprising ~80% of  the earth’s flora (Stevenson 
et  al., 2017). Among the world’s flowering 
plants, wide variation exists in floral morphol-
ogy (i.e. in their shape and structure), phenology 
(bloom time) and nutritional rewards provided to 

pollinators (i.e. essential vitamins and minerals), 
so it is not surprising that this flowering plant di-
versity is mirrored by the wide variation observed 
in bee morphology and seasonality (Wilson- Rich, 
2014). The basic habitat requirements of  wild 
and managed bees are discussed below to provide 
guidelines for plant selection and vegetation man-
agement that supports bees and other pollinators 
in urban environments.

Floral diversity

Since floral and bee traits vary greatly, different 
groups of  bees visit different types of  flowers. 
The seven major bee families are divided into 
three major groups based on tongue length, an 
anatomical feature that determines from which 
flowers a bee can efficiently collect rewards 
(e.g. shallow or deep tubular flowers) (Wilson- 
Rich, 2014). Families of  small- tongued bees in-
clude Andrenidae, Colletidae and Stenotritidae, 
medium- tongued bees Melittidae and Halictidae 
and long- tongued bees Apidae and Megachilidae 
(Wilson- Rich, 2014). Matching the pollinator 
species’ seasonal life cycle with that of  its pre-
ferred flowers is another important factor. Unlike 
honey bees and bumble bees (Genus: Bombus), 
which are active for the entire growing season, 
the majority of  bee species are active as adults 
for only a short time (about 6 weeks), which cor-
responds to the bloom time of  their floral hosts 
(Michener, 2000).

Bees also choose flowers based on the 
type and characteristics of  the rewards offered. 
Flowers might offer bees nectar (a carbohydrate 
that fuels adult bees) and pollen (a rich source 
of  protein necessary for larval bee development) 
(Wilson- Rich, 2014). Nutritional profiles of  pol-
len and nectar vary widely. For instance, pollen 
grains can include ten essential amino acids 
with protein levels ranging from 2–60%, as well 
as varying amounts of  carbohydrates, lipids, 
sterols and other micronutrients, depending on 
the floral species (Lee- Mäder et al., 2016). Early 
in the phylogeny of  bees, species were oligolectic 
(specialist) feeders, which provision their nests 
with pollen from one plant species, genus or fam-
ily (Danforth et al., 2006). While some bees such 
as honey bees and bumble bees have evolved to 
be polylectic (generalist) feeders, many species 
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continue to have a much narrower diet breadth 
(Lee- Mäder et  al., 2016). Nectar profiles can 
vary widely, too, and contain primarily water 
and the sugars fructose, glucose and sucrose, 
which range in concentrations from 10% to 
70% depending on the plant species and envi-
ronmental conditions (temperature, precipita-
tion, humidity and time of  day).

Another factor that determines floral pref-
erence is the type of  toxic defence chemical(s), 
such as alkaloids, terpenoids and flavonoids, 
which plants typically use to deter herbivores 
(Arnold et al., 2014; Stevenson et al., 2017) but 
is also present in floral rewards. These chemicals 
vary widely among plant families with equally 
wide- ranging effects on different groups of  pol-
linators from beneficial to toxic (Arnold et  al., 
2014; Stevenson et  al., 2017). Evolutionary 
adaptive responses of  pollinators include avoid-
ance, floral specificity and pollen mixing to miti-
gate unfavourable chemical properties (Eckhardt 
et al., 2014; Stevenson et al., 2017). Due to the 
complexities and spatial- temporal fluctuations 
of  floral rewards, to thrive, bees need an abun-
dance of  flowers as well as heterogeneity. In fact, 
the number of  floral species, density and quality 
of  floral resources (nectar, pollen and oils) are 
the strongest factors structuring pollinator com-
munities (Potts et al., 2003, 2004).

Dispersal ability

Bees are naturally mobile creatures. Flight gives 
them the ability to travel throughout the land-
scape to collect needed resources for themselves 
and their colony members, or in the case of  soli-
tary bees, for their offspring. The maximum dis-
tance between a bees’ nest and the flowers from 
which they collect nectar and pollen is referred 
to as foraging range (Zurbuchen et  al., 2010). 
Foraging distance information is key for under-
standing how bees will respond in an urban en-
vironment, determining the reproductive success 
of  fragmented plant communities and designing 
pollinator habitat in cities (Greenleaf  et al., 2007).

Most foraging range research has focused 
on honey bees (Apis mellifera). For this highly so-
cial species, foraging range estimates vary wide-
ly, and seems dependent on the differences in the 
quality and quantity of  available forage. There 

are reports of  honey bees foraging as far as 13.5 
km (Von Frisch, 1967), but most studies suggest 
their forage range is several hundred metres to 
approximately 6 km (Visscher and Seeley, 1982; 
Schneider, 1989; Waddington et  al., 1994). 
Bumble bees can also fly long- distance – more 
than 1.5 km (Osborne et al., 2008b). Yet several 
species have shown a much smaller foraging 
range, ranging from 25 to 625 m (Darvill et al., 
2004; Wolf  and Moritz, 2008; Geib et al., 2015). 
As for the small, mostly solitary bees much less 
is known. Predictions based on statistical model-
ling suggest a strong relationship between body 
size and maximum travel distance, with a limit-
ed forage range of  100–200 m for small bees (i.e. 
sweat bees in the genus Lasioglossum; females 
are about 4.7–5 mm in length) and 1100 m 
for larger bees (i.e. species in the genus Bombus; 
worker bees range from 11 to 17 mm in length) 
(Greenleaf  et al., 2007).

The relatively small foraging range and 
dispersal ability of  most bee species presents 
challenges for bee conservation efforts in urban 
areas. The inherent patchiness of  habitat and 
physical barriers (i.e. buildings, paved surfaces, 
vehicles etc.) within cities can constrain a bee’s 
mobility, limiting its ability to find mates, estab-
lish nests and/or find suitable forage. This can 
negatively impact genetic diversity of  bee and 
plant populations. For instance, isolated bumble 
bee colonies are prone to inbreeding, which can 
result in sterile males and reduced immunity 
(Whitehorn et al., 2009, 2011). Yet urban plan-
ners can limit these impacts by using geographi-
cal mapping data to plan pollinator refuges 
strategically within a greater landscape context. 
Also, existing vegetation management practices 
of  utility and transportation rights- of- way can 
be modified (i.e. by reduced mowing and selec-
tive herbicide use), which reduce maintenance 
costs while creating pollinator- friendly corri-
dors that increase connectivity between nesting 
sites and urban plant populations (Wojcik and 
Buchmann, 2012; Hopwood, 2013).

Suitable nesting sites

Honey bees (Apis sp.) are biologically unique 
among the 20,000 bee species that occur 
worldwide in that they are truly the only social 
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organisms, with colonies consisting of  as many 
as 50,000 individuals. They are one of  the few 
invertebrate species that humans have domes-
ticated, where they are managed in moveable 
frame hives. The majority of  bee species are 
solitary and nest below- ground (~70%) or in 
small cavities of  pithy stems or tunnels created 
by wood- boring insects (~30%) (Wilson- Rich, 
2014).

While there is a paucity of  data on the nest-
ing requirements of  ground- nesting bees, what 
is known suggests that different bee species have 
different nesting needs. Bees display preference 
for a wide range of  soil types (varying ratios of  
sand, clay and loam), temperature and com-
paction (Cane, 1991). Some species also prefer 
nesting in the sides of  slopes while others tend 
to nest in flat terrain. Generally, ground- nesting 
bees seem to prefer to nest in slopes, as this likely 
provides good drainage, and in less compact soil 
(Sardiñas and Kremen, 2014). Incorporating 
small patches of  bare, undisturbed ground 
and/or areas with thin layers of  mulch, free of  
vegetation, can also increase ground- nesting 
bee populations (Vaughan and Hoffman Black, 
2007; Gregory and Wright, 2005; Pardee and 
Philpott, 2014). Unfortunately the availability 
of  suitable ground nesting sites is scarce in ur-
ban environments,which poses a major chal-
lenge for ground- nesting bees.

Urban Drivers of Plant–Pollinator 
Interactions

Urbanization alters natural ecosystems in myr-
iad numerous ways, i.e. paving over soil with 
impervious surface cover, introduction and per-
sistence of  exotic species, urban warming, and 
various forms of  pollution. Heavily modified 
landscapes result in relatively novel ecosystems 
that are incubators for change and adaptation 
by their inhabitants, whether they are behav-
ioural or functional. Further, each city is differ-
ent, as it is shaped by its unique combination of  
natural resources, history and socio- economic 
forces. The emerging field of  urban ecology is 
examining how plants and pollinators respond 
to human- modified environments and, in many 
cases, adapt to such changes.

Habitat loss and fragmentation

A major consequence of  urban development is 
replacement of  natural habitats with impervi-
ous surfaces. As noted earlier, the loss of  exposed 
ground has profound effects on soil- dependent 
organisms, such as ground- nesting bees (Geslin 
et al., 2016). The authors of  a recent study on 
urban bumble bees (Bombus spp.) found that 
higher areas of  impervious surfaces supported a 
lower density of  bumble bee nests and fewer bees 
overall, particularly female workers which tend 
to forage close to their nest (Glaum et al., 2017). 
Also, impervious cover can limit dispersal of  
queen bumble bees because both suitable over-
wintering and nesting sites are scarce, with det-
rimental effects on gene flow (Jha and Kremen, 
2013). Impervious surface cover also reduces 
the abundance and richness of  other wild bees 
(Geslin et  al., 2016; Hamblin et  al., 2018). For 
instance, as the impervious surface gradient 
ranging from 0.06% to 64.31% (correspond-
ing to rural, semi- urban and urban) increased, 
the abundance and diversity of  ground- nesting 
species significantly dropped regardless of  local 
floral resources (Geslin et al., 2016).

In addition to habitat loss, urban develop-
ment creates a matrix of  fragmented open spac-
es such as parks, vacant lots, residential yards, 
naturalized remnants and community gardens. 
Disconnected pockets of  flowering plants can 
alter pollinator populations and foraging be-
haviours, and thus potentially disrupt pollina-
tor networks (Harrison and Winfree, 2015). 
Plant species dependent on a particular polli-
nator may fail to set seed if  their pollinators are 
absent, which, in turn, could ultimately lead to 
local extinctions (Pauw, 2007). In other cases, 
generalist species might fill the gap or serve as 
replacements to specialist species (Cane et  al., 
2006; Winfree et  al., 2014). This emphasizes 
the importance of  generalist pollinators, which 
can help buffer losses and maintain structure of  
urban plant- pollinator networks (Pauw, 2007; 
Harrison and Winfree, 2015). Fragmentation 
can also lead to behavioural changes that sup-
port Pyke’s optimal foraging theory, which states 
that pollinators will either avoid isolated patches 
or alter their visitation behaviour to offset the 
energetic costs of  foraging (Pyke, 1984). Highly 
fragmented populations of  an unmanaged weed 
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species in an urban setting exhibited low seed set 
and higher self- fertilization rates than weeds in 
continuous rural settings, demonstrating that 
pollinators avoided isolated patches (Cheptou 
and Avendaño, 2006). However, other studies 
have concluded that instead of  avoidance, bees 
alter their behaviour by spending more time at 
each flower, thereby utilizing the flower’s re-
sources more fully, in order to compensate for 
energy lost searching for floral resources and 
travelling between plant patches (Andrieu et al., 
2009; Harrison and Winfree, 2015).

Non-native and managed plant species

Exotic species are often particularly abundant 
and diverse in highly disturbed sections of  city 
landscapes such as roadside verges, vacant lots 
and railway tracks (Štajerová et al., 2017). They 
are also common in highly managed areas such 
as home gardens, parks and shopping centres. 
The proportion of  exotics in private and pub-
lic green spaces can be 70% or greater, and is 
driven by retail availability at garden centres 
and customer demand for particular aesthetics 
(Salisbury et  al., 2015). The blending of  plant 
species from multiple geographic origins fre-
quently results in novel plant communities that 
drive plant–pollinator interactions via several 
potential mechanisms including competitive 
displacement, pollinator preference and altered 
bloom phenology (Harrison and Winfree, 2015).

Exotic plants have potential to competitively 
displace native plants, especially when cultivat-
ed by humans, resulting in altered plant–polli-
nator communities. In some regions, half  of  the 
exotic species that have become invasive were 
introduced intentionally through the ornamen-
tal plant trade (La Sorte et al., 2014). Intentional 
introductions, while a long- standing practice, 
have intensified in modern times, as they are 
now done repeatedly, in large quantities and in a 
way that can facilitate release from enemies and 
competitors (Catford et al., 2018). For instance, 
in the USA, turf  grasses, which are predomi-
nantly European cool- season grasses, are intro-
duced and managed on a massive scale (over 40 
million acres), and released from enemy pres-
sure (turf  pests) and competition (other flora) 
through intensive chemical and maintenance 

inputs (Schueler, 2010). Turf  grass, which is 
the largest cultivated crop in the USA (Schueler, 
2010), arguably displaces native flora in semi- 
urban and urban environments, shifting plant 
composition and habitat quality for pollinators.

Pollinator preference can be an impor-
tant mechanism for testing competitive effects 
between non- native plants and native plants 
(Harrison and Winfree, 2015). While pollinators 
utilize novel resources, particularly when they 
are in high abundance, they do not necessar-
ily show a preference for them (Williams et  al., 
2011). Nutrition seems to be the determining 
factor in plant preference versus place of  origin. 
For instance, a native bumble bee species read-
ily utilized pollen from exotic plants with simi-
lar nutrition profiles as the pollen collected from 
native plants, which suggests that bumble bees 
selectively choose plants (native or exotic) based 
on nutrient availability (Harmon‐Threatt and 
Kremen, 2015). However, a bee’s intrinsic pref-
erence for certain host plants means that some 
might prefer exotic species while others avoid 
them, particularly if  their host plant is scarce 
or absent from the landscape (Bartomeus et al., 
2016). A bee’s floral choices can have indirect 
effects not only on the individual but also other 
bees in the community, as the preference of  each 
pollinator will impact other pollinators’ choices 
(Bartomeus et al., 2016). For instance, some pol-
linators may receive indirect benefits if  exotic 
plants lure other pollinators from natives by de-
creasing competition (Bartomeus et  al., 2016). 
Conversely, pollinators may pay indirect costs if  
competition is increased or if  exotic species dis-
place their preferred native plants (Bartomeus 
et al., 2016).

Another mechanism that might affect 
plant–pollinator interactions is a shift in bloom 
phenology via altered season availability of  flo-
ral resources. There is some evidence that exotic 
species might extend or shift bloom phenology. 
Cultivars grown in a greenhouse tended to have 
faster and more abundant germination than 
native species, suggesting a human- mediated 
selection for certain phenology traits (Chrobock 
et  al., 2011). Similarly, ornamentals are often 
cultivated for long- season bloom (Garbuzov 
and Ratnieks, 2014), which can extend the for-
age season for pollinators. Growers might also 
alter plant phenology through management 
practices such as irrigation, tree thinning or 
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deforestation (Harrison and Winfree, 2015). For 
example, tree removal can extend bloom time of  
spring ephemerals by allowing more sunlight to 
filter though the canopy (Winfree et al., 2014). 
Changes in urban plant phenology will likely 
result in ‘winners’ and ‘losers’ in the pollinator 
community, similar to what has been observed 
with other groups of  wildlife like birds and 
mammals.

Urban warming

Perhaps one of  the most pronounced environ-
mental drivers brought about by urbanization 
is the phenomenon known as the urban heat 
island effect, a process that makes cities warmer 
than surrounding non- urban areas (Duffy and 
Chown, 2016). Higher temperatures can affect 
both flora and fauna in multiple and synergistic 
ways. Bees and other insects are ectotherms, or-
ganisms that regulate body temperature via heat 
exchange with the surrounding environment, 
so are sensitive to rising temperatures (Colinet 
et al., 2015). Changes in the degree of  warming 
can significantly alter numerous physiological 
and biological processes, potentially affecting an 
insect’s fitness, fecundity and longevity (Colinet 
et al., 2015; Hamblin et al., 2018).

Results from a study examining the effects 
of  urban warming on wild bee communities 
show that temperature, not floral density, is the 
most important predictor of  urban bee abun-
dance and richness (Hamblin et al., 2018). Bee 
abundance was reduced by 41% for every 1 de-
gree Celsius rise in temperature (Hamblin et al., 
2018). This may be due to direct mechanisms, 
such as species- level variation in thermal limits 
or the physiological responses to warming. Given 
bees’ sensitivity to fluctuating temperatures, 
warming will likely act as a filter selecting for 
the most heat- tolerant species (Hamblin et  al., 
2018). More importantly, changes in pollinator 
composition could alter pollination services and 
plant reproductive success (Scaven and Rafferty, 
2013). The effects of  urban warming on flower-
ing plants might also indirectly effect pollinators 
(Scaven and Rafferty, 2013). Plant stress due 
to drought or high temperatures can decrease 
plant fitness and the production of  pollen and 

nectar available to pollinators (Scaven and 
Rafferty, 2013).

In addition to temperature, floral density 
can be an effective predictor of  bee abundance 
and diversity for certain bee groups (Hamblin 
et  al., 2018). In cityscapes experiencing urban 
warming, only bumble bees (Bombus spp.) ben-
efitted from higher floral density (Hamblin et al., 
2018). The implications for pollinator conserva-
tion in urban areas is that simply adding more 
flowers to support bees might be insufficient to 
fully mitigate the effects of  a warmer landscape 
(Hamblin et  al., 2018). However, collectively, 
green infrastructure (i.e. green roofs, tree- lined 
streets, expanding and enhancing green space, 
etc.) has potential to significantly moderate ris-
ing temperatures, thereby helping urban flora 
and fauna cope with heat- related stress (Gill 
et  al., 2007). Urban warming has also been 
linked to shifts in plant phenology. In general, 
plants grow new leaves and bloom earlier in 
cities than in non- urban areas (Jochner and 
Menzel, 2015). There is concern that urban 
warming, as well as climate change, may cause 
a phenology mismatch between pollinators and 
their floral hosts (Bartomeus et al., 2011). Given 
that many bee species are active as adults for 
only a short period, a mismatch could alter or 
disrupt plant–pollinator interactions. A com-
parison of  phenology data for ten generalist 
bee species and their floral hosts, dating back to 
1970, demonstrated that bee emergence seems 
to be keeping pace with shifts in flowering dates 
of  host plants (Bartomeus et al., 2011).

Environmental contaminants

Urban expansion is associated with a host of  
environmental contaminants that pollute soil, 
water and air, which presents a unique set of  
issues for city flora and fauna. Several key pol-
lutants that may shape urban plant and insect 
communities, and thereby constrain potential 
interactions, include nitrogen, insecticides and 
light pollution. In cities, vehicular and indus-
trial combustion produce atmospheric nitrogen 
that accumulates in soil and water as nitrate 
(Pickett et al., 2011). Although nitrates are es-
sential for plant growth and vigour, plants vary 
in their ability to assimilate and take advantage 
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of  nitrogen enrichment (Harrison and Winfree, 
2015). Nitrogen deposition can act as a com-
munity filter by giving plants, such as grasses, 
which prefer a nutrient- rich soil, a competitive 
advantage over herbaceous flowering plants. 
The latter generally prefer a nutrient- poor soil 
(Harrison and Winfree, 2015). In such sce-
narios, as plant compositions shift from herba-
ceous flowering plants to grasses, there is less 
forage for insect pollinators (Burkle and Irwin, 
2010). In the case of  low- level nitrogen deposi-
tion, plant–pollinator interactions can be altered 
through non- filtering mechanisms, including 
plant investments in reproductive success, such 
as investments in nectar and pollen production 
(Burkle and Irwin, 2010; Harrison and Winfree, 
2015). Increases in the quality and quantity of  
floral rewards could improve foraging efficiency 
and bee nutrition (Harrison and Winfree, 2015), 
contributing to overall better bee and plant fit-
ness. Other anthropogenic inputs that can shape 
plant–pollinator interactions include the use of  
insecticides.

Millions of  pounds of  insecticides are used 
annually to maintain healthy, well manicured 
lawns (Schueler, 2010). Although lawn weeds 
such as dandelions and white clover can sup-
port diverse bee assemblages (Larson et  al., 
2014), when treated with insecticides the pol-
len and nectar of  flowering weeds can become 
toxic (Larson et al., 2015). In the USA, neonico-
tinoids, a class of  neuro- active insecticides, are 
frequently used to control turf  pests despite their 
deleterious effects on non- target organisms, in-
cluding bees (Rundlöf  et al., 2015). The National 
Institute of  Health showed that certain neonico-
tinoids are a significant hazard to both managed 
and wild bees (Kessler et al., 2015). They found 
that honey bees and bumble bees preferred foods 
containing neonicotinoid pesticides and that 
exposure decreased their overall food intake 
(Kessler et al., 2015). Thus, field- relevant expo-
sure to neonicotinoids can have detrimental ef-
fects on honey bee and wild bee health (Rundlöf  
et  al., 2015; Kessler et  al., 2015). To protect 
pollinators from non- target effects, best man-
agement practices for turf  grass should include 
mowing flowering weeds that are inadvertently 
sprayed (Larson et al., 2015) and adhering to all 
label precautions including the timing of  treat-
ment application to avoid times when bees for-
age (Larson et al., 2017). There is also a growing 

movement to embrace ‘spontaneous’ flowering 
lawns through reduced mowing and a reduction 
in insecticide use (Larson et al., 2014).

Another anthropogenic driver linked to 
urban pollinator declines is light pollution or 
skyglow. Artificial night light from street lights 
and other sources disrupts nocturnal pollination 
services performed by moths and bats (Patriarca 
and Debernardi, 2010; Lewanzik and Voigt, 
2014; Knop et  al., 2017). The disruption can 
have detrimental effects on plant reproductive 
success. For example, in artificially illuminated 
plant– pollinator communities, nocturnal visits 
to plants were reduced by 62% compared to dark 
areas (Knop et al., 2017). This resulted in a 13% 
overall reduction in fruit set of  a focal plant even 
though the plant received numerous visits by 
diurnal pollinators (Knop et al., 2017). Further, 
the negative effects of  artificial light at night on 
nocturnal pollination will likely aggravate the 
decline of  the diurnal community (Knop et  al., 
2017). Mitigation strategies to help reduce the 
ecological consequences of  light pollution in-
clude: maintaining and increasing natural dark 
areas, decreasing the ‘trespass’ and intensity 
of  lighting (Gaston et  al., 2013) and working 
with engineers on developing alternatives to the 
current LED spectrum, which is more attrac-
tive and harmful to nocturnal pollinators than 
older lighting technologies (Pawson and Bader, 
2014).

Bee Trends along Rural–urban 
Gradients

In the past two decades, we have learned that di-
verse wild bee fauna can persist in metropolitan 
areas throughout the world (Hall et al., 2017), 
including major cities in Canada (Colla et  al., 
2009), Europe (Banaszak- Cibicka et  al., 2016; 
Hausmann et al., 2016), South America (Zanette 
et  al., 2005), South- east Asia (Threlfall et  al., 
2015), the UK (Goulson et al., 2008; Sirohi et al., 
2015; Baldock et al., 2015) and the USA (Wojcik 
et al., 2008; Matteson et al., 2008; Fetridge et al., 
2008; Frankie et  al., 2009; Potter and LeBuhn, 
2015; Molumby and Przybylowicz, 2012). Bees 
utilize floral resources in private and community 
gardens (Matteson et  al., 2008; Fetridge et  al., 
2008; Kaluza et al., 2016; Makinson et al., 2017; 
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Langellotto et al., 2018), city parks (McFrederick 
and LeBuhn, 2006), green roofs (Colla et  al., 
2009; Tonietto et al., 2011; Ksiazek et al., 2014), 
tree- lined streets (Hausmann et al., 2016; Somme 
et  al., 2016), vacant lots (Sivakoff  et  al., 2018) 
and native remnants (McFrederick and LeBuhn, 
2006). Interestingly, the patchy nature and 
continual disturbance in urban environments, 
whether through construction, foot traffic or 
heavily managed landscapes, creates a mosaic of  
habitats, which can potentially support diverse 
flora and fauna (Zerbe et  al., 2003), but, never-
theless, also act as a filter for organisms that can 
adapt quickly to dynamic and drastically modified 
landscapes (Sattler et al., 2010; Banaszak- Cibicka 
and Żmihorski, 2012). A review of  urban bee 
studies shows three major trends along rural–ur-
ban gradients: natural areas have a higher abun-
dance and species richness of  bee species than 
urban areas, urban environments have a higher 
ratio of  cavity nesting bee species compared to 
semi- rural and rural areas, and floral bee special-
ists are largely scarce or absent in the built envi-
ronment (Hernandez et al., 2009).

Bees richness is greater in natural areas 
but that trend is changing

Most urban bee studies show a negative corre-
lation between bee richness and urbanization in 
before- and- after urbanization studies (Dauber 
et al., 2003; Ahrné et al., 2009) and compara-
tive studies (e.g. semi- natural, agricultural, sub-
urban, urban) (Fetridge et  al., 2008; Matteson 
et al., 2008; Geslin et al., 2013; Deguines et al., 
2016). In addition to the effects of  urban envi-
ronments on individual pollinators, it is impor-
tant to understand the changes that occur at the 
community level along rural- to- urban gradients 
(Banaszak- Cibicka and Żmihorski, 2012). Of  
the 17,857 interactions observed between pol-
linators and flowering plants, the number of  
interactions was significantly lower in urban 
landscapes compared to those in semi- natural 
and agricultural habitats (Deguines et al., 2016). 
Further, certain types of  pollinators are affected 
to a greater extent. For example, syrphids and 
solitary bees were significantly affected by ur-
banization, although other pollinators such as 
bumble bees were not (Deguines et  al., 2016). 

Overall, urbanization is associated with reduced 
flower visitor richness and a shift to more gen-
eralist insects, leading to simplified plant–polli-
nator networks and functional homogenization 
(Deguines et al., 2016).

The opposite trend has also been noted. 
Recent studies show that cities, especially 
those that implement green infrastructure, can 
support greater abundance and diversity of  
managed and wild bees than can neighbour-
ing agricultural landscapes (Hall et  al., 2017; 
Osborne et  al., 2008a; Frankie et  al., 2009; 
Gunnarsson and Federsel, 2014; Sirohi et  al., 
2015; Baldock et  al., 2015). Certainly, the sur-
rounding landscape influences how many spe-
cies will be present in urban environments, 
either positively or negatively (Sattler et  al., 
2010; Banaszak- Cibicka and Żmihorski, 2012). 
Arguably, technological advances and agri-
cultural efficiencies are homogenizing rural 
environments, making them less hospitable to 
pollinators and the wildflowers that support 
them (Hall et  al., 2017). In such cases, urban 
environments are often more pollinator- friendly 
than rural habitats.

Urban development shifts bee 
communities to mostly cavity-nesting 

species

Cavity- nesting bee species predominate in many 
urban areas (Cane, 2005; Zanette et  al., 2005; 
Cane et  al., 2006; Matteson et  al., 2008). The 
high percentage of  cavity- nesting species ob-
served in cities is the opposite of  what is typi-
cally found in semi- urban and natural areas. 
Generally, ground- nesting species make up 70% 
of  the total bee fauna and cavity- nesting species 
the other ~30% (Vaughan and Hoffman Black, 
2007). Several factors are thought to drive the 
higher ratio of  cavity nesters in urban envi-
ronments. Cavity- nesting bees might thrive in 
urban areas because they can use man- made 
structures, such as bee hotels (MacIvor and 
Packer, 2015) as well as various crevices and 
holes found in building materials. Also, cavity- 
nesting species’ ability to find nesting sites is 
not negatively impacted by the high percent-
age of  impervious surface cover associated 
with urban environments. As noted earlier, this 
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puts ground- nesting species at a disadvan-
tage. Further, it is well established that urban 
soils often have altered physical, chemical and 
structural properties compared to local non- 
urbanized soils, which can disrupt ecosystem 
functions (Pavao- Zuckerman, 2008) and, po-
tentially, ground- nesting bee success (Xie et al., 
2013).

Specialist bee species decrease along the 
gradient of increasing urbanization

Floral specialists are nearly absent from urban 
areas (McFrederick and LeBuhn, 2006; Fetridge 
et al., 2008; Frankie et al., 2009), which is likely 
a direct result of  a decrease in overall floral diver-
sity and shifts in floral composition. Both plant 
and bee diversity tend to decrease in central ur-
ban core areas but, interestingly, plant diversity 
can increase in moderately urban environments 
(McKinney, 2008). However, the potential in-
crease in plant diversity is often owing to the in-
troduction of  exotic species (McKinney, 2008). 
In urban areas, exotic species are likely to include 
both weedy species that tend to thrive in disturbed 
environments as well as planted ornamentals, 
which may not meet the nutritional requirements 
of  pollen specialists. The lack of  specialist flora can 
be remedied through pollinator- friendly plant se-
lection and landscape design.

Paradigm Shift: ‘Ecology in the City’ 
to ‘Ecology for the City’

Researchers increasingly acknowledge that 
the long- term success of  pollinator conserva-
tion efforts depends on buy- in from local com-
munity members (Turo and Gardiner, 2019). 
Importance of  the human component in ecolog-
ical conservation projects is reflected in a para-
digm shift within urban design and planning, 
whose traditional focus was ‘ecology in the city’ 
to a modern- day emphasis on ‘ecology for the 
city’ (Pickett et al., 2016). ‘Ecology for the city’ 
embraces a holistic, multi- disciplinary approach 
towards sustainable ecological stewardship that 
brings together urban residents, city planners, 
decision makers and conservationists (Pickett 
et al., 2016).

To increase long- term success of  urban pol-
linator conservation, project managers aim to 
address the specific apprehensions of  city resi-
dents. Residents may worry about the presence 
of  stinging insects or have safety concerns re-
lated to unoccupied city lots (Turo and Gardiner, 
2019). In addition to violent crime, vacant lots 
can quickly turn into a place for dumping rub-
bish, hiding guns, and other illegal activities 
such as drug sales and prostitution (Garvin 
et  al., 2013). Yet, researchers have found that 
urban lot greening efforts have potential to 
tackle safety concerns and reduce violent crime 
(Garvin et al., 2013). As part of  a Philadelphia- 
centred study, the Pennsylvania Horticultural 
Society took steps to remove debris, plant grass 
and trees, build a low fence with entry open-
ings to the lot and maintain the space every two 
weeks. Researchers concluded that these green-
ing efforts were associated with reductions in 
certain gun crimes and improvements in resi-
dents’ perceptions of  safety. Though this study 
concentrated on grass and tree planting, it is 
believed that wildflower plantings for pollinators 
have similar potential, provided these plantings 
are strategically placed (Hoyle et al., 2017), meet 
the needs of  local decision makers, land manag-
ers (Hoyle et al., 2017) and residents (Nassauer 
and Raskin, 2014; Turo and Gardiner, 2019) 
and, through messaging, show that these spaces 
are being maintained by signage and other ‘cues 
to care’ (Nassauer, 1995, 2011; Nassauer and 
Raskin, 2014).

‘Cues to care’ (Nassauer, 2011), a term 
coined by landscape architecture professor Joan 
Iverson Nassauer, refers to landscape characteris-
tics or physical objects that send messages to local 
communities that someone is actively caring for 
the land and watching over it (Nassauer, 1995, 
2011; Nassauer and Raskin, 2014) and can in-
clude mown turf, colourful flowers, fences, lack 
of  weeds, lawn ornamentation, neat edging or 
borders and defined planting areas (Nassauer and 
Raskin, 2014). Some ‘cues to care,’ such as mown 
grass or trimmed hedges, might seem counter to 
environmental stewardship, but indicate to the 
neighbourhood that someone is caring for the 
property, thereby encouraging others to likewise 
care for their land (Nassauer and Raskin, 2014). 
Research indicates that landscape preferences can 
occur on a very small scale, and can vary block- 
to- block, since residents are often influenced by a 
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neighbour’s choice (Brown et al., 2003). There are 
many complexities to this picture, but community 
meetings, where residents can discuss their needs 
and desires in conversation with scientists, urban 
planners and decision makers, may provide key in-
formation, so that any potential stumbling- blocks 
to a project can be overcome in advance.

In terms of  which plants best support 
pollinators, the question must be asked if  the 
needs of  both residents in the community and 
of  pollinators can be reconciled and addressed 
simultaneously. Pollinating insects, particu-
larly bees, benefit from native plant species and 
wildflowers (Williams et  al., 2011; Pardee and 
Philpott, 2014), though it is difficult to know 
with precision which plant species are needed 
for urban bees (Turo and Gardiner, 2019). Some 
scientists indicate that more research is need-
ed, especially when it comes to the nutritional 
value of  wildflower seed mixes (Garbuzov and 
Ratnieks, 2014; Turo and Gardiner, 2019). Bees 
visit commonly available, naturally occurring 
weedy blossoms like clover and dandelion, and 
are often attracted to non- native species, even 
though non- native species are not the optimal 
food source for native bees (Turo and Gardiner, 
2019). Taller wildflower meadow plantings, re-
ferred to as ‘prairie pockets’, attract numerous 
pollinators (Turo and Gardiner, 2019). These 
floral areas often have reduced management 
and cutting requirements, which is important 
in pollinator habitats (Hall et al., 2017; Wastian 
et al., 2016) and can reduce municipality main-
tenance costs (Aronson et al., 2017).

Drawbacks to the taller, wilder- looking na-
tive plants are that they may look messy and 
unkempt to local residents, who might prefer a 
landscape that is neat and tidy (Nassauer, 1997). 
There can be great variation in aesthetic prefer-
ences. Tall wildflower meadow plants are viewed 
positively in economically robust cities (Southon 
et al., 2017; Turo and Gardiner, 2019). In a re-
cent paper, researchers noted that residents’ 
views on planting conservation projects in green 
spaces may vary greatly depending on the over-
all economic status of  an individual city (Turo 
and Gardiner, 2019). City residents located in ar-
eas where economic expansion occurs may hold 
positive views of  green spaces (Ives et al., 2017), 
whereas residents of  ‘shrinking cities’, that have 
too many vacant lots, may view the areas as 
abandoned or in decline (Nassauer and Raskin, 

2014). Without community engagement, there 
might be resistance to pollinator planting pro-
jects that place meadows in areas that have his-
torically experienced socio- economic injustices 
(Clement and Kanai, 2015).

As touched upon above, there is a need 
to consider the needs of  both bees and people. 
Fig.  6.1 provides an iterative decision- making 
process that incorporates input from the per-
spectives of  conservation science and commu-
nity development. The decision tree encourages 
regular feedback via repeated site monitoring 
and stakeholder engagement, which is then used 
to improve the plan. Thus, rather than a static 
path forward, a community will have a dynamic 
design and management plan that meets the 
needs of  humans and insect pollinators, result-
ing in improved long- term outcomes.

Urban Beekeeping

Interest in beekeeping has skyrocketed in recent 
years, particularly in urban areas. Recreational 
beekeepers interested in pollinating plants and 
producing honey are placing hives in community 
gardens, private lots and on rooftops (Nassauer, 
1997; Southon et  al., 2017). Urban agriculture 
includes a variety of  enterprises, such as bee-
keeping, aquaculture and small- scale vegetable 
and fruit crop farming in private gardens, public 
community gardens, school- based gardens, green 
roofs and vacant lots (Ives et al., 2017). Urban ag-
riculture and beekeeping go hand- in- hand in that 
honey bees, along with wild bees, provide pollina-
tion services for urban crops. Growing food on va-
cant land provides numerous social, economic and 
environmental benefits to cities and urban popu-
lations, such as boosting biodiversity, increasing 
the availability of  locally grown food which limits 
travel time between the farm and consumer, cool-
ing buildings and improving air quality (Clement 
and Kanai, 2015). For instance, Seattle, Portland, 
Atlanta, San Francisco, Vancouver and New York 
have amended local codes to approve urban bee-
keeping and to acknowledge the essential pol-
lination services that bees provide (Clement and 
Kanai, 2015).

Urban beekeeping (Fig.  6.2), which falls 
under the scope of  urban agriculture, can bring 
numerous benefits to cities and urban residents. 

 EBSCOhost - printed on 2/13/2023 11:25 AM via . All use subject to https://www.ebsco.com/terms-of-use



110 L.J. Kuder, L.M. Barranco and D. van Engelsdorp

Benefits include featuring beehives in city beau-
tification projects, the conversion of  vacant lots 
to agricultural use, thereby reducing mowing 
and maintenance costs to local governments, 
urban agricultural enterprises that can provide 
job training for city residents, and providing 
fresh food (in the form of  pollination services) 
and honey to local residents (Peters, 2011). 
Further, urban gardening and agriculture pro-
vide increased food security for city residents 
through collective efforts, i.e. the building of  

strong community bonds via partnerships be-
tween local organizations, schools and business-
es (Gardiner et al., 2014).

In addition to the many benefits of  urban 
beekeeping, there are also challenges. Residents 
may have concerns about being in close proxim-
ity to stinging insects. Cities, including Milwaukee, 
Baltimore, Denver, Portland and Chicago, are ad-
dressing these challenges by requiring registration 
of  honey bee colonies with local agencies, and re-
quiring property boundary line setbacks, proper 

Fig. 6.1. This chart depicts one way forward in the planning and implementation of pollinator 
conservation projects, in that it suggests a collaborative framework that considers the needs of both 
people and pollinators. (From Turo and Gardiner, 2019. Reprinted by permission of John Wiley & Sons, 
Inc.)
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hive maintenance, provision of  adequate water 
supply to hives and flyway barrier requirements, 
so that honey bee flight patterns do not interfere 
with the use of  properties by adjoining neigh-
bours (Broadway, 2009).

What will the future bring to urban 
beekeeping?

While mismanagement and the spread of  pests 
and disease are very real and important issues 
impacting honey bee colonies and beekeepers, 
a secondary threat to the existence of  urban 
beekeeping is the inability of  regulations to ac-
curately reflect the cumulative concerns of  
beekeepers and community members. Lack of  
understanding with respect to beekeeping and 
the needs of  beekeepers coupled with the fail-
ure to consider community concerns can lead 
to the passage of  onerous laws. The recent crea-
tion of  best- management materials can assist 
urban communities in working toward positive 

outcomes that are tailored toward specific com-
munity needs. State university extension ser-
vices can be instrumental in providing guidance 
to urban beekeepers regarding best practices 
for beekeeping in urban settings, thereby mini-
mizing nuisance problems and maximizing the 
exchange of  concerns (Melathopoulos et  al., 
2018). These publications encourage beekeep-
ers to speak with their neighbours about their 
bees, to listen to their neighbours’ concerns and 
to be willing to provide neighbours with infor-
mation about honey bees, the varying reactions 
to bee stings, the differences between honey 
bees and wasps, the benefits of  urban beekeep-
ing, and honey bee biology and behaviour 
(Melathopoulos et al., 2018). Cities like Toronto 
have prepared guidelines for urban beekeeping, 
recognizing that local regulations often cannot 
keep up with increased interest in beekeeping ac-
tivities. These guides are intended to encourage 
thoughtful decision making around beekeeping 
in cities (Berquist et al., 2012), and make the fol-
lowing suggestions:

1. More decision making should be left to the 
municipalities allowing specific concerns to 
be addressed in a way that best suits the local 
community.

2. Regulations ought to consider how honey 
bee flight paths can be altered rather than 
passing rules that set rigid distances between 
the location of  hives, property lines and 
neighbours. Bee flight paths can be, with a 
little ingenuity, redirected away from walk-
ways and people traffic.

3. Voluntary best- management guidelines can 
be effective in reducing problems.

4. Support networks between the beekeeping 
industry and with governments are key.

5. The education of  beekeepers and the public 
is essential.

(Berquist et al., 2012)

Is recreational beekeeping the same as bee 
conservation?

Recent research shows that honey bee colonies 
may out- compete native wild bee species in for-
aging for limited nectar and pollen resources and 
that honey bee colonies should not be placed in 

Fig. 6.2. Honey bee hives managed by Mandy 
Shaw, located on top of a building in Portland, 
Oregon. (Photo: Mandy Shaw, Portland Urban 
Beekeepers)

 EBSCOhost - printed on 2/13/2023 11:25 AM via . All use subject to https://www.ebsco.com/terms-of-use



112 L.J. Kuder, L.M. Barranco and D. van Engelsdorp

conservation areas (Geldmann and González- 
Varo, 2018; Henry and Rodet, 2018). These 
authors acknowledge that honey bees play an 
important role in agriculture and have helped 
raise awareness of  the problems encountered by 
bees overall. But conservation of  wild bee spe-
cies should not be confused with the agricultur-
al management problems experienced by honey 
bees and that more research should be conduct-
ed to determine the impact of  honey bees on wild 
bee species, particularly in limited forage areas 
(Geldmann and González- Varo, 2018). Though 
not used broadly by municipalities, a study con-
ducted in Oslo, Norway, describes a mapping and 
zoning assessment programme used by govern-
ment officials for identifying areas for optimal 
honey bee hive placement, so that managed 
honey bees are not depleting limited urban floral 
resources (Stange et al., 2017). A global round-
table discussion between bee experts on the topic 
of  ‘Can cities save bees? How can urban habitats 
be made to serve pollinator conservation? How 
can that story be better told?’ is an excellent 
summary of  the issues facing urban beekeepers 
(Maddox, 2018).

A roadmap to community-based 
pollinator conservation

Further progress is needed on a number of  fronts 
in order for meaningful pollinator conservation 
efforts to result in successful outcomes.

Past mistakes and how to avoid them

One way to improve outcomes is to allow lessons 
from past mistakes to inform future progress 
(Turo and Gardiner, 2019). Lessons learned 
from past projects show that if  members of  the 
community do not favour the idea of  a planting 
conservation site, the area may be destroyed or 
sabotaged (Turo and Gardiner, 2019). Broad ap-
proval of  a planting project by residents is key to 
its success and may even lead to local volunteer 
efforts that can help with ongoing management 
of  a planted area (Turo and Gardiner, 2019). 
As noted earlier, projects tend to receive great-
er public acceptance when they include visual 
‘cues to care’ such as vigilance in trash removal, 

regular maintenance and the presence of  fenc-
ing (Nassauer and Raskin, 2014).

Past experience demonstrates that even the 
best- intended project, undertaken with great 
care to engage community members through 
outreach efforts, can lead to both positive and 
negative responses from community members 
(Turo and Gardiner, 2019). In one case, despite 
the positive experiences of  some residents in-
volved in the community outreach events for 
the ‘pocket prairie’ sites, other residents feared 
for their safety while passing the tall meadow 
plantings on the way to the bus stop in the early 
morning hours (Turo and Gardiner, 2019). 
Trying to understand how meadow planting 
projects may be perceived by as many com-
munity members as possible, at various stages 
of  vegetative growth, is important (Turo and 
Gardiner, 2019). In meeting conservation goals, 
care must be taken to minimize displacement or 
marginalization of  local residents in the name 
of  ecological green space development, particu-
larly when impacting communities that have 
experienced historical racial injustices (Turo 
and Gardiner, 2019).

For example, in Detroit, Michigan, a city 
in decline, a vast proposed green space project 
called ‘Detroit Future City’, was planned and in-
cluded moving residents in low- vacancy areas 
to make way for urban farms and green space 
(Clement and Kanai, 2015). The overall plan 
was roundly criticized because the inclusions 
for the re- zoning of  green space were swept up 
in an ‘innovation landscape’ marketing plan 
intended to attract global investment at the 
expense of  disadvantaged local communities 
(Clement and Kanai, 2015). The ‘Detroit Future 
City’ project exemplifies the need for green ini-
tiatives, including pollinator meadow areas, to 
involve community leaders. Further, projects 
need to engage those with expertise in the field 
of  sociology who can assist with community 
meetings, large- scale discussions about projects 
and surveys of  residents, in order to illicit as 
much information and input as possible from 
all stakeholders (Hunter and Hunter, 2008). 
Adding to this discussion about overall city 
planning, some suggest that ecological site de-
sign may be the preferred route over purchasing 
tracts of  land, so as not to place insect conser-
vation at odds with urban development (Hunter 
and Hunter, 2008).
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How to ensure pollinator conservation 
longevity

The longevity of  urban pollinator conserva-
tion efforts tends to increase when projects are 
undertaken by a diverse team and when man-
agement decisions include those with hands- 
on management and long- term interest in the 
project’s success. Urban conservation experts 
espouse the value of  including entomological 
expertise in project site development and the 
management of  green space projects (Hunter 
and Hunter, 2008). They also encourage in-
creased active involvement in the community 
development process by having entomologists 
‘more fully assuming the identity of  commu-
nity developers’ (Turo and Gardiner, 2019) and 
to forge strong collaborative bonds with urban 
design professionals (Hunter and Hunter, 2008; 
Nassauer, 2012). These diverse perspectives 
from pollinator habitat researchers, land man-
agers, decision makers, community members 
including immediate neighbours, at- large com-
munity members and those that may walk by 
the areas all play a central role in the planning 
and long- term maintenance of  a successful con-
servation project (Turo and Gardiner, 2019).

In the planning stages, the manner in which 
information is acquired and exchanged is im-
portant to the success of  a project. Public input 
workshops and listening sessions give urban res-
idents a crucial voice in the process (Green et al., 
2016). For example, aesthetic and economic 
concerns, such as overgrown plants, can be ad-
dressed by engaging residents in finding feasible 
solutions (Green et al., 2016). Considering long- 
term maintenance plans, research indicates that 
when urban residents have positive encounters 
with nature close to home, they tend to be more 
engaged with wildlife and nature (Nilon, 2011; 
Van Velsor and Nilon, 2006). The more people 
are drawn into the beauty of  a space, the more 
likely they are to become involved in the care of  
the place long- term (Nassauer, 1997; Hunter 
and Hunter, 2008). Future management plans 
that involve both conservationists/researchers 
and the local community can be the best way 
forward, provided funding is available.

Long-term funding pLans. Cities increas-
ingly look to reduce expenses, leaving urban 
land managers to implement low- maintenance 

sustainable planting regimes in public spaces 
(Aronson et al., 2017). The use of  annual flow-
ers can provide season- long colour, but these 
need replacing each year, creating ongoing and 
often unsustainable costs. Perennial wildflower 
meadows are an option that can lead to long- 
term savings in lawn- maintenance care, in ad-
dition to providing ecological benefits (Hall et al., 
2017). In the UK, one third of  urban park man-
agers have experienced maintenance budget 
and staffing cuts exceeding 20% in a two- year 
period, at a time when park usage is rising, lead-
ing to the need for innovative and low- cost man-
agement strategies for public spaces (Heritage 
Lottery Fund, 2016). Thus, some UK urban park 
land managers are moving away from annual 
bedding plants in favour of  low- maintenance 
perennial meadow plantings and are transfer-
ring management responsibilities to outside 
organizations.

Jurisdictions in the USA are looking to en-
courage biodiversity through various financial 
reward schemes. In the Chicago Sustainable 
Backyards Program, native tree plantings, rain 
barrels, composting and the conversion of  lawns 
to native naturalized plantings offer financial re-
bates to residents. However, financial rewards 
alone may not be enough to encourage biodiver-
sity in planting schemes, but may be a possible 
solution provided the incentives are implement-
ed via strong engagement between government, 
planners and the public (Hostetler et al., 2011; 
Aronson et al., 2017). Advocates of  urban pol-
linator conservation projects suggest low- cost, 
low- maintenance wildflower plantings for bees 
that also include already- present weedy vegeta-
tion (Turo and Gardiner, 2019). Partnerships 
with local groups that care about the neighbour-
hood can provide needed assistance for routine 
work on the ground and can assist in securing 
funds through endowments, tax breaks and 
other financial incentives (Hostetler et al., 2011; 
Turo and Gardiner, 2019).

The educational component can make a 
difference

The value of  education in the conservation 
of  pollinators cannot be over- emphasized. In 
the USA, the National Wildlife Federation ( 
www. nwf. org) has created a schoolyard habi-
tat programme that provides teachers with 
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resources for environmental stewardship 
classes. Similarly, in the UK,  Buglife. org ( www. 
Buglife. org. uk) engages children in learning 
more about insects and other invertebrates 
(Hunter and Hunter, 2008). With respect to 
wildflowers, research indicates that once peo-
ple understand the value of  wildflowers, they 
are more interested in them (Younis et  al., 
2010). Scientists urge greater efforts in edu-
cating the public about pollinators and bees, 
since many are not aware of  the diversity of  
native bee species (Wilson et  al., 2017; Turo 
and Gardiner, 2019). Citizen science conser-
vation projects can also help (Aronson et  al., 
2017), but these projects require the ability 
of  participants to correctly identify different 
types of  bees, so more education is needed in 
this realm (Wilson et al., 2017). A recent sur-
vey conducted in the USA found that the public 
has an interest in bees. Ninety- nine per cent of  
respondents believed that bees are important 
but had limited knowledge of  native bee di-
versity and difficulty telling the difference be-
tween bees and non- bees (Wilson et al., 2017). 
Pollinator outreach efforts, on the importance 
of  bee diversity and the habitat requirements 
of  bees, are already beginning to move the 
general public and policy makers to action. 
Continued efforts on this front are needed, as 
much remains to be done.

Conclusion

Cities offer tremendous opportunities for pol-
linator conservation. The recent focus on 
urban areas comes at a time in history when 
pollinators are in decline, and agricultural 
areas might not provide refuge for bats, but-
terflies, moths and bees. The body of  research 
referenced in this chapter highlights some of  
the challenges ahead but also points us in an 
encouraging direction. And that is, pollinators 
can thrive in cities provided they have suitable 
nesting habitat, floral resources and the abil-
ity to disperse across the city matrix. Humans 
have great potential and the ability to assist 
in creation of  pollinator- friendly cities. Urban 
planners are already beginning to rethink 
the built environment, and to take a multi- 
disciplinary approach to designing cityscapes 

that work for both humans and pollinators. 
Entomologists and conservationists, who have 
specialized knowledge about insect ecology, 
can take a more active role in engaging deci-
sion makers, landscape professionals and com-
munity members. By including all stakeholders 
in the iterative design process, we can achieve 
lasting protection of  pollinators in cities.

Additional Resources

Online – pollinator conservation

• Pollinator Partnership (https:// pollinator. 
org/)

• Xerces Society for Invertebrate 
Conservation (https:// xerces. org/ 
pollinator- conservation)

• Bumblebee Conservation Trust (https://
www. bumb lebe econ serv ation. org/)

• Bee City USA ( www. beecityUSA. org)
• The Honeybee Conservancy (https:// theh 

oney beec onse rvancy. org/)
• Buglife (https://www. buglife. org. uk/)

Online – pollinator-friendly planting 
guides

• Pollinator Partnership (https:// pollinator. 
org/ guides)

• Xerces (https:// xerces. org/ pollinator- con-
servation/ plant- lists/)

• Lady Bird Johnson Wildflower Center (htt-
ps://www. wildflower. org/ collections/)

• The Royal Horticultural Society (https://
www. rhs. org. uk/ science/ conservation- bio-
diversity/ wildlife/ plants- for- pollinators# 
nav- about)

Books on pollinators and bee-friendly 
gardens

• The Bees in Your Backyard: A Guide to North 
America’s Bees by J.S. Wilson and O.J. 
Messinger Carril
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• Attracting Native Pollinators: The Xerces 
Society Guide, Protecting North America’s 
Bees and Butterflies – Xerces Society

• Bee Garden: All you Need to Know in One 
Concise Manual by Elke Schwarzer

• Pollinators of  Native Plants: Attract, Observe 
and Identify Pollinators and Beneficial Insects 
with Native Plants by H.N. Holm

• Pollinator Friendly Gardening by Rhonda 
Fleming Hayes

• Keeping Bees in Towns and Cities by L. Dixon

• 100 Plants to Feed the Bees: Provide a Healthy 
Habitat to Help Pollinators Thrive – Xerces 
Society

• The Bee- Friendly Garden: Design an Abundant, 
Flower- Filled Yard that Nurtures Bees and 
Supports Biodiversity by K. Frey and G. 
LeBuhn Packer

• Garden Revolution: How Our Landscapes Can 
Be a Source of  Environmental Change by L. 
Weaner and T. Christopher
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Abstract:

Urban ecology began as a biological science 
practised within cities. As such, it sought 
out forests, abandoned or undeveloped land, 
meadows and surface waters as analogues of  
the places outside of  cities where ecologists 
had worked for decades. In 1997, the 
call for proposals by the National Science 
Foundation’s Long- Term Ecological Research 
(LTER) programme for urban research sites 
required integration of  biological and physical 
structures and processes with social structures 
and processes. The Baltimore Ecosystem 
Study, referred to as BES, was one of  the two 
successful responses to that call, and thus 
worked along with the Central Arizona Phoenix 
LTER to craft a new, integrated approach to the 
understanding of  urban ecological systems. 
The conceptual and visionary framework to 
support this integration is termed ‘ecology of  the 
city’, which for North America is a new kind of  
social- ecological- technological systems (SETS) 
research. The ecology of  the city has required 
BES to establish interactions across disciplinary 
boundaries, linking with sociology, geography, 
anthropology, economics, engineering, 
climatology, public health and urban design. 

Furthermore, to meet the challenges of  the 
region in which the project is embedded, BES has 
had to become transdisciplinary, that is to move 
beyond the scope of  individual or even linked 
scientific disciplines. Transdisciplinary research 
engages with communities, non- governmental 
organizations and people from federal, state, 
county and city governments to answer 
questions that are of  interest to science, while 
at the same time addressing needs of  society. 
As a result, BES exemplifies growth beyond 
the traditional disciplinary focus of  ecology on 
biological habitats within urban areas. That 
growth first linked various social, biological and 
physical science disciplines and, ultimately, was 
integrated with policy, management and design 
concerns. We trace the development of  BES to 
illustrate integrative science and practice.

Roots of Our Social-ecological 
Science

Interdisciplinary fundamentals of  urban ecol-
ogy, laid out in this chapter, begin in the 1980s 
with Dr Mark McDonnell and Dr Richard Pouyat 
(McDonnell et  al., 1997). Like all histories of  
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major developments in any academic field of  
study, this is a story about people and the ideas 
they brought together. These colleagues were 
engaged in a project to understand the structure 
and function of  New York City’s last remaining 
primeval forest on the grounds of  the New York 
Botanical Garden in the Bronx. This was new 
territory for American ecology. Mark, Rich and 
their colleague Dr Carl White had discovered 
puzzling dynamics of  soil nitrogen in that an-
cient but urban forest. Comparison between the 
urban forest with those outside the city emerged 
as a way to investigate the unexpected results. 
Mark and Rich devised a sampling transect 
from the Bronx northward on the same bedrock 
to examine and compare closed- canopy, oak- 
dominated forests isolated within landscapes of  
decreasing urbanization. The sampling design 
was a literal belt transect across the metropoli-
tan landscape of  New York. The sampling tran-
sect was laid out to discover whether there was 
a gradient of  urban effects on forest structure 
and dynamics (McDonnell et al., 2012). The hy-
pothesis was that urban effects seen in the for-
est in the Bronx would decline along the 120 
km, or thereabouts, transect. The project was 
called Urban- Rural Gradient Ecology (URGE; 
McDonnell et al., 1997). Many of  the specific sci-
entific results have been summarized elsewhere 
(e.g. Pouyat et  al., 1995, 2009; Baxter et  al., 
2002; McDonnell and Hahs, 2008; Carreiro 
et  al., 2009). When Steward Pickett joined 
McDonnell and Pouyat in 1987 they sought to 
employ gradients of  stress and disturbance as a 
system of  ideas intended to explain the impact of  
environmental and ecological extremes on the 
organization and function of  ecosystems, to ur-
ban–rural comparisons. The ecological theories 
of  stress and disturbance gradients (Fox et  al., 
2011) had not previously been applied to urban 
systems. Connecting these theories to urban 
ecology has proven to be a lasting legacy of  the 
URGE project, in that an urban–rural gradient 
perspective has been used widely in urban ecol-
ogy (e.g. Adler and Tanner, 2013; Douglas and 
James, 2014).

After a few years of  concentrating on the 
novel biology and geochemistry of  forests along 
the New York metropolitan transect, the URGE 
group began to wonder about the social drivers 
of  the emerging ecological patterns, by accessing 
and using data sources such as the decennial US 

census for basic human statistics. That is where 
the adventure of  integration began. This chapter 
lays out how the URGE project established a way 
of  thinking that was later linked to an ecologi-
cally informed, socially connected community 
forestry project in Baltimore. This linkage would 
become the core of  a new integrative approach 
to urban ecology (Grove et al., 2013). The adven-
ture is described here in terms of  how and why 
ecology was linked with other natural sciences, 
with social sciences, and with the applied profes-
sions of  engineering and urban design.

First Steps with Social Science

The New York transect stimulated the URGE 
team to reach out to social scientists who might 
contribute by helping to explain the ecological 
patterns it was discovering. A national jaunt by 
McDonnell and colleagues to visit likely social 
scientists at various institutions exposed the 
team to brilliant and productive researchers, but 
perhaps not surprisingly, they were all too busy 
to join. The interactions convinced McDonnell 
and team even more strongly of  the need to link 
with social sciences. Fortunately, Cary Institute 
was able to provided funds to hire a postdoc. 
Kimberly Medley, a geographer, joined the team 
to analyse human population, road density and 
traffic flows in blocks of  territory surrounding 
the forests along the URGE transect. Although 
all the geographic variables were correlated 
with the biogeochemical processes in the forests, 
the functional variable of  traffic flow exhibited 
the greatest explanatory power (Medley et  al., 
1995). Given the role of  automobiles as sources 
of  the atmospheric nitrogen and heavy metals 
that were expected to alter forest nutrient cycling 
(Pouyat et  al., 2009), the higher correlation 
with traffic stimulated further thinking about 
social drivers of  ecosystem processes. The pos-
sibilities were many, including property owner-
ship, public and private management practices, 
transportation policy and regulations, as well as 
economic resources and their allocation. What 
might be the constellation of  social factors? How 
might the social factors interact with the ecolo-
gy? How might ecological structure and process 
feed back to the social factors? Although these 
became important questions for the URGE team; 
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they were beyond the expertise of  a primarily 
biologically trained research group.

Our affiliation with Dr Morgan Grove was 
particularly important to meeting our project 
goals because his graduate training had been 
under the mentorship of  Dr William ‘Bill’ Burch, 
Jr, who was a pioneer in social ecology, i.e. the 
study of  relationships between people and their 
environment (Burch, 1971). Members of  this 
expanded group worked well together. This 
fledgling community was clearly a rare intel-
lectual resource that had great potential. Since 
1989, Grove and Burch had been practising the 
science of  social ecology and community forest-
ry in Baltimore, Maryland (Grove and Carrera, 
2019). Upon visiting Baltimore with Grove and 
Burch, the biologically trained ecologists discov-
ered the ‘power of  place’ in social ecology. Place 
is important for two reasons. First is its concep-
tual role in co- locating social processes, ecologi-
cal processes and the interactions among them. 
Place, in this conceptual sense, is key to under-
standing complex systems. Second, place as a 
shared concern by researchers, managers and 
policy makers, helps create the social and insti-
tutional networks based on trust, sometimes re-
ferred to as social capital (Vanderbilt and Gaiser, 
2017), that are required to conduct and apply 
research in urban areas. Trust is something that 
is achieved over time from common concerns, 
mutual respect and common experiences. Grove 
and Burch had built that trust over their decade 
of  work in Baltimore (Grove and Carrera, 2019). 
Now they were sharing that hard- earned capital 
with ecological colleagues originally trained as 
biologists.

The expanded URGE team struggled to win 
the approval of  the National Science Foundation 
for the establishment of  regular ecological re-
search proposals for urban ecology in Baltimore 
and New York. The funding community at the 
time was somewhat hostile toward urban ecolo-
gy research. Urban ecology focuses on complex, 
non- linear systems, having feedbacks involving 
social attitudes, institutional motivations, po-
litical constraints, human perceptions, and even 
fashion. Thus, reviewers’ expectations about 
linear hypotheses, idealized theory and ready 
falsification were a poor match to the work that 
had to be done. More problematically, review-
ers often opined that ecology just wasn’t done 
in cities. However, the LTER programme had 

been stimulated by its first decadal programme 
review, conducted in 1993, to consider bring-
ing urban ecology into the fold of  its roughly 
20 projects focusing on ‘natural’ ecosystems 
throughout the USA and its territories (Risser 
and Lubchenco, 2010; Collins, 2019). The LTER 
programme, led at the time by programme offic-
er Dr Scott Collins, decided to consider ‘up to two’ 
urban LTER sites. Integration of  ecological and 
social sciences was a key part of  the 1997 call 
for proposals. That call is quoted in its entirety by 
Pickett et al. (2019a). The Baltimore Ecosystem 
Study is the result of  the authors’ response to 
that call for integrated social- ecological urban 
proposals.

Patch Hierarchies as Integrative 
Frameworks for Urban Ecology

The authors of  the first BES proposal used two 
fundamental concepts from modern ecology to 
integrate social- ecological systems research. 
One was patch dynamics and the other was wa-
tershed theory (Cadenasso et al., 2006). Both of  
these concepts invoke hierarchies. Patches are 
parts of  nested hierarchies. That is, patches, at 
one scale, may be aggregated into more inclusive 
patches at larger scales, or may be disaggregated 
into smaller or constituent patches. Also, water-
sheds can be aggregated into larger catchments, 
or can be dissected into smaller tributary catch-
ments (Fig. 7.1). Such hierarchies are an impor-
tant integrative tool in ecology (Allen and Starr, 
1982) and are critical for integrating the disci-
plinary traditions contributing to BES.

Patch dynamics

Patch dynamics is a theory from community 
ecology, ecosystem ecology and landscape 
ecology that addresses the form, causes, con-
sequences and changes of  spatial heterogene-
ity (Pickett and White, 1985; Wu and Loucks, 
1995). The recently recognized discipline of  
land change science (e.g. Meyfroidt et al., 2018) 
fundamentally represents a patch dynamic ap-
proach. A patch dynamic approach is based on 
a pervasive concern of  the science of  ecology 
with spatial heterogeneity (Scheiner and Willig, 
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2011). Evolution similarly relies on heterogene-
ity in many of  its key tenets, such as the spatial 
distribution of  genetic differentiation or the role 
of  geographic isolation in speciation (e.g. Rivkin 
et al., 2019).

Social sciences also use spatial heteroge-
neity as an explanatory tool (Shevky and Bell, 
1955; Grove and Burch Jr., 1997; Gottdiener 
and Hutchison, 2011). Because social groups, 
neighbourhoods, institutions, policies and social 
legacies are all spatially distributed, patch dy-
namics is a major tool for integrating social and 
ecological sciences in cities. The terminologies 

of  the different disciplines concerned with 
spatial heterogeneity can be translated across 
disciplinary boundaries during integration. 
Patch dynamics can be expressed in urban ar-
eas as nested social units, such as neighbour-
hoods, census blocks and administrative units. 
Likewise, patch dynamics can be conveyed in 
nested typologies of  soils, vegetation covers and 
the built environment.

Some critics seem to interpret patch dy-
namics as being a descriptive and static ap-
proach. However, patch dynamics is concerned 
not only with structure but, equally, with the 

Fig. 7.1. The initial spatial, interdisciplinary and nested hierarchical frameworks used by the Baltimore 
Ecosystem Study in 1997. The conceptual frameworks assume that urban areas integrate social, 
landscape and watershed hierarchies, and that the urban area constitutes a social- ecological system 
composed of heterogeneous patches incorporating elements of all three hierarchies. Patch dynamics 
is a conceptual tool that provides a complementary expression of the spatial heterogeneity, functional 
connections among the hierarchies, and dynamics of the patchworks involved. The human ecosystem 
framework is an additional framework (figure 7.2) that indicates the social structures and social 
processes, and their relationships to the biophysical components of the urban social- ecological system.
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degree and configuration of  transfers among 
patches, as well as how the patches themselves, 
and hence their functioning, change over time, 
i.e. its dynamics. Furthermore, depending on 
the criteria that are used to differentiate patches, 
there can be several kinds of  patch arrays that 
can exist within a given area (Cadenasso et al., 
2003). A patch array is a spatial assemblage re-
solvable as patches that can exist on any spatial 
scale. Different arrays can be generated depend-
ing on the questions research seeks to resolve or 
the applied motivations of  the research project 
(Cadenasso et al., 2013). For example, adminis-
trative patches such as census tracts provide one 
kind of  patch array in an urban place. However, 
that same spatial scope can be mapped as small 
watersheds defined by drainage infrastructure, 
or alternatively as patches with dense tree cov-
er, versus patches of  isolated trees, herbaceous 
cover or lacking vegetation. Finally, that area 
can be divided by neighbourhood associations or 
territories of  concern to different environmental 
NGOs. Each of  these criteria will entail a spe-
cific patch array or mosaic. How these mosaics 
change and how they relate to each other are 
important research questions.

Watershed approach

Watersheds are spatial units of  land tied to-
gether by the flow of  surface and sub- surface 
water. In biological and physical sciences, wa-
tersheds have helped us and can help us, going 
forward, in understanding processes of  eco-
system ecology (Likens, 1985). Both biological 
and constructed features are parts of  water-
sheds. Consequently, watersheds can be used 
to measure the impact of  both constructed and 
biological features upstream of  their confluence 
with receiving bodies of  water, such as larger 
streams, lakes or coasts (Groffman et al., 2003, 
Groffman et al., 2019). There were three reasons 
to employ the watershed concept in BES. First, 
watersheds have definable physical boundaries 
so they serve as a unifying spatial extent for 
data collection. Such boundaries were familiar 
to residents and decision makers in Baltimore 
because of  the strength of  the civic watershed 
associations and the powerful connection of  the 
city to the Chesapeake Bay watershed. Second, 

the watershed combines terrestrial and aquatic 
perspectives on spatial patchiness in a functional 
way (Likens, 1992). Finally, it is a concept that 
reviewers of  an interdisciplinary proposal might 
recognize from their own perspective.

Part of  the strong foundation for using 
watersheds emerged from the hydrological 
laboratories across the USA, established to as-
sess forest management strategies. For example, 
within the LTER network, watersheds have been 
central for the sites at Andrews Experimental 
Forest, Coweeta, Harvard Forest and Luquillo. 
An important inspiration for BES was the use 
of  the watershed by the Hubbard Brook LTER 
site located in the White Mountains of  New 
Hampshire. Hubbard Brook was founded to use 
the watershed approach to test the impact of  dif-
ferent timber- harvesting practices on the qual-
ity and quantity of  water exiting manipulated 
watersheds. In Baltimore, the authors needed 
to add to such biophysical concerns by assess-
ing social attitudes, perceptions, decisions and 
investments. We made these assessments in 
mid- sized watersheds across the Baltimore re-
gion that contrasted in the degree and form of  
urban cover, land use and social characteristics. 
In this way, we expanded the integrative power 
of  watersheds to urbanized regions. Mid- sized 
watersheds that differ in land uses and kinds of  
stormwater and sanitary infrastructure provid-
ed contrasts that are expected to affect ecosys-
tem function in different ways.

Integrating frameworks and guiding 
questions

The concepts of  patch dynamics and watersheds, 
based as they are on spatial differentiation, easily 
link to the concerns of  urban scholars, designers 
and planners with the fine- grained and chang-
ing heterogeneity of  cities and suburbs (Shane, 
2005). Patch dynamics and watersheds are also 
linked to the concerns about water quality of  
environmental activists and policy makers in 
Baltimore (Pickett et al., 2007b). Consequently, 
the patch dynamic framework would have power 
in basic science as well as efficacy in connecting 
with residents and decision makers in Baltimore 
(Cadenasso et al., 2008).
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These concepts suggested the three guiding 
original BES questions about urban areas as in-
tegrated social- ecological systems:

1. How do the spatial structures of  socio- 
economic, ecological and physical features 
of  an urban area relate to one another, and 
how do they change through time?

2. What are the fluxes of  energy, matter, hu-
man capital, built capital and social capital 
(cf. Hassler and Kohler, 2014) in an urban 
system; how do they relate to one another, 
and how do they change over the long term?

3. How can people develop and use an under-
standing of  the metropolis as an ecological 
system to improve the quality of  their envi-
ronment, and reduce pollution elsewhere?

The first two questions are straightforward 
applications of  the idea that patch dynamics 
and watersheds are functional units in urban 
systems. The third question emerges from the 
knowledge that people, civic organizations and 
decision makers in Baltimore are concerned 
about the quality of  their local environments, 
and the health of  downstream systems, such 
as the Chesapeake Bay. These questions ad-
dress biological, physical and social features and 
processes of  the urban system. Thus, they are 
in themselves integrative. However, they also 
invoke the ‘human ecosystem’ as an inclusive 
framework (Cadenasso et al., 2006). This frame-
work was introduced to the BES team by Burch 
and colleagues (Machlis et  al., 1997). The BES 
team added several important ecological details 
to the framework in order to better link with the 
interests of  biological and physical scientists 
(Pickett et al., 1997; Fig. 7.2). This framework is 
described most fully in the 2017 book by Burch 
et  al. (2017). The human ecosystem identifies 
the kinds of  social, economic, behavioural and 
biophysical structures that make up any urban 
area. Furthermore, the abstract connections 
among the various general components of  the 
framework can be fleshed out by specific mod-
els of  flows, influences and detailed processes 
of  interest. So the human ecosystem serves as 
a framework for the specific models needed for 
an integrated understanding of  urban social- 
ecological systems.

A Culture of Integration and 
Synthesis

The culture of  BES has facilitated integration. By 
culture we refer to both specialized training and 
‘the totality of  socially transmitted behavior pat-
terns, arts, beliefs, institutions, and all other prod-
ucts of  human work and thought’ (Pickett, 1999). 
First, several of  the founders of  BES articulated 
a philosophy of  exploration across disciplinary 
boundaries (Pickett et al., 1999). This culture em-
phasized the creative and open- minded impulse in 
contrast to the more conservative and defensive 
perspectives that are sometimes observed in dis-
ciplinary science. Furthermore, the project iden-
tified ‘habits of  mind’ focused on synthesis, on 
overcoming narrow disciplinary differentiation, 
and on avoiding strictly reductionist stances in 
the origination and testing of  hypotheses (Pickett 
et al., 2007a). In particular, the integrative ‘hab-
its of  mind’ include (i) a long- term commitment 
to synthesis; (ii) the use of  analogy and radical 
juxtaposition of  seemingly disparate ideas; (3) 
vanquishing the ‘eureka myth’ of  instantaneous 
discovery (i.e. moments or circumstances during 
which there is an epiphany leading to total clar-
ity); and (iv) improved use of  a diversity of  peo-
ple, perspectives and knowledge domains in the 
research community (Longino, 1990; Pickett, 
1999). This final attribute has been particularly 
evident in BES. Talent and skill sets were sought 
broadly, and participants from many academic, 
civic and governmental institutions were involved 
in BES from the beginning. This allowed the pro-
ject not to be limited by the members of  particular 
departments or universities, or particular govern-
ment agencies. The project was a ‘big tent’, em-
bracing members from many states in the USA 
and indeed several foreign countries. Budgetary 
constraints dictated that no contributors could be 
fully supported by project funds. Consequently, a 
certain level of  commitment had to be intellectual 
rather than financial. The work of  BES was lever-
aged by other sources of  support beyond the base 
grant.

The 2018 20th annual meeting of  BES par-
ticipants, institutional partners and interested 
citizens provided an opportunity to ask those 
involved in BES what they thought the most 
important finding or contribution of  BES had 
been over those 20 years. Although the informal 
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survey was not statistically rigorous, the major-
ity said that the most valuable contribution of  
BES was BES itself, as an intellectual network 
and community of  practice (Lave and Wenger, 
1991). A community of  practice is a group of  
people who are committed to shared learning 
and action about a place or problem. The BES 
community of  practice has aimed to advance ur-
ban ecological science and its application. Thus, 
attention to a positive culture of  integration has 
been both a tool and an outcome of  BES.

Examples of the Reach beyond 
Disciplines

This section gives examples of  research in BES 
that reached across disciplines. In some cases, the 

research emerged primarily from one discipline 
but had implications and connections with other 
disciplines. In other cases, the research was inter-
disciplinary from the start. In addition to various 
kinds of  ecological science, the examples draw 
upon sociology, economics, geography, engineer-
ing, climatology, public health and urban design. 
We do not have space to present all disciplinary 
perspectives and links used in BES in this chapter. 
Many other examples are given in the book by 
Pickett et al. (2019b).

Structure and function of urban lands and 
waters

Ecology is one of  the pillars of  BES, reflect-
ing broad, interdisciplinary concerns such as 

Fig. 7.2. A representation of the human ecosystem framework, which suggests the structural 
content and general interactive links that constitute entire urban ecosystems and their component 
neighbourhoods, watersheds or other spatially differentiated units. A fuller discussion of the human 
ecosystem framework is provided by Burch et al. (2017).
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systems approaches, distribution and adapta-
tion of  organisms, and the control of  ecosystem 
material fluxes. We present two examples that 
emerged from, but went beyond, ecology. One 
is a new integrated classification of  urban land 
covers, and the other is a multi- disciplinary un-
derstanding of  riparian function in urban wa-
tersheds. Traditionally, classification of  urban 
areas combines land use and land cover to map 
the area into patches of  residential, commercial, 
industrial, parks etc. This industry standard for 
urban classification is based on the methodology 
of  Anderson et al. (1976), which was intended to 
describe land use at continental scales. In addi-
tion, the Anderson scheme assumes that urban, 
agricultural and biologically dominated wild or 
rural lands are distinct and mutually exclusive 
categories. For both of  these reasons, we judged 
this commonly used approach to be inadequate 
for urban systems such as Baltimore because 
we needed to describe the spatial heterogeneity 
within the metropolis. The merging of  structure 
and function within the standard approach was 
also problematic because it did not allow us to 
use land cover as an independent variable to test 
the link between system structure and function 
in social- ecological comparisons. We also wished 
to examine the implications of  the assumption 
that urban areas were actually hybrids of  biolog-
ical, physical and social processes and products. 
Consequently, Cadenasso et al. (2007) developed 
a new classification, called HERCULES. This clas-
sification assumes that urban areas comprise 
land covers that are hybrids of  vegetation, vari-
ous kinds of  surfaces, and buildings. Such think-
ing had been introduced by Ridd (1995) and 
seemed promising for BES, given the desire to in-
tegrate biological and social phenomena. Using 
the HERCULES classification of  land cover gen-
erated better statistical prediction of  nitrate dy-
namics in streams than those generated by using 
the usual land- use classifications. HERCULES is 
more finely conceptually resolved than land- use/
land- cover classifications in the Anderson et al. 
(1976) mould (see above) and it assumes hybrid-
ity of  social, physical and biological components 
of  urban cover (Cadenasso, 2013). In addition, 
the land- use/land- cover maps available at the 
start of  BES were based on 30 m pixels, which 
was too coarse- grained to support many of  the 
desired mechanistic ecological comparisons. 
Current aerial and satellite imagery support 

classification at spatial scales of  less than a me-
tre resolution, and when combined with the fine 
conceptual resolution of  HERCULES provide a 
new lens on urban system structure (Zhou et al., 
2014a).

Functional integration of  watersheds is ex-
emplified in two ways. First, BES demonstrated 
that riparian zones, which were expected to 
remove nitrate pollution from streams, did not 
function that way in the city and suburbs. The 
amount and pathway of  urban stormwater flow 
bypassed the floodplains of  urban streams. This 
starved those streamside areas of  the environ-
mental conditions required for the denitrifying 
bacteria that could otherwise remove the pol-
luting nitrate (Groffman et al., 2003; Groffman, 
2012).

Functional integration between human 
actions and ecosystem processes in urban wa-
tersheds is illustrated by pharmaceuticals and 
personal care products (Rosi- Marshall et  al., 
2013, 2015). These compounds include pre-
scription medications purposefully discarded in 
the waste- water stream, metabolites or unme-
tabolized legal and illicit drugs, and residues of  
products for personal hygiene and care. Many 
aspects of  the human ecosystems of  urban areas 
are involved in the interactions of  pharmaceu-
ticals and personal care products with stream 
metabolism and the ecology of  aquatic organ-
isms. Intentional disposal of  drugs, accidental 
contamination, faulty infrastructure and the 
fact that neither storm drains nor sanitary sew-
age treatment are designed to clear these com-
pounds from the environment are factors that 
contribute to complex patterns of  contamina-
tion. Such contaminants affect the evolution 
and development of  aquatic organisms and the 
productivity of  aquatic ecosystems. Therefore, 
this emerging issue for urban watersheds re-
quires policy attention (Rosi- Marshall and Kelly, 
2015).

Social drivers and outcomes of 
environmental decisions

Sociology has a deep history in urban areas in 
the USA, dating at least to the Chicago School 
of  the early 20th century (Hawley, 1986). The 
social sciences deal with the aggregations into 
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which people sort and organize, the nature and 
motivations of  choices made by people, the role 
of  power and status, and the distribution of  re-
sources based on social structures, among other 
concerns. An example of  the marriage of  so-
cial and ecological concerns is our new theory 
of  ‘the ecology of  prestige’ (Grove et  al., 2014; 
Locke et al., 2018). This concept argues that key 
environmental decisions, by tenants and home-
owners, can be driven by their desire to adopt 
and reinforce neighbourhood aesthetics, and, 
as a result, garner prestige in their neighbour-
hood. This rationale influences the manage-
ment of  front gardens more than back gardens, 
which are regarded as private space (Locke et al., 
2018). Management of  the front garden affects 
the amount and timing of  fertilizer application, 
the use of  pesticides and, indeed, the species of  
plants used in landscaping. Such seemingly aes-
thetic choices affect run- off  of  potentially pol-
luting nutrients and the capacity of  parcels to 
support native species biodiversity, for example. 
The ecology of  prestige thus links social sciences 
and ecological sciences.

An emerging concern is the relationship 
between social status and the condition of  
neighbourhoods and their environmental haz-
ards, risks and opportunities. For example, social 
variables including infrastructure condition and 
maintenance, related to neighbourhood wealth, 
have been used to explain differences in where 
urban mosquito communities breed (LaDeau 
et  al., 2013; Little et  al., 2017) and the result-
ing pattern of  human exposure to mosquitoes 
in different neighbourhoods (Goodman et  al., 
2018). In neighbourhoods of  lower household 
incomes, greater occurrence of  building aban-
donment and associated dumping of  household 
or construction debris provide habitat or con-
tainers that capture rainwater and so support 
early- season mosquito development. In con-
trast, mosquito populations in higher- income 
neighbourhoods with low infrastructure aban-
donment experience higher numbers later in 
the summer, as a consequence of  watering and 
irrigating gardens and planters (Becker et  al., 
2014). Although wealth was a good correlate 
of  the differences in mosquito populations, it 
was actually people’s lifestyles, as reflected in 
maintenance of  outdoor plantings, that were 
the proximal cause of  higher summer mosquito 
populations in the wealthier neighbourhoods. 

Also related to wealth and to the perceived lack 
of  value of  houses in some low- income neigh-
bourhoods were the large numbers of  buildings 
that stand as ruins in such areas. When roofs 
decay and collapse, the ruins collect standing 
water, which supports mosquito populations 
in poorer neighbourhoods. While these lower- 
income neighbourhoods had up to three times 
more biting mosquitoes over a season, human 
residents were more likely to spend time outside 
on the street- side front stoops that were often 
too hot for mosquito activity. Analysis of  blood 
in mosquito guts demonstrated that mosquitoes 
in wealthier neighbourhoods were more likely 
to bite human residents than those inhabiting 
lower- income neighbourhoods, in which they 
were most likely to feed on rats (Goodman et al., 
2018).

Urban sociology has been linked to main-
stream economic theories as well. For instance, 
the ‘usual suspects’ among social data are pop-
ulation density, income and level of  education. 
This triumvirate of  factors reflects a concep-
tion of  cities and their residents as drivers of  
industrial production. Understanding the hu-
man and social capital of  a city via these three 
measures was crucial for assessing and predict-
ing the productive capacity of  the population 
gathered within it. Such a view of  cities still 
has some relevance, but contemporary social 
science recognizes that cities now have differ-
ent or additional purposes (Haberl et al., 2006; 
Simone, 2010; Shane, 2011). Since World War 
II, consumption has become a major social 
motivation. In many ways, the suburbaniza-
tion that characterized that timespan is itself  a 
manifestation of  consumption, of  housing and 
property, of  appliances, of  automobiles, and 
perhaps also of  leisure. This new theory of  cities 
has required new kinds of  data that account for 
social organization arranged around consump-
tion. Lifestyle and life stage classifications serve 
this need (Boone et  al., 2014; Moore, 2015). 
BES researchers have led the way in applying 
such social classifications to an integrated un-
derstanding of  urban areas as social- ecological 
systems (Grove, 1999; Grove et al., 2015). These 
measures have succeeded in explaining envi-
ronmental variables such as the amount of  tree 
canopy in neighbourhoods, or how residents 
perceive stormwater utility fees.
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Ecological economics within a 
metropolitan region

Economics has been a useful explanatory vari-
able since at least the 1800s, when theories of  
declining bid rents along gradients of  decreas-
ing urban density from city centres were prom-
ulgated. Research in BES has contributed to two 
new ways of  thinking in this context (Irwin, 
2010; Irwin and Wrenn, 2014; Irwin et  al., 
2019). First, it has shown how fine- scale ameni-
ties or disamenities can influence the sale price 
of  houses in Baltimore. According to transacted 
prices of  houses close to, as opposed to distant 
from, stormwater detention ponds, these infra-
structures appear to be viewed as disamenities 
by home buyers. Houses close to detention ponds 
netted lower sale prices than those farther away 
(Irwin et al., 2019). In contrast, houses close to 
restored stream reaches garnered higher sale 
prices than houses close to stream reaches that 
had not been restored. Other BES research has 
examined how housing prices and the presence 
of  parks and crime combine as factors of  urban 
ecological economics (Troy and Grove, 2008).

The examples above have relied on newly 
amassed data from decades of  actual sale prices 
of  houses. However, not all environmentally im-
pactful decisions can be explained using trans-
acted sale values. In the core of  Baltimore there 
is an immense number of  abandoned houses 
and vacant lots that have no effective value on 
the open market. Therefore, BES economists 
are developing new models for dealing with 
transfers of  property and decisions concern-
ing demolition (Chen et al., 2011). Rather than 
transacted prices, economic decisions based 
on city programmes for restoration of  proper-
ties, or the use of  demolition to help revitalize 
neighbourhoods are being tested (Pickett et  al., 
2019b). Demolition of  vacant and uninhabit-
able rowhouses by the city is part of  the strat-
egy for improving neighbourhood liveability. 
An environmentally significant finding is that 
multiple demolitions are required to stimulate 
revitalization of  the remaining properties in a 
neighbourhood. Environmental benefits of  such 
revitalization are various and potentially quite 
large, ranging from tree planting, generation of  
large and contiguous local green- space ameni-
ties, and reduction of  illegal dumping of  refuse 

and debris from outside the neighbourhood. The 
social cohesion in such revitalized neighbour-
hoods improves as well.

Living histories of environmental and 
social differentiation

Geography has provided important spatial and 
historical perspectives on environmental driv-
ers of  development and outcomes of  urban form 
in Baltimore. Two of  Baltimore’s major water-
sheds, the Gwynns Falls and the Jones Falls, dif-
fer in the amount of  parkland and disposition of  
different contemporary land uses such as resi-
dential, commercial and transportation infra-
structure. These differences are explained by the 
early history of  navigation and water- powered 
industry (Bain and Buckley, 2019). Jones Falls, 
nearer the centre of  what would become the 
city of  Baltimore and navigable deep into the 
city, became a primarily commercial corridor, 
with mills along that navigable length. Its flood 
plain later became a site for substantial railway 
infrastructure. In contrast, Gwynns Falls was 
less important for navigation, instead becom-
ing a major source of  water power for early 
industry. This included a large iron forge that 
required high rates of  forest clearance to fuel the 
furnaces. Two estates above the fall line in the 
Gwynns Falls watershed would later become the 
largest contiguous park in the city. Not only did 
the steep slopes discourage development in these 
areas, but also the ownership was in the form of  
large parcels, mirroring early land grant bound-
aries. These linkages of  social and biological and 
physical features through time help explain the 
current distribution of  green space and other 
land covers in the city (Bain and Buckley, 2019).

Historical geography has revealed that the 
usual expectation of  the association of  Toxics 
Release Inventory (TRI) sites with poor commu-
nities of  colour does not hold in contemporary 
Baltimore (Boone, 2002, 2008). Rather, old 
contaminated industrial and commercial sites 
are statistically associated with traditionally 
white working- class neighbourhoods, primar-
ily in south Baltimore. However, this unexpect-
ed finding still reflects a history of  segregation 
and racial exclusion. In the era of  the industrial 
city in which people largely walked to work, 

 EBSCOhost - printed on 2/13/2023 11:25 AM via . All use subject to https://www.ebsco.com/terms-of-use



132 S.T.A. Pickett et al.

African- Americans were segregated to neigh-
bourhoods more distant from work in factories 
and in the port than were white workers. In all 
cases, however, the contemporary association 
of  neighbourhoods with TRI sites is related to 
low educational attainment regardless of  race 
(Grove et  al., 2018). Historical analysis shows 
that the patterns of  segregation in Baltimore not 
only have contemporary environmental ramifi-
cations, but that they also have deep, systematic 
roots (Lord and Norquist, 2010; Buckley et  al., 
2019). Although Baltimore had fine- scale ra-
cial heterogeneity in the late 1800s, the great 
migration of  African- Americans, from farther 
south, was accompanied by official moves to iso-
late black residents in certain neighbourhoods. 
This led, in 1911, to the passage of  the first mu-
nicipal ordinance in the USA forbidding mixing 
of  white and African- American residents in the 
same neighbourhoods. Although the Supreme 
Court invalidated this law in 1917, a drumbeat 
of  formal and informal measures continued to 
enforce racial segregation. These include the 
1930s redlining by the federal Home Owners’ 
Loan Corporation rating African- American and 
new immigrant neighbourhoods as unworthy 
of  mortgage investment. Secondly, there was the 
formation and use of  so- called neighbourhood 
improvement associations to advocate for ra-
cial and commercial exclusions from their com-
munities (Buckley and Boone, 2011). Finally, 
there was the use of  blockbusting (Orser, 1994). 
Blockbusting is the practice of  the real estate 
industry of  persuading owners to sell prop-
erty cheaply by playing on the fear that people 
of  another race or class were moving into the 
neighbourhood, and then profiting by resell-
ing the property at a higher price. Yet another 
practice was the routing of  limited access high-
ways through disempowered neighbourhoods 
(Giguere, 2009). The neighbourhoods that 
were subject to these restraints and discrimina-
tion were, in many cases, those that currently 
have few environmental amenities (Grove et al., 
2018).

Heat archipelagoes and social risk

The tendency of  urban areas to have different 
thermal regimes than their surroundings is one 

of  the most secure generalizations in the science 
of  cities (Peng et al., 2012). This phenomenon is 
termed the urban heat island (UHI). It is based 
on the workings of  the thermal energy budget; 
the theory that energy is absorbed, converted 
from one form to another, stored and emitted 
by material things. Interactions among incom-
ing and outgoing radiation, materials and land 
adjacent to cities generally result in cities being 
warmer than their surroundings, where those 
surroundings support dense vegetation. In con-
trast, something that was initially surprising to 
researchers was that if  a city is itself  well wa-
tered but embedded in an arid matrix, that city 
may be warmer than the surroundings at dif-
ferent times of  day, compared to moist- climate 
cities (Heisler et  al., 2019). These contrasting 
results are all understood using the principles of  
the thermal energy budget.

How does the energy budget play out as an 
integration between biophysical sciences and 
social sciences? First, within a city, the arrange-
ment, sizes and types of  buildings, the nature 
and configuration of  paved areas, tree cover and 
water bodies are patchy. Such patchiness means 
that the energy budget of  specific places will be 
distinct based on their material composition and 
their effect on winds. So although the city may, 
on the whole, be warmer than its surroundings, 
some areas within the city will be still warmer 
than others. This heterogeneity within the heat 
island can be viewed as ‘heat archipelagoes’. 
Thus, some places and some people will experi-
ence more heat loading than others, whereas 
other places will have greater capacity for cool-
ing off  in the evening or night than others will 
have (Wong et al., 2013; Zhou et al., 2014b).

A now classic social study of  mortality 
and morbidity during a heat wave is the work 
of  Kleinenberg (2015), on the 1995 heat wave 
in Chicago. Social networks are an important 
form of  social capital (Osborne et  al., 2016; 
Romolini et  al., 2016). Kleinenberg found that 
neighbourhoods with reduced social networks 
due to disinvestment, poverty and racism were 
those that had the greatest number of  deaths 
and hospitalizations over and above the normal 
rates and which thus were attributable to the 
heat wave. Interestingly, impoverished neigh-
bourhoods that retained high social capital due 
to cultural traditions, did not experience ex-
cess deaths and heat- related illness in Chicago. 
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Neighbours checked on the isolated and elderly, 
and those otherwise vulnerable persons were 
also not afraid to seek relief  outside of  their 
homes. Extending this thinking to Baltimore 
showed the exposure of  different neighbour-
hoods to high levels of  heat stress. In Baltimore, 
neighbourhoods that were poor, predominantly 
minority, housed high numbers of  elderly or ex-
perienced low educational attainment were ex-
posed to the highest land surface temperatures 
(Huang et al., 2011). Research in Phoenix, un-
der the auspices of  the LTER there and reflecting 
different racial demographics, also found that 
minority neighbourhoods with lower incomes 
were more exposed to the effects of  urban heat 
islands (Jenerette et al., 2011). Thus, there were 
literal hotspots across these cities that were asso-
ciated not only with biophysical characteristics 
but also with social features, both of  which con-
tribute to environmental inequity (Boone and 
Buckley, 2016).

The interdisciplinary connections relating 
to heat might better be summarized by acknowl-
edging that an urban area does not have a single 
heat island when examined at the scale of  dif-
ferent neighbourhoods. Rather, a city presents a 
complicated ‘heat archipelago’, with great differ-
ences in the dynamics of  the energy budget from 
place to place. When coupled with spatial differ-
ences in race, economics and social cohesion, 
the heat archipelago generates a patchwork of  
vulnerabilities that communities, health provid-
ers, social activists and city agencies need to be 
aware of  and address (Schwarz et al., 2018).

Ecological urban design

Ecological linkages to urban design have had a 
long history in Europe. In the USA, two mile-
stones in integration of  ecological knowledge 
with design are the work of  Ian McHarg in Design 
with Nature (McHarg, 1969; Steiner, 2011) and 
of  Anne Whiston Spirn (Spirn, 1984). These ex-
amples demonstrate that this linkage is relevant 
to new development and to revitalization of  
older urban neighbourhoods. McHarg engaged 
biological and physical scientists in his teach-
ing and practice and focused on ecologically 
informed establishment of  new ex- urban devel-
opments. In contrast, Spirn delved deeply into 

the literature of  ecology and environmental sci-
ence, relevant to cities (Spirn, 2012), and speaks 
of  design in cities as having to be cognizant of  
the ‘deep enduring context’ of  the place. Some 
of  her work focused on risks associated with bur-
ied streams in existing city neighbourhoods; and 
she also worked with engineers on problems of  
wind in the city.

The authors’ own attempts to further 
integrate ecology and urban design were 
founded on training jointly conducted across 
these two disciplines (McGrath et  al., 2007; 
McGrath, 2013), and later on an interdisci-
plinary conference jointly led by urban de-
signers and ecologists (Pickett et  al., 2013). 
Among the authors of  this chapter, Grove has 
formal training in architecture and in social 
ecology. Pickett helped train Alex Felson, who 
already had a master’s degree in landscape ar-
chitecture, and earned a PhD in ecology with 
Pickett. Grove, Pickett and Cadenasso inter-
acted with Brian McGrath, an architect, and 
Victoria Marshall, a landscape architect, in 
urban design studios where they taught, first 
at Columbia University’s Graduate School of  
Architecture, Planning and Preservation, and 
later at Parsons, the New School for Design. 
A course on visual ecology by Marshall and 
Pickett at Parsons was an additional case of  
cross- disciplinary teaching.

These interdisciplinary interactions em-
ployed several integrative strategies. First, they 
focused on students, who are often acknowl-
edged to be key actors in interdisciplinary pro-
jects because of  their openness, their focus on 
learning new things and the fact that the ques-
tions they ask often challenge disciplinary as-
sumptions. Thus, students can draw disciplinary 
specialists into evaluations of  fundamentals in 
a way that promotes interaction. Second, stu-
dents, especially in a studio setting, are focused 
on particular real- world problems. The focus on 
solving real problems often softens disciplinary 
defensiveness. Third, design studios usually fo-
cus on a specific place or region. Field trips that 
are focused on discussions with clients, resi-
dents, policy makers and designers committed 
to those places provide a ‘neutral ground’ for 
the disciplinary instructors. The combination 
of  neutral ground with the openness that stu-
dent learning enforces on the group dynamics is 
important.
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The idea that urban designs, as interven-
tions in the urban fabric, constitute experiments 
that can expose direct and indirect environ-
mental effects is an important motivation for 
pursuing ecological urban design and follow- 
up (Felson et al., 2013). The follow- up strategy 
emphasizes the need to perform rigorous and 
ongoing monitoring of  the ecological and social 
effects of  designs once instituted. This integra-
tion of  the work of  ecologists and the work of  
designers throughout the life of  projects, from 
inception to occupation and use (Felson, 2013), 
is needed to achieve urban sustainability.

Like many interdisciplinary projects, our 
interactions aimed at advancing ecological ur-
ban design have taken place on decadal time-
frames. It has taken a long time to understand 
the contrasting visual, spatial, experimental and 
verbal approaches to identifying and solving 
problems. Seeing these approaches at work on 
the same issue has shown our diverse team the 
value of  each. The long time that we have been 
interacting over ecological urban design has 
given us ample opportunity to read and discuss 
each other’s literatures and to go on field trips to-
gether. One kind of  activity was to visit exhibits 
of  design history and projects, which revealed 
and helped connect the different ways in which 
designers and scientists use models (McGrath 
et al., 2019). An important tool for integration is 
the Patch Atlas (Marshall et al., 2020), a book ex-
ploring how the HERCULES classification system 
can be used to interpret both design and envi-
ronmental themes in Baltimore. It is significant 
that many of  these interactions took advantage 
of  informal, relaxed settings, often involving 
‘fine food and drink’ (Grove et al., 2015).

Application as Integration

The case of  integration via ecological urban 
design leads us to consider application as an in-
tegrative opportunity more generally. The best 
and most effective application involves dialogue 
with those who are responsible for planning, 
engineering and carrying out applied projects 
(Grove and Carrera, 2019). Use of  deep dia-
logue contrasts with application as delivery of  
scientific insights, often without any substan-
tial interaction with those who might either 

benefit or be adversely affected (Childers et  al., 
2014). In BES, dialogue focused on application 
has been important for several reasons (Grove 
et  al., 2016). Scientists have benefitted from 
working on solutions to real problems. Ongoing 
dialogue allows scientists to learn about pro-
jects before the fact, permitting before- and- after 
measurements that can discover mechanisms 
or document outcomes. In other words, scien-
tists can access public or private projects that 
can be studied like experiments by interacting 
with practitioners. An example is the partner-
ship with the Baltimore City Department of  
Public Works (DPW), which allowed us to take 
advantage of  improvements to the sanitary sew-
er system mandated by the US Environmental 
Protection Agency (EPA). Measuring key loca-
tions before and after the sewer retrofits showed 
what the ecological effects of  the contamina-
tion by sewage had been. Another benefit of  
partnering with DPW resulted in joint research 
projects. Because these projects were conducted 
with municipal leaders, the insights gained as 
a result of  a transdisciplinary process known 
as co- production (London et  al., 2017) could 
be readily incorporated into best stormwater 
management practices. Examples include the 
establishment of  green infrastructure projects 
to improve stormwater management via street 
maintenance and the identification of  hotspots 
of  pollution (Groffman et  al., 2010). Scientists 
also may gain access to sources of  data that they 
would not normally be able to use or even know 
about.

Not only scientists but also practitioners 
benefit from dialogue focused on application 
(Sayre et al., 2013). Discussing a project before 
it is installed or finished may help design a moni-
toring scheme that has greater power to trans-
form legal or public discourse. Scientists may 
have the resources to do post facto assessment, 
which is important because such after- the- 
fact monitoring is rarely included in municipal 
budgets. Practitioners gain access to a commu-
nity of  researchers that may be enthusiastic to 
conduct analyses that municipal partners are 
not mandated or supported to do. An example is 
the analysis of  long- term records of  salinity in 
Baltimore’s drinking water reservoirs that had 
originated from road de- icing (Kaushal, 2016). 
Although the city had been collecting such 
data for decades, departmental staff  had not 
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had the time to analyse them. Lessons learned 
included the steady increase in salt contamina-
tion in urban streams over decades, even during 
the summer season, suggesting that there is a 
mechanism of  storage yet to be discovered. In 
addition, the levels of  chloride concentration in 
streams are at the threshold of  toxicity to many 
aquatic plants and animals.

A further example of  integration emerg-
ing from application is work with the Baltimore 
City DPW and the Parks & People Foundation 
(PPF) on green stormwater infrastructure in 
underserved neighbourhoods in west Baltimore 
(Cadenasso et  al., 2008; Hager et  al., 2013). 
PPF supported and organized projects to im-
prove local environments and to boost civic and 
social revitalization of  these neighbourhoods. 
Conversations between PPF, DPW and BES led to 
a joint project to monitor the contribution of  the 
green infrastructure installations to stormwa-
ter quality and quantity in smaller watersheds 
in the area. The example combines concern 
with engineered infrastructure and green in-
frastructure. The watersheds were delimited by 
the storm drain network. BES scientists installed 
instruments in the storm drain system to moni-
tor flow and collected water samples for quality 
analysis. The DPW provided access and person-
nel to help install and operate the monitoring 
stations. PPF provided connections to the com-
munity and managed the participatory process 
of  selecting and designing locations for the green 
infrastructure. The variability of  stormwater 
flow, the confounding effects of  other manage-
ment actions and the relatively low number of  
installations thwarted a clear biophysical sig-
nal from the study. However, the social benefits 
were clear. Community engagement in the pro-
cess improved understanding and sensitivity to 
environmental quality in the neighbourhoods 
(Hager et al., 2013).

Application can take ecological knowledge 
into entirely new arenas. An example is the re-
search by BES and USDA Forest Service scien-
tists on the presence and change of  urban tree 
canopy and its relationship to social and struc-
tural patchiness in Baltimore (Schwarz et al., 
2015; Locke et  al., 2013; Raciti et  al., 2015). 
Policy makers decided to double tree canopy 
over two decades because city agencies came 
to recognize that tree canopy had many ben-
efits, including amelioration of  heat extremes, 

mitigation of  stormwater flow and quality, and 
associations with social cohesion. The first step 
for BES involved helping the city to understand 
where and under what sorts of  property regimes 
and ownerships land was available to achieve 
its goal of  doubling tree canopy. In particular, 
BES helped the city to realize that there was not 
sufficient open land available for tree planting 
on public lands and rights of  way to meet the 
canopy goal. Consequently, much of  the effort 
would have to engage diverse private landhold-
ers as well. Furthermore, BES had added new 
dimensions to the standard demographic and 
economic data available through the census, so 
that policy makers and managers could under-
stand how lifestyle and life stage contributed to 
the social heterogeneity of  the lands where trees 
might be planted (Holtan et al., 2014). This al-
lowed planners and managers to address the 
specific concerns and needs of  the full diversity 
of  tenants and owners who held contrasting val-
ues, had differential access to information, and 
had different capacities for dealing with newly 
expanded tree populations (Locke et al., 2013).

A creative outcome of  this knowledge about 
the social ecology of  urban tree planting was the 
recognition that it was a business and training 
opportunity. BES researchers were familiar with 
the interest of  not- for- profits and city agencies 
to help neighbourhoods burdened with high 
abandonment and vacancy of  residential par-
cels. BES participants in the urban tree canopy 
analysis also brought knowledge and networks 
of  practice about timber as a profitable commod-
ity along with the knowledge, mentioned above, 
that demolition of  a minimum number of  aban-
doned units was required for neighbourhood 
revitalization for local residents. The integrative 
step was the realization that the abandoned row-
houses could be considered sources of  commer-
cially viable timber. This combination of  insights 
stimulated an entrepreneurial approach to 
neighbourhood needs (Baltimore Wood Project, 
n.d.). The result was a strategy of  carefully de-
constructing vacant rowhouses and salvaging 
the lumber and masonry for productive reuse. 
Local residents, many of  whom had not had the 
opportunity to be gainfully employed before, or 
who were disadvantaged in job searches because 
of  modest educational attainment or crimi-
nal records, are trained in the skills for careful 
deconstruction and processing the recovered 
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timber. Some of  the wood comprising the inte-
rior frames of  the brick rowhouses had been 
milled in the 19th century from large, old yel-
low pine and other old- growth timber species, 
the likes of  which have not existed in the wild for 
more than a century. The final step in the chain 
was engagement of  a high- end furniture maker 
and retailer to design and market the finished 
products. This entrepreneurial chain is based 
on the combined social- ecological knowledge 
generated by BES, but also serves a community 
requiring skills, empowerment and opportuni-
ties for productive engagement with the larger 
economy and civic world (Hines et al., 2018).

Synthesis

The history of  social- ecological research in BES 
suggests several insights about the motivations 
and mechanisms of  interdisciplinary research 
in urban systems. We do not expect this trajec-
tory to be the same in all urban research and en-
gagement projects, but we do believe that at least 
some of  the insights may be helpful to others as 
they design or pursue interdisciplinary urban 
projects (Fig. 7.3).

The first step toward integration of  the vari-
ous disciplines and perspectives emerged from 
the realization that the traditional approach 

of  ecology to seek out familiar, green spaces as 
research targets in cities, suburbs and exurbs, 
while valuable, might yield limited understand-
ing of  urban areas as comprehensive, dynamic 
systems. Consequently, we articulated a theoret-
ical stance labelled ‘ecology of  the city’, which 
demanded integration across disciplines for its 
greatest success. This included, but went well 
beyond, understanding the multifaceted social 
context of  ecology in the city.

Early explorations of  the ecology of  the city 
as an integrated social- ecological pursuit con-
vinced us of  the power of  place. This power rest-
ed on two pillars. First, the particular places had 
distinctive histories of  environmental and social 
dynamics, and these not only interacted with 
each other as a specific chronology but also gen-
erated legacies that persist and continue to influ-
ence the environment and the social dynamics 
in contemporary time. Second, to conduct eco-
logical research in an urban system, we had to 
gain the trust of  communities, neighbourhoods, 
organizations and institutions. This required 
enough time to have repeated mutually respect-
ful conversations, and to share the insights and 
interests of  multiple parties.

An additional tool for integration is the ex-
istence of  theories and conceptual frameworks 
that are capable of  being linked at the various 
scales of  interest across city- suburban- exurban 

Fig. 7.3. A concept map of key attributes of social- ecological integration as illustrated by the Baltimore 
Ecosystem Study. The largest integrative goal appears in the centre, with strategies, mechanisms or 
philosophies arrayed around it and numbered clockwise from one o’clock. The first mechanism is 
understanding and establishing a culture of synthesis and exploring the tools that can put the cultural 
philosophy to work. Second is linking open- ended and scaleable frameworks that represent the main 
disciplines in the project. Third is exploiting the power of place, which uses shared locations and shared 
issues about those locations to focus research, education and application. Intellectual and activist 
networks also focus on specific places, and these must be engaged. Fourth is the idea that an urban 
ecology research project is a ‘big tent’, welcoming of new participation and inviting of complementary 
perspectives and backgrounds. Fifth is recognizing that long times are needed to develop trust among 
the participants and to learn from each other. Sixth is an emerging insight, not explored in the paper, 
that many of the tools for integration exploit ‘boundary objects’, which are places, concerns, models 
and metaphors that disparate groups can share to begin more substantive dialogue and action. 
Boundary objects invite exploring the deep theory and assumptions of a project without requiring that 
all participants share a firm, well- developed theory or paradigm at the outset.
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systems and which support the contributions 
of  individuals and partnered disciplines. Of  
course, it takes time, patience and forbearance 
in the intellectual network to understand and 
link the frameworks. But, starting with open, 
scalable frameworks was a key step for BES. We 
used watersheds, patch dynamics and nested in-
stitutional structures in this way (Fig. 7.1). We 
took pains to study what it meant to aspire to a 
culture of  integration and what specific tactics 
might emerge from such a culture. That culture 
was expressed materially in regular meetings in 
Baltimore that assembled members of  our dis-
tributed research and educational team along 
with metropolitan practitioners. An additional 
and powerful tool was periodic field trips in 
which participants from different academic dis-
ciplines, community groups, NGOs and govern-
ment agencies participated. Shared data, shared 
research sites and an encouragement of  inter-
disciplinary publications were also important 
aspects of  our culture of  synthesis.

Although many of  our research projects 
involved foundational disciplines as starting 
points, we encouraged early and consistent in-
volvement of  participants representing comple-
mentary and sometimes seemingly unrelated 
disciplines. As a result, for example, we have 
developed a novel classification of  urban land 
covers appropriate to an ecology of  the city. 
Similarly, land–water interactions have been key 
foci for interdisciplinary work melding biologi-
cal, hydrological, engineering, social and eco-
nomic contributions.

Many research projects have sought to link 
environmental and social- economic factors as 
both drivers and responses, often showing how 
the cascades of  interaction play out over the 
long term. There are several examples. One is the 
ecology of  prestige as a way to understand deci-
sions about lawn maintenance and its contribu-
tion to ecological processes in the city. A second 
example is how the interactions among social 
differentiation and land management result 
in spatial and temporal patterns of  the abun-
dance of  human- biting mosquitoes that can 
transmit disease. Finally, neighbourhoods with 
contrasting wealth and degrees of  political em-
powerment, different types of  lifestyle and char-
acterized by different distributions of  life stage 
have proved to be important to understanding 

the reciprocal relationships between people and 
their environment in different locations.

Issues of  social equity have emerged as im-
portant factors in Baltimore ecology. Social and 
legal histories have proved to be important in 
understanding contemporary patterns of  Toxics 
Release Inventory sites and race- and class- related 
environmental equity. Patterns of  racial segrega-
tion, access to environmental amenities and con-
trol of  local environmental quality are historically 
linked through policy and neighbourhood- level 
decisions (Grove et al., 2018). Biodiversity, storm-
water quality and heat hazard are examples of  en-
vironmental outcomes of  segregation. Increasing 
attention to the ecological implications of  the 
social processes and patterns of  segregation in 
American cities is a new frontier for ecological re-
search and application. Although this is related to 
the well- established field of  environmental justice, 
it identifies a specific research need integrating the 
social and political phenomenon of  racial segrega-
tion and ecological concerns with ecosystem and 
landscape structure and function.

Urban ecological design has proved to be a 
useful driver of  integration. For example, interac-
tions between ecologists and designers in teach-
ing architectural studios and theory classes have 
helped understand the HERCULES land- cover 
classification in new ways. Urban design has pro-
vided many tools for integrating environmental 
understanding with the rich variety of  thinking 
about cities that are a part of  urban design, archi-
tecture and planning. In other words, ecological 
urban design has opened a door to the richness of  
urbanism and related philosophies for ecology.

Finally, use- inspired basic research, or the 
engagement of  an integrative research culture 
and strategy with the concerns of  communities, 
agencies, NGOs and even businesses has provid-
ed a rewarding and important practical platform 
for integration. It has been extremely rewarding 
to see our ecological knowledge help motivate 
a policy concern with urban tree canopy, the 
mechanisms of  achieving urban tree- planning 
goals, and the revitalization of  neighbourhoods 
in which there is extraordinary vacancy. The 
reach of  this desire for revitalization into lo-
cal job training and new economies that help 
residents in underserved neighbourhoods is per-
haps the greatest reward for integrated social- 
ecological approaches to ecology of  the city.
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Introduction

Climate is a key driver of  global species distri-
butions, biodiversity and ecosystem productiv-
ity (Qian and Ricklefs, 2008; Chu et al., 2016). 
Urbanization and climate change are altering 
local and global climate patterns, respectively, 
at unprecedented rates. There is a pressing need 
to understand and predict how species distri-
butions, diversity and ecosystem services will 
change as a result. Certain parallels between 
urbanization and climate change have led to 
the widespread suggestion that the study of  
each can provide insights into the other (Ziska 
et al., 2003; Carreiro and Tripler, 2005; Grimm 
et  al., 2008; Farrell et  al., 2015; Youngsteadt 
et al., 2015; Pincebourde et al., 2016; Lahr et al., 
2018), potentially accelerating progress toward 
understanding and predicting the biotic changes 
they are causing.

In this chapter we will review and evalu-
ate the climatic and ecological parallels between 
urbanization and climate change, with an em-
phasis on temperature and its effects on terres-
trial ectotherms, a group of  organisms thought 
to be particularly sensitive to climate change 
(Deutsch et al., 2008). We will summarize pat-
terns of  urban warming and how they relate to 

global climate change projections, then discuss 
the potential strengths and limitations of  urban 
climates as a source of  insight into biotic re-
sponses to climate change and highlight future 
research directions. Future work will benefit 
from explicit consideration of  the mechanisms 
by which urbanization and urban warming 
drive ectotherms’ body temperatures and activ-
ity periods. Urban ecosystems may provide a 
valuable first approximation of  the dramatic ef-
fects of  warming on certain terrestrial systems, 
and continued advances in urban thermal biol-
ogy will promote a mechanistic understanding 
of  how organisms use, respond to and adapt to 
the unique thermal landscapes of  cities.

Patterns of Urban Warming

The most familiar climatological effect of  cities, 
and the focus of  this chapter, is the urban heat 
island (UHI), a phenomenon in which tempera-
tures within cities are warmer than those in sur-
rounding non- urban areas. The UHI effect has 
been documented since the early 1800s, and is 
attributed primarily to increased absorption and 
trapping of  solar radiation by urban surfaces, 
reduced evaporative cooling, and anthropogenic 
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heat inputs from combustion and human me-
tabolism (Howard, 1833; Mills, 2008). As a 
prior review noted, although the UHI ‘is beguil-
ingly easy to conceptualize and measure, it is a 
complicated phenomenon that depends on the 
size, density, building practices, location, season, 
air flows, and many other factors of  the built en-
vironment’ (that is, human- made surroundings 
and infrastructure) (Phelan et  al., 2015). The 
complex field of  urban climatology has been re-
cently reviewed in a textbook, which we recom-
mend to those seeking a thorough introduction 
to the subject (Oke et al., 2017).

The UHI comprises four UHI types, each of  
which is defined by the urban- rural temperature 
difference in a particular physical substrate: sub-
surface (soils and underground structures); sur-
face (built environment and vegetation); canopy 
(air below roof  or tree height); and boundary lay-
er (air above the canopy to the top of  the bound-
ary layer) (Kuttler, 2008; Oke et al., 2017). The 
surface UHI is the core phenomenon that largely 
drives the other UHI types. We briefly review the 
drivers and patterns of  each UHI type, excluding 
the boundary layer UHI, which is less directly 
relevant to terrestrial urban organisms.

Surface UHI

During the day, pavement and other manu-
factured materials that make up the built en-
vironment heat up because they absorb more 
radiative energy and can store more heat than 
vegetated surfaces or soils (Oke et al., 2017). In 
addition, the height and configuration of  build-
ings impact the exposure of  these surfaces to 
solar radiation and wind. Finally, moisture avail-
ability is generally lower from urban surfaces, 
including construction materials and compact-
ed soils, causing more stored heat to be released 
to the atmosphere through sensible, rather than 
latent, heat fluxes. (In other words, in the ab-
sence of  moisture, surface energy fluxes drive 
temperature change rather than evaporation.) 
At night, surfaces cool, transferring heat to the 
air and to the subsurface, thereby generating the 
canopy and subterranean UHI. One key feature 
of  the surface UHI is the much higher variability 
of  surface temperatures compared to surround-
ing rural areas due to greater variability in the 

geometry, evaporative demand and thermal, ra-
diative and aerodynamic properties of  city envi-
ronments (Oke et al., 2017).

To inform urban planning and identify 
drivers of  urban warming, correlates of  sur-
face UHI intensity have been extensively stud-
ied at local to global scales via satellite imagery. 
Satellite- based infrared sensors are now able 
to detect land surface temperatures on kilo-
metre and sub- kilometre scales worldwide, al-
lowing for comparative analysis of  multiple 
cities using consistent methods. Studies often 
quantify surface UHI as the difference between 
the average surface temperature of  urban pix-
els and surrounding non- urban pixels. Thus, 
the magnitude of  the UHI depends not only on 
the properties of  the city itself, but also on the 
choice of  the surrounding reference area and 
the conditions therein, a complication that af-
fects measurement of  all types of  UHI. Satellite- 
based studies have detected several consistent 
correlates of  surface UHI intensity, which tends 
to be greatest during the day, in the summer and 
in forested biomes. We summarize each of  these 
correlates below, for later comparison to other 
UHI types and to global warming.

Diurnal cycle

During the day, the surface UHI is generally more 
intense, and more variable among cities, than it 
is at night. For example, a study of  38 cities in 
the USA found average summer daytime UHIs of  
5–9°C (excluding deserts, see below), compared 
to 2–3°C at night (Imhoff  et al., 2010). Daytime 
and night- time surface UHI intensities are un-
correlated with each other across cities, and are 
driven by different processes (Peng et al., 2012; 
Clinton and Gong, 2013; Zhao et al., 2014; Zhou 
et al., 2017). Daytime surface temperatures pri-
marily result from direct solar heating; night- 
time temperature depends on the rate at which 
surfaces release stored heat to the atmosphere 
and the subsurface.

Biome

On a global scale, the magnitude of  daytime 
surface UHI is often best predicted by charac-
teristics of  the background ecosystem: precipi-
tation (Zhao et  al., 2014), relative amount of  
vegetation in urban versus non- urban areas 
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(Peng et al., 2012), or biome (Zhang et al., 2010; 
Clinton and Gong, 2013; Imhoff  et al., 2010). A 
study of  more than 3200 cities around the globe 
detected an annual average surface UHI inten-
sity around 3.8°C for cities that were surround-
ed by forested biomes, about 1.9°C compared to 
surrounding grass and scrub biomes, and 0°C 
in arid and semi- arid biomes (where urban sur-
faces are often cooler than their surroundings 
during the day) (Zhang et al., 2010; Clinton and 
Gong, 2013; Imhoff  et al., 2010).

Season

At mid and high latitudes, daytime surface UHI 
intensity is almost always greater in summer 
than in winter, likely because of  the solar angle 
and because urban- rural vegetation differences 
are minimized in the winter (e.g. Imhoff  et  al., 
2010). This difference fades at low latitudes, 
where solar angles and vegetation cover are rel-
atively constant (Zhang et al., 2010; Peng et al., 
2012). Nevertheless, studies of  individual tropi-
cal cities have detected seasonal variation in sur-
face UHI intensity, with maximum intensity in 
dry (Suazo et  al., 2019) or rainy (Pereira Filho 
and Karam, 2016) seasons; other studies have 
simply been unable to measure rainy- season 
surface UHI at low latitudes due to high cloud 
cover (Tran et al., 2006). At night, surface UHI 
intensity shows very little seasonal variation, re-
gardless of  latitude (Peng et al., 2012).

Latitude

Although latitude may modulate the seasonality 
of  the surface UHI, it does not predict its overall 
magnitude on a global scale (Peng et al., 2012; 
Clinton and Gong, 2013). Zhang et  al. (2010) 
binned global cities by latitude and detected dif-
ferences among bins (with minimum intensities 
at 10–30° north), but without a clear trend from 
pole to equator.

City size

Several studies have found surface UHI intensity 
to increase with city size. For example, a study 
of  5000 European settlements found that urban 
land area was the best predictor of  surface UHI, 
with a 0.4°C increase in daytime UHI for each 
doubling of  the urban land area (Zhou et  al., 

2017). Some studies agree (Zhang et  al., 2010; 
Zhou et al., 2013), whereas others find this effect 
only at night – and, indeed, show city size to be the 
most important predictor of  night- time surface 
UHI (Clinton and Gong, 2013; Zhao et al., 2014). 
In larger cities, cooler upwind air has further to 
travel across the urban area; as it accumulates 
heat, it is less able to cool warm surfaces in the 
centre of  large cities (Zhao et al., 2014).

Within-city patterns

While global studies are valuable for describing 
broad patterns in the distribution of  urban sur-
face warming, their use of  annual or seasonal 
averages compresses tremendous within- city 
variation in surface temperature (Pincebourde 
et al., 2016). For example, a snapshot of  surface- 
temperature variation in Baltimore County, 
Maryland, on a single summer morning re-
vealed differences of  nearly 17°C among cen-
sus blocks (Huang et  al., 2011). Within- city 
surface- temperature variation is driven by local 
variation in amounts of  vegetation and surface 
thermal admittance (that is, surfaces’ ability to 
absorb and release heat), as well as the timing of  
solar exposure in urban canyons (Shiflett et al., 
2017; Oke et al., 2017).

Surface UHI: caveats and summary

There are several caveats to deriving ecological 
(and climatological) interpretations of  the sur-
face UHI. First, the top- down view from satellites 
over- represents the temperatures of  horizontal 
surfaces such as rooftops, which may not rep-
resent the conditions experienced by organisms 
below roof  height (Arnfield, 2003). Second, 
satellite measurements generally perform best 
in cloud- free conditions. However, seasonal and 
regional patterns of  cloud cover and precipi-
tation are themselves important components 
of  climate. At some times, and in some places, 
measurements taken on cloud- free days repre-
sent atypical conditions (Santamouris, 2015). 
Finally, large- scale studies that characterize in-
dividual cities with annual or seasonal averages 
of  UHI intensity typically miss the fine- scale 
thermal heterogeneity that organisms actually 
experience on scales as small as a few metres 
(Pincebourde et  al., 2016). Satellite- based as-
sessments of  the surface UHI have nevertheless 
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provided important perspective on patterns of  
thermal variation through space and time, and 
provide both global and local perspectives on 
when and where organisms can be exposed to 
the hottest urban surfaces.

Canopy UHI

The air below roof  height in a city is known as 
the urban canopy layer, and its UHI is typically 
characterized by air temperature at ‘screen 
height’ or ‘shelter height’ (the standard height 
of  weather station thermometers, typically at 
1.5–2 m above the ground, also known as sur-
face air temperature) (Jin and Dickinson, 2010). 
Like the surface UHI, canopy UHI is measured 
as a relative phenomenon; that is, the surface 
air temperature difference between an urban 
site and a non- urban reference site. Because air 
temperature measurements are taken at point 
locations, the choice of  instrument location has 
a profound effect on the observed magnitude of  
the canopy UHI (Stewart, 2011; Stewart and 
Oke, 2012).

The spatial and temporal patterns of  sur-
face and canopy UHI are distinct. Unlike sur-
faces, air is highly mobile, and its temperature 
is driven in part by movement of  air and its in-
teraction with the many surfaces it encounters 
(Jin et al., 2005). The air temperature at a given 
thermometer, then, can be influenced by sur-
faces several hundred metres upwind (Stewart 
and Oke, 2012). This mixing effect results in air 
temperatures being less spatially structured and 
less variable than surface temperatures, espe-
cially during the day when turbulent mixing is 
greatest (Oke et al., 2017). In addition to receiv-
ing heat from urban surfaces, the urban canopy 
layer may be warmed by anthropogenic heat 
(such as that released from automobiles and 
HVAC systems) and by a minor ‘urban green-
house effect’, wherein air pollution traps heat 
within the urban atmosphere (Oke et al., 1991). 
Known correlates of  canopy UHI are described 
in the following sections.

Diurnal cycle

Whereas the magnitude of  the surface UHI is 
maximized during the day, the canopy UHI most 

often peaks at night (Arnfield, 2003). Compared 
to most non- urban surfaces, urban materials ab-
sorb more total heat during the day and release it 
more gradually to the air after sunset, resulting 
in maximum urban- rural air temperature differ-
ences at night. For example, a decade- long study 
of  the UHI in Berlin found an average annual 
night- time canopy UHI of  about 3°C, compared 
to about 0.5°C during the day, with occasional 
differences of  up to 10°C (Fenner et al., 2014). 
These results are typical of  widely reported ur-
ban canopy warming patterns in temperate, for-
ested biomes (Arnfield, 2003; Oke et al., 2017), 
but many individual cities depart from this typi-
cal cycle and report canopy UHI maxima during 
the daytime; for example, due to rush- hour traf-
fic (Santamouris, 2015).

Biome

Like the surface UHI, the canopy UHI tends to be 
best developed in cities located within temperate 
forested biomes, and less so in scrub and desert 
(Oke et al., 2017).

Season

Like the surface UHI, the canopy UHI of  cit-
ies within temperate forest biomes tends to be 
most intense in the summer (Arnfield, 2003; 
Santamouris, 2015). This effect is attributed to 
seasonal differences in wind and cloud cover, 
wherein the long, sunny days and calm nights 
of  summer promote canopy UHI formation, 
but the short, cloudy days and windy nights 
of  winter do not (Fortuniak et  al., 2006). For 
example, Fenner et  al. (2014) found a sum-
mer night- time average canopy UHI of  >6°C in 
Berlin, compared to the overall annual average 
of  1.5°C.

In tropical regions, the canopy UHI tends 
to be more intense in dry seasons than wet 
seasons (Chow and Roth, 2006; Santamouris, 
2015). This pattern is attributed to the ther-
mal behaviour of  rural soils, which cool more 
slowly at night when wet, and thus behave more 
like urban materials (Roth, 2007). This pattern 
contrasts with the inconsistent seasonal results 
reported for the surface UHI in the tropics, and 
additional research may be needed to resolve 
the seasonal drivers of  urban surface energy ex-
changes at low latitudes.
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Latitude

Unlike recent global studies of  surface UHI, 
global reviews of  canopy UHI have detected lati-
tudinal patterns. A review of  maximum canopy 
UHI intensity in 150 cities found that latitude 
accounted for 6% of  variation in intensity, 
which increased from an average of  3.5°C at the 
equator to nearly 7°C at 65° latitude (Wienert 
and Kuttler, 2005). Much of  this variation was 
attributed to latitudinal variation in anthropo-
genic heat production and the size of  the stud-
ied cities (Roth, 2007). Others have suggested 
that use of  thinner and more reflective building 
materials in developing tropical countries also 
reduces UHI intensity (Chow and Roth, 2006).

City size

A positive relationship between urban population 
and canopy UHI intensity is essentially universal 
(although its slope varies regionally) (Oke, 1973; 
Roth, 2007; Santamouris, 2015). Population 
size and density are not the driving factors, but 
are thought to be a proxy for other features such 
as the area of  a city and the geometry of  its core, 
where geometry refers to the three- dimensional 
spatial properties of  a city. More populous cities 
have deeper urban canyons that trap outgoing 
long- wave radiation (Oke, 1973; Roth, 2007).

Within-city patterns

Within- city variation in air temperatures can be 
profound, although it is dampened compared to 
surface temperatures. For example, a compari-
son of  residential areas to native habitat rem-
nants within cities found that, across seasons 
and years, residential areas averaged 2.2°C cool-
er than native habitats in arid US cities, whereas 
in mesic cities, residential areas were warmer 
than remnant native habitats (Hall et al., 2016). 
Similar patterns are widely observed in city parks 
and surrounding urbanized areas. In mesic cit-
ies, cool temperatures from parks can spill over 
and mitigate urban warming up to 1 km away 
in the surrounding matrix (Bowler et al., 2010).

Canopy UHI: caveats and summary

The history of  canopy UHI studies is marred 
by uneven quality of  documentation. A recent 

review of  190 studies of  nocturnal canopy 
UHI, published from 1950 to 2007, found that 
nearly half  of  the reported warming intensi-
ties were scientifically indefensible due to poor 
experimental design or incomplete descriptions 
of  methods and thermometer siting (Stewart, 
2011). Moreover, weather station instruments 
are often sparsely distributed, such that tem-
peratures are not measured on a spatial scale 
relevant to organisms. Some projects have partly 
overcome spatial limitations by installing dense 
networks of  inexpensive sensors throughout ur-
ban areas, sometimes at the expense of  severely 
biased measurements due to poor solar shielding 
(Terando et  al., 2017). An additional caveat is 
that air temperature at screen height, although 
useful to gauge UHI at heights most relevant 
to human experience, is not likely to represent 
conditions experienced by many terrestrial ecto-
therms. Despite the difficulties in estimating the 
whole- canopy UHI, certain summary points are 
clear. Like the surface UHI, the canopy UHI tends 
to be most intense in mesic biomes. But, in con-
trast with the surface UHI, its magnitude tends 
to be smaller, time- lagged, and most intense at 
high latitudes.

Subsurface UHI

Heat accumulated in urban surfaces also moves 
into soil and subterranean materials. Relative 
to the surface UHI, the subsurface UHI develops 
with time lags that increase with depth: diurnal 
variation is evident down to about 50 cm, and 
annual and seasonal variation down to about 
10 m (Zhan et al., 2014). At depths of  10–100+ 
m, substrate temperatures reflect decadal and 
longer temperature patterns derived from his-
torical climates and land- use changes (Pollack 
et al., 1998).

Subsurface UHIs are typically sensed with 
thermometers in bore holes or wells; they have 
recently also been modelled from remotely 
sensed surface temperatures (Zhan et al., 2014). 
We are not aware of  any broad geographic com-
parisons among cities that relate subsurface UHI 
magnitudes to city size, background climate, lat-
itude or geology. Diurnal and seasonal cycles of  
the subsurface UHI have, however, been charac-
terized in individual cities, and are closely linked 
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to surface patterns but with time lags, such that 
warming peaks in different months at different 
depths (Shi et al., 2012; Zhan et al., 2014).

Within- city spatial variation in the subsur-
face UHI also mirrors that of  the surface UHI, 
with the warmest ground temperatures found 
beneath pavements and built- up areas, and the 
coolest beneath green spaces (Ferguson and 
Woodbury, 2007). Local heat sources can also 
produce intense local effects, where proximity 
to features such as landfills or heated swimming 
pools produced anomalies of  20–60°C in subter-
ranean temperatures (Menberg et al., 2013).

Contrasting Urban and Global 
Warming

Urban warming is primarily a surface- driven 
phenomenon. Anthropogenic modification of  
the land surface alters its thermal and radiative 
properties and drives changes in surface tem-
perature, which are then propagated to other 
atmospheric and subsurface layers. In contrast, 
global warming is first an atmospheric phenom-
enon (with some contribution from global land- 
use change). Trace amounts of  greenhouse gas 
in the atmosphere absorb outgoing longwave ra-
diation (heat emitted by the earth’s surface that 
would otherwise escape into space) and retain 
this energy within the atmosphere. As of  2018, 
this effect had increased earth’s energy budget 
by about 3.1 W/m2 compared to pre- industrial 
levels (Butler and Montzka, 2019).

The resulting warming is analysed pri-
marily in terms of  air temperature. For those 
attempting to synthesize urban and global cli-
mate literature, we note that the climate change 
literature often refers to air temperature at 2 m 
as ‘surface temperature’ or ‘surface air tem-
perature’, whereas values comparable to urban 
surface temperature are called ‘land surface 
skin temperature’, ‘land surface temperature’ or 
‘ground surface temperature’ (Beltrami, 2002; 
Jin and Dickinson, 2010).

Despite the distinctly different origins of  ur-
ban and global warming, there are several broad 
parallels between the present- day canopy UHI 
and the expected global warming of  air temper-
atures. The typical magnitude of  canopy UHIs 
across the globe (around 1–3°C on average) is 

similar to the range of  projected warming in 
global air temperatures by the end of  the cen-
tury, relative to a pre- industrial baseline (0.3–
4.8°C, depending on emissions trajectories) 
(IPCC, 2014). Both urban and projected global 
warming are of  greater magnitude at higher 
latitudes (Wienert and Kuttler, 2005; IPCC, 
2013, Section 2.2). One broad air temperature 
trend that diverges between urban and global 
warming is seasonality: global climate models 
consistently predict more intense warming in 
winter in northern high latitudes (Cohen et al., 
2012), whereas the canopy UHI tends to be most 
intense in the summer.

It is more difficult to evaluate the poten-
tial parallels between urban and global warm-
ing for surface and subterranean temperatures. 
Whereas surface temperatures have a major role 
in the UHI literature, with surfaces heated more 
strongly than air (Stoll and Brazel, 1992; Shiflett 
et al., 2017), land surface temperature changes 
are generally not reported in the climate change 
literature, except with respect to changes in the 
constituent components of  the surface energy 
balance. One possible reason for this relative 
inattention is simply that, on a global scale, the 
trends in surface temperature are highly cor-
related with the near- surface air temperature 
trends (Jin and Dickinson, 2010; Good et  al., 
2017).

Studies that have drawn biological paral-
lels between urban and global warming have 
typically done so using the currency of  air tem-
perature (e.g. Ziska et  al., 2003; Youngsteadt 
et  al., 2015). From the most general view of  
global trends, this review broadly supports 
such a comparison (despite seasonal differenc-
es). However, the comparison on the basis of  
air temperature could be misleading if  unique-
ly urban patterns of  subterranean and surface 
warming modulate biotic responses differently 
than air temperature alone. Other sources of  
error in the comparison of  urban and global 
warming include tremendous variation within 
and among cities in the intensity and timing 
of  warming; methodological problems with 
measuring each type of  UHI; and the geo-
graphic variation and uncertainty in projected 
climate change. Attempts to use urban warm-
ing to draw inferences about global warming 
should proceed with caution and, when possi-
ble, with local validation of  the comparison. As 
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described below, mechanistic approaches will 
improve confidence in the thermal basis of  ob-
served biological correlates of  urban warming.

Ectotherms and Warming: Questions 
Cities Could Answer

Temperature is an essential driver of  biological 
activity at the molecular level, and physiologi-
cal changes at this scale have the potential 
to cascade through levels of  organization – 
from molecular to organismal, population, 
community and ecosystem scales (Helmuth 
et  al., 2005; Kingsolver, 2009). Predicting 
the consequences of  such changes is a major 
challenge in ecological research. Here we high-
light key ecological questions about effects of  
warming on ectotherms, to which the study 
of  urban ecosystems is poised to make strong 
contributions (Lahr et  al., 2018). In each of  
these questions, we note that a disadvantage 
of  using urban study systems is that the habi-
tats themselves usually differ from non- urban 
habitats in many ways other than climate – 
such as amount of  fragmentation or pollution. 
Careful methods choices and complementary 
experimental approaches are needed to attrib-
ute biotic effects to temperature rather than 
confounding factors.

What is the role of evolutionary 
adaptation in biological responses to 

anthropogenic warming?

If  species can adapt rapidly to warming, extinc-
tion rates and ecological disruptions may be 
buffered against climate change. Opportunities 
to examine real- time thermal adaptation to 
climate change in wild populations are lim-
ited and rely on the rare opportunity to res-
urrect living propagules from historically 
cool time periods (Geerts et  al., 2015). Urban 
warming gradients provide a complementary 
opportunity to examine evolutionary and 
plastic responses to recent warming, taking 
advantage of  spatial rather than temporal 
sampling designs. Elevational and latitudinal 
studies also provide opportunities to examine 
thermal adaptation (Elmendorf  et  al., 2015). 

However, they may better represent adaptation 
to long- standing climates rather than to the 
rapid trends caused by urbanization and global 
warming. Several studies have documented 
thermal adaptation in cities, with examples in 
soil fungi (McLean et  al., 2005), clover plants 
(Thompson et  al., 2016), aquatic crustaceans 
(Brans et  al., 2017) and ants (Diamond et  al., 
2017). Those in relatively young cities imply 
rapid evolution. Acorn ants in Cleveland, Ohio, 
for example, may have evolved higher heat tol-
erance in fewer than 20 generations (Diamond 
et  al., 2017). These results demonstrate the 
potential of  cities to assay the roles of  thermal 
adaptation, acclimation and behavioural com-
pensation in response to warming.

How does global change alter species 
interactions?

Complex networks of  interactions such as her-
bivory, predation, parasitism and pollination 
maintain biological diversity and mediate eco-
system services (Tylianakis et  al., 2008). The 
stability of  these interactions in the face of  cli-
mate change is difficult to predict. In some cas-
es, effects can be documented via short- term 
experimental warming (Barton and Schmitz, 
2009) or long- term observations of  ecologi-
cal interactions, such as mutualism (Miller- 
Struttmann et al., 2015). Urban areas provide 
study systems that complement long- term ob-
servations and experimental warming. Cities 
encompass habitats that have been warmed for 
many decades, where species may participate 
in a more complete web of  interactions than 
can be reproduced experimentally, and where 
temperatures may already exceed the range of  
historical observations. One urban study, for 
example, demonstrated that warming changes 
the outcome of  a parasitoid–herbivore interac-
tion due to phenological mismatch, contribut-
ing to enhanced rates of  herbivory in urban 
hotspots (Meineke et al., 2014). Another sug-
gested that urban warming favours the de-
velopment of  mosquito vectors, altering the 
human–mosquito–dengue interaction such 
that urban hotspots experienced elevated dis-
ease risk (Araujo et al., 2015).
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Where on the planet are organisms most 
vulnerable to warming?

Across latitudes, ectotherms’ physiological heat 
tolerance varies much less than environmental 
temperatures (Sunday et  al., 2011). Tropical 
ectotherms tend to be thermal specialists adapt-
ed to temperatures that are relatively stable 
throughout the year, with narrow safety mar-
gins of  a few °C, or less, before the onset of  heat 
stress and fitness decline (Deutsch et al., 2008; 
Huey et al., 2009). Although global warming is 
most intense in northern high latitudes, ecto-
therms may be more vulnerable to warming in 
the tropics.

Cities, if  treated as warming experiments 
distributed across latitudes, may provide in-
sights into how biotic effects of  warming vary 
against differing background climates. Urban 
studies have begun to test the prediction that 
ectotherms in already- warm climates are most 
vulnerable to warming, but to date have done 
so only across limited latitudinal gradients in 
higher- latitude temperate zones. These studies 
have indeed detected more positive responses to 
warming, and greater potential for evolution of  
increased heat tolerance, among high- latitude 
ectotherms (Youngsteadt et al., 2017; Diamond 
et al., 2018).

Validation

Few studies have had the opportunity to directly 
and quantitatively compare biotic responses to 
urban warming with responses to historical or 
recent warming outside of  cities. In one such 
study, scale insects on red maple trees reached 
their highest densities in the warmest parts of  
Raleigh, North Carolina, and in warm histori-
cal time periods in the south- eastern USA. But 
their density increased more steeply per °C air 
temperature – and had a six- fold greater peak 
density – in urban habitats than in natural 
habitats at similar temperatures (Youngsteadt 
et  al., 2015). Similarly, a comparison of  birch- 
flowering phenology using urban and historical 
datasets in Germany found that trees advanced 
flowering by 4.4 days per °C increase in urban 
air temperature, compared to only 1.9 days per 
°C in a historical dataset that spanned a similar 

temperature range (Jochner et al., 2013). These 
results emphasize that, on their own, urban 
settings could not be used to directly predict re-
sponse to warming in other habitats. The poten-
tial explanations for amplified biotic responses 
to urban warming are many, speculative and 
non- mutually exclusive. One clear problem to be 
addressed, however, is the use of  air temperature 
as the currency of  comparison.

Towards a Biophysical Urban Ecology

Two truisms have been largely overlooked in 
the ecology of  urban warming: first, body tem-
perature is the thermal variable that drives 
ectotherm activity and fitness; and second, 
body temperature is poorly predicted by air 
temperature. Despite the recent growth of  an 
exciting literature on the ecological and evolu-
tionary effects of  urban warming, there is still 
a weak mechanistic understanding of  how the 
urban environment alters body temperatures 
and drives physiological changes that scale up 
through ecosystems. The subdiscipline of  bio-
physical ecology has long recognized that defin-
ing the thermal parameters to which individual 
organisms respond is essential to generalizing 
results through time and space and making 
sound predictions at higher levels of  biological 
organization (Helmuth, 1998). Here we briefly 
review the relationship between body tempera-
ture and fitness and the drivers of  ectotherm 
body temperatures.

Body temperature and fitness

In ectotherms, the relationship between body 
temperature and fitness is often represented as 
a thermal fitness curve or thermal performance 
curve (where performance may be measured 
as locomotion, growth, developmental rate, 
etc.). Thermal performance curves are typically 
asymmetrical in shape, with a gradual increase 
up to an optimum temperature, followed by a 
steep decline (Fig.  8.1). The form of  the rela-
tionship between whole- organism performance 
and temperature is remarkably similar to that 
of  the relationship between biochemical reac-
tion rates and temperature (Kingsolver, 2009). 
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Indeed, organismal performance likely arises 
from biochemical and cellular processes includ-
ing enzyme function, membrane integrity, and 
their joint effects on oxygen limitation; as well as 
the cost of  repairing cellular machinery after a 
heat shock (Angilletta, 2009, but see Hofmann 
and Somero, 1996; Amarasekare and Savage, 
2012).

Thermal performance curves bear several 
implications for understanding ectotherms’ re-
sponses to warming. First, the width of  the curve 
denotes the range of  temperatures at which an 
organism can survive, with some taxa having 
narrow (specialized) curves, as is typical of  trop-
ical taxa, and others being more broadly adapted 
(Kingsolver, 2009; Huey et  al., 2012). Second, 
the non- linear and asymmetrical form of  the 
curve means that organisms are more sensitive 
to temperature change when they are near or 
above their optima. In contrast, warming at tem-
peratures much cooler than the optima, where 
the slope of  the thermal performance curve is 
shallow, has more muted effects on performance 
(Kingsolver, 2009; Huey et al., 2012). Finally, as 
a result of  the non- linear, asymmetric curve, the 
fitness of  an organism at the mean temperature 
is not equal to the mean fitness across fluctuat-
ing temperatures, a fact that can lead to errors 
when temperature is measured over inappro-
priate timescales. For example, Bernhardt et al. 

(2018) measured population growth rates of  a 
marine alga under a series of  constant tempera-
tures versus fluctuating temperatures, centred 
on the same means. Under fluctuating condi-
tions, population growth became negative at 
a temperature 4°C cooler than expected based 
on the mean temperature alone. Similar results 
have been found for insects (Paaijmans et  al., 
2013).

Although body temperature is a key me-
diator of  fitness, ectotherms also face costs and 
risks associated with maintaining an ideal body 
temperature, such as exposure to predation 
while basking, or lost productivity while waiting 
in cool refuges. An organism’s decisions about 
behavioural thermoregulation may reflect these 
trade- offs (Huey and Stevenson, 1979).

Predictors of body temperature

Although ectotherms lack the mechanisms 
of  thermal homeostasis found in endotherms, 
their body temperatures are rarely equal to the 
temperatures of  the surrounding air or surfaces 
(Helmuth, 1999; Angilletta, 2009). Instead, 
body temperature depends on complex ex-
changes of  energy between the organism and 
its environment via convection, conduction and 
radiation. These exchanges, in turn, depend on 
the properties of  the animal itself: the extent 
to which its surface absorbs or reflects various 
wavelengths of  radiation; the extent to which 
its surface conducts heat toward and away from 
its core; its body size, shape and orientation to 
the sun; and its metabolic and moisture- loss 
rates (Porter and Gates, 1969; Helmuth, 1998). 
Because body temperature depends on many 
climate variables, a variety of  conditions within 
this multi- dimensional ‘climate space’ can yield 
the same body temperature. Meanwhile, the 
same air temperature can yield different body 
temperatures if  combined with different radia-
tive environments or wind speeds (Porter and 
Gates, 1969; Gilman et  al., 2006; Angilletta, 
2009). This is a key point when comparing ur-
ban warming to warming in other habitats.

Urban warming is often characterized by 
removal and replacement of  vegetation with 
manufactured materials. The larger heat ca-
pacities and drying potentials of  these materials 

Fig. 8.1. Example thermal performance curve. 
The range of tolerable temperatures is bounded 
by the critical thermal minimum (CTmin) and the 
critical thermal maximum (CTmax); within this 
range, performance increases gradually up to 
an optimum temperature (Topt) and then declines 
rapidly.

 EBSCOhost - printed on 2/13/2023 11:25 AM via . All use subject to https://www.ebsco.com/terms-of-use



153Ecology of Urban Climates: The Need for Landscape Biophysics in Cities

increase their heat storage and delay heat re-
lease. Urbanization is also often associated with 
reduced but spatially variable wind speeds 
(Kuttler, 2008), which may reduce convective 
heat exchange. Thus, warming along urban 
habitat gradients is associated with changes on 
multiple axes of  the climate space an ectotherm 
experiences. Global warming, when applied to 
an otherwise undisturbed habitat, will alter the 
climate space less dramatically. The well- mixed 
nature of  greenhouse gases means that, for a 
given location, shifts in air temperature are the 
dominant change to multivariate climate space. 
Although air temperature changes do alter the 
surface energy balance, global warming is not 
associated with the dramatic and spatially struc-
tured variation in heat and radiation fluxes that 
are found in urban areas. Other climate vari-
ables that drive urban warming, such as surface 
wind speed, are expected to undergo less pro-
nounced changes globally, with large uncertain-
ties about the sign of  the change (IPCC, 2013). 
Because urbanization and global warming alter 
multivariate climate space in different ways, 
comparisons of  biological effects of  urban and 
global warming on the basis of  air temperature 
alone should be interpreted with caution.

Unlike air temperature, operative tempera-
ture is a metric that integrates many of  these 
additional predictors of  body temperature. 
Operative temperature is the body tempera-
ture an organism would experience if  it were 
in equilibrium with its environment, that is, if  
it made no effort to thermoregulate. Operative 
temperatures can be estimated by measurement 
or modelling. Measurement involves the use of  
physical models that match the organism of  
interest in surface area, aerodynamic rough-
ness and absorbance. The models are placed in 
the environment where the organism occurs, or 
could occur. The equilibrium temperature of  the 
model is equated to the operative temperature of  
the organism. If  this value differs from the opti-
mal body temperature (as measured during lab-
oratory performance tests with live organisms), 
the difference may cause reduced performance, 
or be overcome by behavioural thermoregula-
tion (Dzialowski, 2005). Modelling, rather than 
measuring, the operative temperature requires 
knowledge of  the size, shape and surface proper-
ties of  the organism, as well as microclimatologi-
cal data, such as air temperature, wind speed and 

incidence of  longwave and shortwave radiation, 
on a spatial scale of  measurement appropriate 
to the organism. In some cases, researchers have 
used a combination of  local measurements and 
regional weather stations to successfully model 
operative or body temperatures over certain 
timescales (Helmuth, 1999; Porter et al., 2010).

When combined with information about a 
species’ thermal performance curves, measured 
or modelled operative temperatures can provide 
insights into where, how often and when during 
the diurnal and seasonal cycle a habitat is suita-
ble for activity. These results can, in turn, predict 
fitness and demographic processes under his-
torical, current and future conditions (Crozier 
and Dwyer, 2006; Buckley, 2008; Huey et  al., 
2009; Porter et al., 2010). For example, Gilman 
et al. (2006) used a mechanistic model of  heat 
transport through the bodies of  intertidal mus-
sels to predict mussel body temperature due to a 
combination of  air and water temperature, wind 
speed, solar radiation and other microclimatic 
factors. At four sites spanning 14 degrees lati-
tude, the mechanistic model was a better predic-
tor of  actual mussel body temperature than were 
air or water temperature alone. A simulated 1°C 
increase in air or water temperature raised the 
monthly average of  maximum daily body tem-
perature by only 0.07–0.92°C. The relationship 
between environmental and body temperatures 
differed among sites and among elevations 
within sites, due to differences in wind speed and 
other environmental variables. Because body 
temperature itself  is the variable most closely 
linked to physiological stress and population 
growth in mussels (Helmuth and Hofmann, 
2001; Somero, 2002), this study demonstrates 
that the use of  air temperature alone would like-
ly cause erroneous predictions of  mussel popu-
lation responses to climate change. Moreover, 
these errors would not represent a consistent 
bias but would vary geographically. We suspect 
that similar errors will arise in urban studies if  
air temperature is used as the sole proxy for the 
climate experienced by urban ectotherms, since 
cities differ from each other and from non- urban 
habitats on multiple climate axes.

Another example, in lizards, demonstrates 
more explicitly how body temperature can be 
traced through to population- level outcomes, 
and how doing so can produce different pre-
dictions to those derived from air temperature 
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alone. Buckley (2008) used pre- existing infor-
mation about lizards’ preferred body tempera-
tures, along with operative temperatures in 
habitats across their North American ranges, 
to define thermal constraints on foraging. 
Ultimately, after imposing additional constraints 
based on prey availability and lizard population 
density, this study modelled equilibrium popula-
tion densities across the continent under cur-
rent and future climate scenarios. Population 
densities, in turn, imply range limits at locations 
where the equilibrium population is zero. In 
comparison to a correlative model based on air 
temperatures alone, the mechanistic model was 
a better predictor of  current ranges, and predict-
ed more extensive northward range shifts due to 
climate change.

Despite the power of  biophysical ecology 
to link environment with individual physiology, 
population- and community- level outcomes, 
these approaches have not been fully applied to 
urban habitats. Although observed correlations 
between metrics of  urban warming, thermal 
tolerance traits and community composition 
(Hamblin et  al., 2017) imply mechanistic links 
across these scales, it is still unknown how ec-
totherm body temperatures actually vary across 
urban thermal gradients, making results dif-
ficult to generalize to other cities or non- urban 
habitats.

We are aware of  only a single, very recent 
study that has taken a detailed biophysical ap-
proach to urban ectotherm ecology (Battles and 
Kolbe, 2019). This study, located in the metro-
politan area of  Miami, Florida, measured both 
operative temperatures (at randomly selected 
locations within lizard habitats) and body tem-
peratures of  free- living brown anoles (Anolis 
sagrei) and crested anoles (Anolis cristatellus) in 
urban and natural sites. The authors also com-
pared these values to preferred and optimal 
temperatures for the same lizard populations as-
sessed in the laboratory. In urban habitats, both 
operative and body temperatures were warmer 
than in natural habitats, an effect attributed to 
increased solar radiation under open urban tree 
canopies as opposed to closed canopies in natu-
ral areas. For A. sagrei, the urban operative and 
body temperatures were more often within the 
preferred and optimal range, indicating that 
this species needed to spend less time basking in 
urban areas than in natural areas, potentially 

lowering the cost of  thermoregulation and im-
proving performance. For A. cristatellus, urbani-
zation did not increase access to optimal body 
temperatures. Instead, up to half  the operative 
temperatures were too warm for this species in 
urban sites, perhaps contributing to the relative 
dominance of  A. sagrei over A. cristatellus in ur-
ban habitats.

By linking environmental conditions to 
the relative costs of  maintaining preferred 
body temperatures, this study of  urban lizards 
laid a foundation for tracing the effects of  ur-
ban thermal environments through individual, 
population, and community scales. In this case, 
although urban habitats in Miami did produce 
operative and body temperature distributions 
warmer than those in adjacent natural areas, 
the urban operative and body temperatures did 
not exceed those observed in natural habitats 
elsewhere in the species’ ranges (Huey et  al., 
2009; Gunderson and Leal, 2012). In some 
cases, however, urban habitats will create opera-
tive temperature distributions outside the range 
observed in natural habitats. In these situations, 
they could also provide insights into the magni-
tude and geographic distribution of  responses to 
future climate change, in the meaningful cur-
rency of  body temperatures.

Summary and Conclusion

This chapter has reviewed the diurnal, seasonal 
and geographic patterns of  urban warming, a 
process that places cities in some ways ‘ahead 
of  the global warming curve’ (Lahr et al., 2018). 
Although the amplitude, diurnal cycle and 
geographic patterns of  urban air temperature 
warming broadly correspond to patterns of  glob-
al warming, we also highlight qualitative differ-
ences. Urban heat islands are characterized not 
only by warming night- time air temperatures 
but also by increased penetration of  solar radia-
tion compared to forested areas, by intense day-
time warming of  anthropogenic surfaces, and by 
time- lagged warming of  the soil and subsurface. 
These processes will alter the thermal equilib-
ria of  urban ectotherms in ways not predicted 
by models that consider air temperature alone. 
Although a growing urban literature highlights 
the potential of  cities to aid in the development 
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and testing of  important hypotheses about bi-
otic effects of  warming, the mechanistic un-
derstanding of  warming remains simplistic and 
incomplete. The methods of  biophysical ecology 
emphasize links between the environment and 
body temperature, with subsequent effects on 
individual fitness, demography and population 
processes. Integrating these approaches into 
urban ecology will improve the mechanistic un-
derstanding of  the role of  urban thermal envi-
ronments in shaping the ecology and evolution 

of  urban organisms, and will allow results to be 
more meaningfully compared, and potentially 
generalized, to other habitats and to future cities.

Disclaimer

Any use of  trade, product, or firm names is for 
descriptive purposes only and does not imply en-
dorsement by the US government.
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9 The Green Cities Movement: Progress 
and Future Challenges
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Prologue

In writing this chapter, all I can do is to commit 
my thoughts to paper in the hope that some-
thing intelligent will spill onto the page, whether 
it enrages the reader or not; it is for him or her 
to determine whether to read on, or not and 
if  the former, to question it, as every reader of  
everything should do. What is a green city and 
who determines whether it is or is not and on 
what criteria? The chapter is divided into three 
parts (topped and tailed by a prologue and an 
epilogue). Part 1 discusses the importance of  
language; Part 2 (How have we got to where 
we are?) considers the green environment in its 
widest terms; Part 3, which is biased towards the 
role of  the biological sciences, describes the chal-
lenges (What of  the future?).

This author does not like the use of  ab-
breviations but, regrettably, it has become es-
sential for practical reasons to abbreviate Green 
City(ies) Movement(s) to GCM. The GCMs have 
been subdivided into those concerned with the 
abiotic environment and those concerned with 
the biotic environment; they are distinguished 
in the text with the prefixes ‘a’, b’ or ‘a/b’.

Over the millennia, the creation and expan-
sion of  cities have undergone major changes 
in philosophy and practice within and between 
continents and countries. The urban environ-
ment has been and remains one of  stark con-
trasts; the pinnacle of  human achievement on 
the one hand and human deprivation on the 
other. Compare the affluent districts of  Rio de 

Janeiro with the Favela in Rocina; Mumbai with 
Hollywood. The environmental quality of  cities 
has been of  concern for four millennia, mainly 
in relation to poverty, disease and urban cram-
ming. A dispassionate assessment indicates that 
there has been little progress in achieving a 
high- quality environment throughout any city 
– spend two or three days walking around any of  
them and weigh up the proportion of  the good 
and the bad.

Regrettably, the chapter is mainly con-
cerned with the situations in western and parts 
of  eastern Europe; the author is ashamedly ig-
norant of  a/bGCM outside Europe, save for a 
limited knowledge of  some environmental is-
sues in parts of  Asia, the Americas and Oceania. 
However, the application of  general knowledge 
and experience suggests that the environmental 
issues in cities throughout the world are similar.

There is a tension running through the 
chapter – science and technology versus the 
humanities. It is a simplistic rerun of  the ‘Two 
Cultures’; a vitriolic debate in the 1960s be-
tween C.P. Snow and F.R. Leavis, in Britain. The 
former believed that the solutions to the human 
predicament were technological while Leavis ar-
gued that they lay in the humanities.

The Importance of Language

All disciplines have developed their own lan-
guage (in pejorative terms, jargon) in order to 
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establish sub- tribal boundaries, to provide a 
sense of  identity and psychological protection – 
no more so than when it comes to environmental 
matters. It is pertinent to start with the definition 
of  the three key words in the title of  this chapter 
as given in the Collins English Dictionary: ‘green’ 
is given eight meanings, including area ‘covered 
with grass, plants, trees’ and ‘of  or concerned 
with conservation and improvement of  the 
environment used in a political context’. Nine 
meanings are ascribed to ‘movement’ of  which 
one comprises two sub- meanings – a group of  
people with a common ideology; and the organ-
ized action and campaigning of  such a group. 
‘Cities’ is given four meanings, including ‘a large 
town’ and ‘a collective noun for an assemblage 
of  people’. All three definitions have been inter-
preted and reinterpreted to suit particular inter-
est groups to the extent that they have become 
of  little value. For example, ‘green’ was original-
ly used as an adjective (to describe the natural 
environment); it is now used as a noun (‘I am a 
green’); the collective noun for just about every-
thing; and a verb (‘to green’). Then there is the 
futile exercise of  defining a ‘city’ in quantitative 
terms. In this chapter, ‘city’ is used as a synonym 
for an area dominated by buildings and related 
developments.

Because ‘green’ has become a political, me-
dia, advertising/promotional synonym for the 
environment sensu lato, for the purpose of  this 
chapter GCM has been divided into two aspects, 
the biotic (to do with natural history – the prov-
ince of  biologists) and abiotic (to do with pollu-
tion, noise, buildings, traffic etc. – the province 
of  architects, accountants, lawyers, engineers, 
urban designers, chemists and many others). 
(The former appears as bGCM and the latter as 
aGCM or a/b for both.)

By and large, those involved in the aGCM 
have professional institutions and a high level of  
understanding, respect and credibility for each 
other. Regrettably, this does not extend to bGCM, 
mainly because of  a combination of  the lack of  
professional recognition and understanding and 
the strong association with pressure groups and 
environmental extremism. In general terms, the 
professions (as a whole) are deeply suspicious 
of  the objectives and motivations of  the bGCM. 
For example, a highly qualified and experienced 
ornithologist castigated an environmental as-
sessment because he had no knowledge or 

understanding of  most of  the technical terms 
used by the planners, engineers etc. Conversely, 
the professions make assumptions that they are 
not entitled to make – an engineer included a 
clause in a contract requiring the protection of  
the ‘flora and fauna’; when asked for clarifica-
tion he replied, ‘trees and shrubs’.

The professions fail to understand the dif-
ferences between ecology and wildlife conserva-
tion, why a taxon has several different scientific 
and common names, why non- native taxa are 
persona non grata, why creating or translocating 
habitats (especially the latter) are considered to 
be heretical and why wildlife conservationists 
dislike people and are obsessed with nature re-
serves. The same principle applies to terms such 
as eutrophication, hydroseres, rarity, species 
richness, relative abundance, etc. On the other 
hand, biologists involved in the development 
processes have little understanding of  the ‘jar-
gon’ used by the other professions – for example 
VOs, PD, Triples, Arisings, Drotts, Caterpillars 
and Bills of  Quantity. If  progress is to be made 
in correctly determining the impact of  develop-
ments, and creating and maintaining a high- 
quality urban environment, it is essential for the 
professions to learn and understand each other’s 
languages.

Some terms are frequently, inconsistently 
or incorrectly used as synonyms by all of  the 
professions and the a/bGCM; for example, Open 
Space, Green Space and Amenity Space. Open 
space may be devoid, or more or less devoid, of  
any vegetation. Wildlife, green, biological and 
other names are used synonymously for ‘cor-
ridors’ (also called conduits), although they all 
have different (if  overlapping) functions with 
different physical and biological characteristics. 
The professions are baffled when wildlife conser-
vationists and ecologists argue inter alia, that the 
linear integrity of  corridors is sacrosanct when 
it is evident that they are discontinuous and 
the scientific validity of  the theory has yet to be 
proven.

How Have We Got to Where We Are?

To begin at the beginning, with four essential 
books: Geoffrey and Susan Jellicoe’s The Landscape 
of  Man; 6000 Years of  Housing by Norbert 
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Schoenauer; Modern Environmentalism by David 
Pepper, published in 1996; Environmentalism 
– A Global Historyby Ramachandra Guha, pub-
lished in 2000. Interestingly, none of  them is a 
biologist.

All cities were built de novo, usually on trade 
routes, such as adjacent to rivers. It appears that 
the golden age of  the creation of  cities in Europe, 
Asia and north Africa was between the fourth 
millennium bc and the 15th century, with short, 
localized bursts in the 18th and 19th centuries 
in Canada, USA, Australia and New Zealand. 
Since that time most urban development has 
been related to the expansion of  existing cit-
ies or reconstruction following destruction. A 
comprehensive account of  the GCM that have, 
or are likely to have, occurred in the past 6000 
years cannot be contained in this chapter; con-
sequently, the ‘movements’ are considered in a 
series of  ‘stepping stones’ of  some of  the more 
important stages.

It took more than 50,000 years from the 
emergence of  hominids out of  Africa into the 
Middle East before enterprising Homo sapiens per-
ceived the benefits of  establishing permanent set-
tlements, initially in Mesopotamia. Other cities 
began to be built and expanded as people gravi-
tated to them, while others colonized Europe, 
north Africa, Asia and the rest of  the world. That 
the Sumerians were building ‘great’ cities in the 
mid- centuries of  the fourth millennium bc sug-
gests that urban development started much ear-
lier, maybe in the fifth millennium bc. Prosperous 
urban civilizations are reported from Egypt about 
3100 bc and from the Punjab probably towards 
the end of  the fourth millennium bc. The first 
known designed landscapes and evidence of  hor-
ticulture occurred in the fourth millennium bc, 
presumably contemporaneously with the build-
ing of  the cities. Uruk (built in Mesopotamia in 
the third millennium bc) is described as compris-
ing one third city, one third garden and one third 
fields. Although Babylon was also established in 
the third millennium bc, the Hanging Garden 
(maybe the first roof  garden), which cascaded 
from a building approx. 23 m high, was not cre-
ated until the middle of  the first millennium bc. 
The Phoenicians founded many coastal cities in 
the second millennium bc, Cadiz created in the 
early part of  the first millennium bc.

The next stage is the zenith of  classical 
Greek urban development (which was extensive 

in time and space) starting c.900 bc and lasting 
to c.600 bc, about 4000 years after the con-
struction of  the first known city. Athens had 
become a significant city during the 8th cen-
tury bc. During the 4th century, Hippodamus 
(498–408 bc), a polymath in today’s terms and 
the pioneer of  urban planning in Europe, rede-
signed the reconstruction of  Miletus and Athens 
(among other cities) following their destruction 
by the Persians, in 494 bc and 480 bc. Many 
later philosophers and political scientists includ-
ing Plato (428–348 bc) (The Dialogues (including 
The Republic)) and Aristotle (384–322 bc) (The 
Politics) wrote about cities, mainly in respect of  
their political and social structures and the val-
ues of  people rather than the landscape and nat-
ural history. However, it is fair to state that the 
presence of  plants and animals and the quality 
of  the environment in cities is entirely depend-
ent on political and social structures and values.

Most, if  not all, the Greek philosophers and 
polymaths were born, lived and died in cities, 
which suggests that they are likely to have been 
knowledgeable about, interested in and appreci-
ated plants and animals. This assumption is sup-
ported by four example. First, Aristotle and his 
friend Theophrastus (371–287 bc) made exten-
sive studies of  natural history – Aristotle in rela-
tion to zoology and Theophrastus in relation to 
botany (Historia Plantarum). Second, it is known 
that during these times gardens were being cre-
ated for aesthetic purposes and the production 
of  fruit, medicinal herbs and spices and to attract 
bees. Third, John Raven (1914 - 1980), a former 
classics scholar in the University of  Cambridge 
and an excellent botanist, found 800 plant spe-
cies being referred to in Greek literature. It is 
assumed that some form of  the bGCM had been 
established and was growing. Fourth, the exten-
sive use of  images of  plants and animals in deco-
rations, for example ceramics.

Starting during the middle of  the first mil-
lennium bc (or thereabouts) the planning and 
development of  cities moved imperceptibly from 
the Greeks to the Romans (the Greek- Roman 
Transition). Rome was created in 753 bc and was 
followed by the creation of  many more cities as 
the Romans colonized and occupied a large part 
of  Europe and elsewhere. It is likely that most, if  
not all, the cities and even villas in rural areas 
were associated with the creation of  gardens, 
the planting of  trees and general landscaping.
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During the second century bc, Marcus 
Porcius Cato the Elder (234–149 bc) was writ-
ing about agriculture and related matters; 
at the turn of  the century Marcus Terentius 
Varro (116–28 bc), writing his Treatise Rerum 
Rusticarum (37 bc) on similar subjects as well as 
architecture. In the first century bc Virgil (Vergil) 
(70–19 bc) published The Georgics, a poetic ac-
count of  agricultural management. Agriculture 
is a branch of  natural history and in those days 
was not distinguished from it. The large number 
of  plant and animal species listed in both books, 
and the references to gardens, indicate a con-
siderable awareness and knowledge of  them, 
suggesting that they were not confined to ru-
ral areas and that many (maybe all) were likely 
to occur in cities. In his book The Ten Books of  
Architecture, which was also written during the 
first century bc, the Roman architect Vitruvius 
set out 12 criteria for identifying a site for the de-
velopment of  a city.

It appears that the book was timely because 
during the first century ad and subsequently, ex-
tensive areas of  Rome were frequently destroyed 
by fire. One (or more) of  the fires is reported to 
have been attributable to Nero; in ad 64, a fire 
destroyed or seriously damaged ten of  the 14 
districts of  the city. Whether started deliber-
ately or otherwise, it was beneficial in remov-
ing poor- quality housing, disease and providing 
opportunities for a comprehensive programme 
of  rebuilding, as with many cities before and 
after. In the same century, Pliny the Elder (ad 
23–79) produced his 37 volume magnum opus, 
Historia Naturalis. Books III–VI consider cities; 
Books VIII–XI are concerned with animals (in-
cluding reptiles, birds and insects) while Books 
XII–XXV are concerned with plants (including 
trees, crops and garden plants), animals (includ-
ing vertebrates and invertebrates) and gardens. 
The reconstruction of  the extensive gardens as-
sociated with the villa of  his nephew Pliny the 
Younger (ad 61–113) indicates the use of  a large 
number of  plant species and the animal species 
attracted by them. It is reasonable to assume 
that similar situations existed in cities.

By the third century ad, Rome had expand-
ed to include green spaces while wealthy citizens 
established gardens and many parks used plants 
collected throughout Europe. The literature re-
ports the occurrence of  many animal species, 
presumably attracted by the trees, shrubs and 

herbs, or brought with them. Rome suffered a 
serious decline in its population from a peak of  
1.5 million to 50,000 by the mid- fifth century 
ad. The 80% (or thereabouts) reduction would 
have resulted in opportunities to increase the 
amount of  green space. Was it exploited by the 
a/bGCM of  the day? We will never know.

Similar catastrophic events were to occur 
in London, Copenhagen and many other cities 
throughout the world during the ensuing cen-
turies, resulting in similar opportunities for re-
development and environmental improvements, 
although the populations at the time would not 
have seen it that way. These are examples of  the 
sequence of  creation–destruction–creation that 
has occurred since time immemorial and is re-
peated in the arts, religion (Christmas and Easter 
of  Christianity), astrophysics (see the writings of  
Fred Hoyle) and the fundamental principle of  
biology – sex (creation) and death (destruction) 
which the Irish poet W.B. Yeats said are the only 
matters that should concern artists.

Following the demise of  the Roman Empire 
there was a cessation of  urban development 
followed by a massive renaissance during the 
Middle Ages. In the late 13th century, the British 
King Edward I ordered 24 towns to elect men 
who knew how best to design new towns. It as-
sumed that the developments were associated 
with some form of  landscaping while religious 
houses established physic gardens. The hunt-
ing grounds and palaces with extensive gardens 
established by the aristocracy (and to a more 
modest standard, by merchants) during the 
13th–16th centuries, relatively close to cities, 
were eventually incorporated into them. The 
pattern continued throughout the Renaissance 
and Baroque periods when the affluent created 
elaborate gardens containing many different 
habitats, plants and probably by default, ani-
mals. It is likely that the aristocracy and mer-
chants were stimulated by the visual aspects of  
their estates and motivated by ‘one- upmanship’.

In his book Utopia, published in 1516, the 
lawyer Thomas More described ‘Utopia’ as a 
large island comprising 54 towns all of  the same 
size and design and a minimum distance of  24 
miles (39 km) apart, set in agricultural land. 
The ‘urban green issues’ per se being confined 
to the provision of  large gardens with lawns 
and the growing of  fruit trees and flowers. More 
describes the inhabitants of  his Utopia as keen 
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gardeners who enjoy the fertility and beauty of  
their gardens and hold competitions of  the best- 
kept gardens. As with the Greeks and Romans, 
he was primarily concerned with social issues 
– behaviour, politics, health, food production, 
commerce and recreation.

The beginning of  the 16th century saw the 
colonization of  South America and elsewhere by 
Europeans, a practice that Europeans inflicted 
on many countries during the ensuing centuries 
in pursuit of  resources without any humanity, 
ethics, morality or consideration for the quality 
of  the environment of  the cities they destroyed. 
At the beginning of  the 18th century Peter the 
Great founded St Petersburg by draining an ex-
tensive area of  marshland adjacent to the Gulf  
of  Finland creating canals, boulevards, parks 
and other ‘natural’ features as well as superb ar-
chitecture. Was he an environmental vandal or 
a visionary?

In the mid- 19th century, Napoleon III ap-
proved the demolition of  a large part of  Paris, 
mainly to facilitate the movement of  troops; 
it provided his architect Georges- Eugene 
Hausmann with an opportunity to create boule-
vards, parks and gardens. As with previous em-
perors, monarchs and other dictators, could and 
should, they have claimed to be protagonists of  
the bGCM? It is interesting to speculate on the 
reactions of  a biotic green lobby (had one exist-
ed) to these and previous events and what would 
have resulted if  a formal environmental impact 
assessment had been carried out?

The late 19th and early 20th centuries 
were bridged by large ‘clusters’ of  pioneers and 
innovators in town planning and architecture 
(including the landscape) – a golden age to equal 
ancient Greece. They include Frederick Olmsted 
(1822–1903), William Morris (1834–1896), 
who founded the Arts and Crafts Movement in 
England in the 1880s, Gertrude Jekyll (1843–
1932), Ebenezer Howard (1850–1928), Patrick 
Geddes (1854–1932), Frank Lloyd Wright 
(1867–1959), Edward Lutyens (1869–1944), 
Mies van der Rohe (1886–1969) and Le 
Corbusier (1887–1965).

Although most had no formal training in 
town planning, architecture or the biological 
sciences, they were major influences in urban 
development worldwide. Two British exam-
ples illustrate the point. First, Geddes was a 
botanist and zoologist (with strong views about 

specialization) before becoming a sociologist 
and concerned with the poverty, disease, pollu-
tion and human behaviour he first experienced 
in Edinburgh and which he took practical steps 
to improve before planning new urban develop-
ments in Scotland, India and what is now Israel.

Second, Howard was at various times 
a farmer, journalist and clerk, who became 
concerned with the poor living and working 
conditions and the need for radical social re-
form. Howard’s approach was firmly based on 
a capitalist system including commercial and 
economic considerations. The second edition 
of  his seminal work was published in 1902 as 
Garden Cities of  Tomorrow. Howard’s ideas were 
manifested by the creation of  two garden cities, 
Letchworth and Welwyn (both in Hertfordshire, 
England) in 1903 and 1920, respectively. Two 
other extremely important issues occupied 
Howard’s thoughts: first, the continued move-
ment of  people into cities, which he tried to stop 
and reverse; and second, that garden cities could 
not be built via the democratic process; in other 
words, ‘If  you want something done, democra-
cy is not the way to achieve it’ (a/bGCM please 
note). Regrettably, a dispassionate and thorough 
assessment of  whether Letchworth and Welwyn 
and all the British new towns that were to follow 
have achieved and maintained the aspirations 
set out for them has not been carried out, except 
for the ecology of  Milton Keynes, which the au-
thor monitored over ten years.

Olmsted was the major influence on urban 
landscape design in the USA in the late 19th 
century responsible for designing many impor-
tant projects, especially in relation to parks. For 
example, he was instrumental in the creation of  
Central Park in New York, connecting isolated 
parks with green space and shared with Geddes 
a dislike of  the grid system on which cities had 
been built for millennia. However, Olmsted pro-
posed to develop a substantial area of  marsh in 
Boston into a park. It is interesting to speculate 
what the bGCM would have thought of  that 
compared with their current worship of  him.

The turn of  the 19th century also saw the 
emergence of  two political movements, which 
considered the solutions to the health, poverty, 
working and living conditions in cities in politi-
cal/revolutionary terms, although they differed 
in the approach and the means. Friedrich Engels 
and Karl Marx followed one course while the 
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Third Reich followed another – both missed their 
way and developed into two opposing extremes 
of  political theories.

In 1888 the Lever brothers started to build 
Port Sunlight (England), a model village (the 
design was influenced by William Morris) to ac-
commodate the workers from their soap factory. 
Five years later the Cadbury family started to 
build Bournville, a model village on the outskirts 
of  Birmingham, England, to alleviate the ‘evils’ 
of  the conditions in which their workers were 
living. Another major contributor to the his-
tory and understanding of  the planning of  cities 
from the earliest times to the mid- 20th century 
was Lewis Mumford (1895–1990) who started 
his career as a sociologist before abandoning it 
to become a historian and journalist. He was 
greatly influenced by Geddes and like him, was 
neither a planner nor an architect, although he 
wrote two standard works on urban develop-
ment, The Culture of  Cities (1938) and The City in 
History (1961); both give little consideration to 
biotic green issues.

The wars of  1914–18 and 1939–45 result-
ed in the destruction of  many cities, mainly in 
Europe, including Dresden and parts of  London. 
As in previous millennia, these events provided 
considerable opportunities to redesign the whole 
or parts of  the cities that were affected. Where 
were the bGCM? The approach to the restora-
tion of  the destroyed areas varied within and be-
tween countries. For example, following 1945, 
three types of  redevelopment were adopted in 
Germany: (i) reconstruction based on the old 
city plans; (ii) the construction of  a new modern 
city with wide streets and large housing areas; 
and (iii) in the German Democratic Republic 
(Eastern Germany) many of  the cities did not 
have the money for a complete reconstruction; 
consequently, the damaged buildings were de-
molished and the land converted to green space 
rather than housing, with high- rise flats being 
built around the fringes.

In order to replace the loss of  housing em-
ployment, areas destroyed by warfare slum areas 
in the major cities and to provide for population 
growth, the British government, influenced by 
Howard’s Garden City Model, established what 
became known as the New Towns Movement, 
which resulted in the creation of  32 new 
towns throughout Britain between 1946 and 
1967, although all but the last are based on 

the expansion of  existing urban developments. 
The government accepted Howard’s thesis that 
new towns could not be built via the normal 
democratic processes and therefore established 
development corporations with draconian pow-
ers to ‘get on with and complete the job within 
20 years’. It reinforces the view that projects 
can only be achieved by ‘dictators’ of  one form 
or another. The major feature of  the planning 
and design of  the new towns was the creation of  
a high- quality environment, essential housing 
and employment areas set in extensive landscap-
ing, including the planting of  a large number 
of  trees complemented by parks and incidental 
green space. The master plans were prepared by 
planning consultants and to a lesser extent, en-
gineers, without any signs of  the a/bGCM, save 
for foresters and landscape architects.

In 1951, the German government estab-
lished the Garden Festival Movement, ostensibly 
to finance the restoration of  derelict industrial 
land to provide parks and incidental green spac-
es. It turned out to be a means of  servicing and 
improving unused (i.e. derelict/waste) land for 
industrial development. The model was adopted 
by other countries (mainly The Netherlands and 
Britain) before disappearing without trace and 
relatively little sign of  a green legacy. Andrew 
Theoka’s book Grounds for Review – the Garden 
Festival in Urban Planning and Design, provides 
an excellent assessment of  the now defunct 
movement.

It is instructive (in terms of  the a/bGCM) to 
provide a brief  consideration of  the planning, 
design and construction of  two capital cities that 
were built during the late 20th century, namely 
Brasilia (built between 1956 and 1960) and 
Abuja (designed, including McHarg’s Practice, 
in the 1970s and mainly constructed in the 
1980s). In both cases the environmental con-
siderations appear to relate mainly to culture, 
buildings, cars and recreation, with tree belts 
being used to screen the apartment blocks from 
each other.

Eugene Odum’s classic work The 
Fundamentals of  Ecology, published in 1959, 
contains a chapter on human ecology, which 
he claims brings together ecology, sociology and 
anthropology and contains references to ecolog-
ical studies of  cities in the 1920s, 30s and 50s. 
He includes a quote from a review of  the ecol-
ogy of  American cities made by Calvin Schmid 

 EBSCOhost - printed on 2/13/2023 11:25 AM via . All use subject to https://www.ebsco.com/terms-of-use



166 J.G. Kelcey

in 1950: ‘The ecological structure of  the large 
American city conforms to a consistent and 
regular pattern in which the socio- economic 
status of  the population is a dominant feature.’ 
Odum then goes on to comment that ecological 
principles have important applications in city 
planning, a plea that has been largely ignored 
by ecologists, planners and the other professions 
involved.

Even by the mid- 20th century environmen-
tal concerns in cities were still largely confined 
to areas associated with poverty, working and 
living conditions, health and pollution. By the 
mid- 1960s, some scientists, landscape archi-
tects and ordinary people were becoming more 
aware of  and concerned about specific environ-
mental issues, such as air pollution and wildlife 
conservation, giving rise to what are now called 
‘single- issue focus groups’. Politicians (and their 
officials), planners and sociologists (among 
many others) were aghast, unable to cope with 
the issues but more importantly, the solutions. 
Consequently, such people were labelled as radi-
cal socialist extremists and cranks bent on un-
settling the status quo who had to be stopped at 
all costs.

The cause was and remains a fundamen-
tal conflict between people with different values 
and aspirations. The following three approaches 
illustrate the point, which is mainly related to 
cognitive psychology:

1. The bGCM prefer urban green spaces to be 
mainly ‘wildernesses’ dominated by long 
grass, scrub and dense tree planting, which 
attract many species of  birds, mammals and 
invertebrates.

2. The police, politicians and many other peo-
ple prefer short, mown grass because it is 
neat and tidy, does not attract litter and does 
not give an impression of  neglect, is ‘pest’-
free, provides good sightlines, is not a safety 
and security hazard and is easier and cheap-
er to maintain.

3. The preference of  most people lies between 
the two extremes; they like parks and park-
land with individual trees or groups of  trees 
and shrubs that have attractive shapes, flow-
ers, foliage and fruits set in short, mown 
grass (lawns). The taxa, which are mainly 
non- native (at least in most of  Europe), are 
strongly disliked by the bGCM who assert 

that they support significantly fewer ani-
mals when compared with the larger num-
ber associated with native species, which are 
generally much less visually attractive. The 
theory has yet to be tested by rigorous scien-
tific studies.

Unfortunately, instead of  forming a united 
band, the bGCM became highly fragmented, dis-
sipating their energies, resources and influence 
and therefore their effectiveness. They became 
infected by the specialization that had infected 
their predecessors; sub- tribes were spawned 
giving birth to sub- sub- tribes and sub- sub- sub- 
tribes and sadly, to eco- terrorists, such that the 
police have had to deploy undercover officers 
to investigate their activities. The epidemic of  
specialization has had and is having, a serious 
detrimental effect on achieving a high- quality 
environment in cities.

The 1960s saw the emergence of  three 
‘modern’ pioneers of  different aspects of  the 
bGCM – the academic scientists Herbert Sukopp 
and Maciej Luniak in Germany and Poland, 
respectively and the academic and practising 
landscape architect Ian McHarg in the USA. 
The researches of  Sukopp, Luniak and their col-
leagues have been instrumental in encouraging 
the study of  urban ecosystems throughout the 
world. The comprehensive surveys of  the plants 
and animals of  Warsaw, carried out in the 
1980s the later surveys of  Skaryszewski Park 
(50 ha) that were carried out by 40 scientists in 
2014–15 and the surveys of  Pole Mokotowski 
Park (60 ha) by about 30 scientists in 2016, are 
particularly impressive.

McHarg’s seminal work Design with Nature 
has had a major international influence on 
landscape design and has spawned similar 
publications in other countries, including Ian 
Laurie’s Nature in Cities, published in 1979. 
McHarg had a much easier task than Sukopp 
and Luniak; understanding the structure and 
function of  the urban ecosystem is much more 
difficult, complex, geographically restrictive 
and time- consuming than landscape design, 
which has no geographical constraints and 
only requires an office, a drawing board and a 
flair for design. In addition, politicians, the pro-
fessions and people can comprehend the visual 
landscape while failing to understand its struc-
ture and function.

 EBSCOhost - printed on 2/13/2023 11:25 AM via . All use subject to https://www.ebsco.com/terms-of-use



167The Green Cities Movement: Progress and Future Challenges

Another major contributor to the a/bGMC 
was the Australian academic and polymath 
George Seddon, who at various times held pro-
fessorships in English, Geology, Environmental 
Science and History and Philosophy of  
Science, eventually becoming the Director 
of  Environmental Studies and the Dean of  
Architecture and Planning in the University of  
Melbourne. As so many of  his predecessors in 
the urban development business, he did not have 
any formal training in biology, planning or ar-
chitecture. He and his colleagues prepared many 
reports for the planning and design of  cities, in-
cluding an open- space system for Canberra in 
1977 and the Middle- Ring Suburb in Melbourne 
in 1979.

Green events were also moving in China. In 
the 1970s, several new towns were built in the 
New Territories in Hong Kong during the time it 
was leased to Britain. This was followed by the 
creation of  310 National Garden Cities through-
out China between 1992 and 2016. Although 
many landscape architects were employed in the 
New Territories, it is not known (to this author) 
whether they or any of  the 310 Garden Cities 
were influenced by the a/bGCM and/or em-
ployed ecologists. It is also instructive to examine 
the environmental consequences of  three major 
events that produced markedly different results 
and which none of  the a/bGCM appear to have 
played a part.

An earthquake that affected București in 
1977 provided Nicolae Ceaușescu, the then 
president of  Romania, with an excuse to de-
molish part of  the centre of  the city in order 
to build a monumental ‘palace’ set in extensive 
parkland. The demolition of  7 km² of  houses, 
shops, factories and other buildings and the 
displacement of  about 40,000 people started in 
1982, construction in 1984 with practical com-
pletion in 1997. There are 100 ha of  parkland 
within 1 km radius of  what is now known as the 
Palace of  Parliament. The creation of  an enor-
mous building set in such a large area of  green 
space in the heart of  a major city could only be 
achieved by a megalomaniac dictator, as indeed 
has been the case in the past. It is an objective 
that the bGCM could not have hoped to achieve 
and probably dared not even suggest. It raises 
the questions of  whether Ceaușescu should be 
considered to be a major contributor to it and 
whether the present a/bGCM would applaud his 

achievement; in environmental terms, which is 
preferable, pre-1982 or post-1997?

As a consequence of  general political upris-
ings in central and eastern Europe, the Berlin 
Wall, which included a strip of  land up to 100 m 
wide, was demolished. During the 30 years of  
its existence, the green space between the walls 
had become of  considerable interest for wildlife, 
arguably the best protected nature reserve in 
the world. The demolition provided exciting op-
portunities for the retention of  areas of  wildlife 
importance and opportunities for the creation 
of  parks and incidental green space. Regrettably, 
the opportunities were not exploited, the land 
being used for dense commercial, high- rise de-
velopments, which involved, among others, 
the British architect Richard Rogers, whose 
thoughts on urban development are discussed 
later in this chapter. Where were the a/bGCM? In 
contrast to what happened in Potsdamer Platz, 
there was a popular uprising when it was pro-
posed to develop 18 ha of  railway land no longer 
being used; the objections were so great that the 
proposal was dropped and the area designated a 
nature reserve (Natur- Park Sugelande).

The contribution that the various interna-
tional agencies have made to the a/bGCM and 
their influence (if  any) on the quality of  the 
urban environment are subjects that need to be 
examined, although only briefly in this chapter. 
There are far too many of  them to consider indi-
vidually; consequently, three have been chosen 
for illustrative purposes.

1. In the early 1990s, the UN Development 
Programme and the UN Centre for Human 
Settlements (Habitat) established a project 
to examine the environmental degradation 
in the metropolitan areas in three countries 
including Brazil. The latter project included 
a study of  Rio de Janeiro by the World Bank, 
which was published in 1993.

2. The IUCN established a Specialist Group on 
Cities and Protected Areas in 2005 with the 
aim of  increasing and managing protected 
areas in cities and encouraging communica-
tions with institutions such as museums and 
zoos.

3. The Convention on Biological Diversity, 
which was established in 1992, was to ex-
amine the quality of  the urban ecosystem. 
In 2007, the Executive Secretary of  the 
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Convention on Biological Diversity stated 
that the battle for life on earth will be won or 
lost in the urban area.

The effectiveness of  these organizations 
can be tested by one question: ‘Have they made 
a significant practical contribution to the quality 
of  the environment of  cities? Put another way, 
have the environment and people of  cities ben-
efitted substantially from their existence? The 
answer to the question is no; this author awaits 
Utopia or Armageddon with interest.

During the latter part of  the 20th century, 
wildlife conservation became the dominant en-
vironmental issue in rural and eventually, ur-
ban areas, a quasi- evangelical religious bGCM, 
whose main objectives were the maintenance 
of  the status quo. It was and remains a mat-
ter of  self- interest; the wildlife conservation 
branch of  the bGCM grew exponentially and 
became a ‘godsend’ to people who feared that 
the value of  their houses would fall dramatical-
ly if  the unused land (so- called derelict, waste-
land, brownfield sites) they overlooked was to 
be developed. Suddenly, house- owners become 
obsessively interested in wildlife, giving rise to 
a major conflict (wildlife versus housing for 
the underprivileged). The resolution of  the is-
sues became and still is, an adversarial process 
when it should be a dispassionate examination 
of  what is the most appropriate use of  resourc-
es for the benefit of  the environment and people 
as a whole. Many of  these issues are discussed 
by the political scientist Frank Fisher in his in-
teresting and perceptive book Citizens, Experts 
and the Environment.

Also, in the early 1980s, the bGCM seemed 
to be on the verge of  a breakthrough in rela-
tion to urban development – a glimmer of  hope. 
Shortly after, she was appointed Chief  Planning 
Officer for Liverpool, Audrey Lees established 
an ecological unit. Unfortunately, it did not sur-
vive long and faded away in 1981 when she be-
came the Controller of  Planning in the Greater 
London Council, where she established another 
unit; but that also disappeared when Margaret 
Thatcher (the then British prime minister) abol-
ished the Council. The unit metamorphosed into 
the London Ecology Unit, which became an ur-
ban wildlife conservation pressure group funded 
by most of  the London boroughs to oppose de-
velopment proposals, until it was subsumed into 

the Greater London Authority to provide advice 
on strategic issues.

The histrionic and generally ill- informed 
views and actions of  wildlife conservation pres-
sure groups in a democratic society raises many 
serious issues in relation to what should be an 
objective and dispassionate approach – although 
they appear to be more effective. For instance, is 
it morally right and acceptable for the bGCM to 
use its influence on politicians and planning au-
thorities to impose constraints (generally based 
on inadequate data and analysis) on the use of  
land and other resources that they do not own, 
bearing in mind that they could buy the land? A 
major difficulty is that the scientific inputs are 
not robust. For example, the biodiversity of  a 
unit of  land, whether 1.0 m² or 100 km², is not 
and never will be, known, while rarity cannot 
be quantified. The other major evaluation cri-
teria are sociological and psychological, which 
are highly subjective and cannot be scientifi-
cally tested. In other words, people differ in their 
values and aspirations, which are determined 
by their socio- economic status. People living in 
poor- quality environments are not going to be 
concerned about wildlife but will be very con-
cerned about other environmental factors such 
as noise, litter and pollution.

The bGCM has sought to impose arbitrary 
standards on the minimum amount of  green 
space that should be provided. For example, 
in England, the government has accepted the 
Urban Green Space Standards devised by what 
is now Natural England (its publicly unaccount-
able statutory wildlife advisor), namely:

1. 1.20 ha per 100 people.
2. 1 × 500ha area within 10 km of  every 

dwelling.
3. 1 × 100 ha area within 5 km of  every 

dwelling.
4. 1 × 20 ha area within 2 km of  every dwelling.

Many questions arise as to the scientific 
or other basis of  these criteria because Natural 
England has no remit or expertise in town plan-
ning, cognitive psychology, economics or in-
deed many aspects of  the biological sciences. 
Commonsense vindicates the assertion made 
by Ebenezer Howard at the beginning of  the last 
century that high- quality urban development 
and renewal cannot be achieved democratically 
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in any city throughout the world, especially 
where it involves extensive demolition of  exist-
ing houses and employment areas – and at what 
cost in human and financial terms?

Two important but conflicting questions 
emerge: by objecting to it, is the bGCM respon-
sible for the shortage of  social housing in most 
cities? and, conversely, how detrimental has 
development been to the quality of  the urban 
environment in general or wildlife conservation 
in particular? What price a home for the home-
less versus what price a home for plants and 
animals?

The environmental situation in cities at the 
end of  the 20th century has merged impercep-
tibly into the first decades of  the 21st century, 
with no significant ‘improvements’ in sight. 
Thus, what follows is an assessment of  what 
the a/bGCM should do in order to create high- 
quality environments in existing cities and those 
that may be expanded or built de novo. There is 
no doubt that many readers will have disagreed 
with the prognosis and will continue to do so 
with current prescriptions.

What of the Future?

The a/bGCM need to consider the relationship 
between two fundamental and sometimes con-
flicting issues – science versus the humanities, a 
rerun of  the Snow versus Leavis debate. The au-
thor understands and largely agrees with both 
sides and concludes that neither can provide the 
solutions alone. The challenges will vary within 
and between nations, depending on the politics, 
economics and to a lesser extent, the values of  
the people, even in a democracy. Consequently, 
what follows is in the generality, disjointed and 
presented in no particular order.

Those who wish to pursue the environmen-
tal aspects of  the planning, design, construction 
and management of  cities are faced with many 
choices, including:

1. to continue the status quo, as numerous, 
fragmented pressure groups often are with 
conflicting ideologies and pursuing negative 
objectives;

2. to continue with the pursuit of  small- scale 
projects including the establishment of  small 

nature reserves, urban farms and allotments 
(which usually have educational and/or so-
ciological objectives);

3. to act as specialist advisors in public authori-
ties or commercial organizations and always 
subservient to the professions;

4. to pusue academic research (pure or ap-
plied); or

5. to follow their ambition to climb the profes-
sional ladder, to become a Chief  Planning 
Officer, Director of  Parks or Chief  Executive, 
i.e. the boss.

The critical issue facing the 21st- century a/
bGCM is urban cramming versus rural depopu-
lation, which was first identified in the fourth 
millennium bc and has been increasing ever 
since with no signs of  easing and exacerbated 
by government policies. There are three funda-
mental causes: economics (cities are rich, rural 
areas are poor); cities are more efficient in terms 
of  the use of  resources (although they may be 
totally dependent on rural areas); they are also 
the main home of  culture (museums, art galler-
ies, concert halls, sports stadia, rock concerts, 
cinemas and so on).

An important consequence is the issue 
of  supply and demand; there is a ‘surplus’ of  
relatively cheap agricultural land in rural areas 
while there is a desperate shortage of  land avail-
able in cities, resulting in land values being very 
high. There are at least five options for resolving 
the urban housing/green space issues:

1. Governments should stop movements into 
cities and reverse the trend – by repatriation, 
voluntary or forced.

2. The redevelopment of  all available previ-
ously built- upon land (known as brownfield 
sites), although the development costs may 
be prohibitively expensive and therefore not 
commercially viable because of  the presence 
of  hazardous substances. The issue turns on 
land values.

3. ‘Going up’ – the construction of  extremely 
high- rise apartments, offices etc.

4. Expanding into rural areas by the expansion 
of  existing villages or construction of  new 
developments, or both. Here lies a dilemma; 
in many cases the wildlife value of  sites 
(large and small) in cities is of  much greater 
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importance than that in rural areas, espe-
cially areas dominated by arable land.

5. Take steps to reduce birth rates. The corol-
lary is to increase infant mortality and de-
crease life expectancy significantly. Are the 
bGCM up to advocating such solutions?

The better solutions are a combination of  
options 1, 4 and 5 but they are also likely to be 
the least politically acceptable. The most politi-
cally acceptable solutions are likely to be options 
2, 3 and part of  4. Even these will result in vitri-
olic arguments between various interest groups. 
As alluded to earlier in this chapter, the enthu-
siasm of  the wildlife conservation component 
of  the bGCM (in both the public and private sec-
tors) for continually seeking to persuade politi-
cians to adopt restrictive policies and organizing 
negative opposition to all activities that disturb 
the status quo is not helpful in determining the 
solution, which can only be achieved by ration-
al, dispassionate and objective analysis.

Another major issue and one that the a/
bGCM neglect at their peril (although they have 
managed it so far) is the abolition of  slums (villa 
misserias) and their replacement, in situ, by ur-
ban cramming or de novo development in rural 
areas. Which does the bGCM prefer, assuming 
it does not consider the status quo to be accept-
able? But, there are two opposing views as to 
whether or not the abolition of  slums is entirely 
desirable. First, a genuine concern that their 
replacement will have serious adverse conse-
quences in fragmenting the social structure and 
destroying communities. Second, which is more 
cynical, is that slums are caused by people and 
that at least some people will turn new develop-
ments into slums quite quickly – regrettably, as 
it happens, there are examples in Britain and 
central and eastern Europe and it is reasonable 
to assume in many other countries also. It raises 
the philosophical question of  whether politi-
cians and sociologists should impose their values 
and aspirations on others and fail (if  not refuse) 
to consult the people about what they would like.

Yet another major challenge facing a/
bGCM and one that needs an urgent radical 
solution is ‘specialization’, an issue that con-
cerned Geddes (among others) and which has 
become exponentially worse. For millennia, the 
humanities and sciences were as one but over 
the centuries they became separated. In the 

past, knowledge and interest in the sciences 
were broad- based with few specialists; now the 
pyramid has become inverted so that there are 
too many specialists and too few people with a 
broad knowledge. In writing this chapter, the 
author came across a discipline called ‘palaeo- 
ethnobotany’ – whatever next? Bring back 
natural history – all is forgiven. The problem 
is exacerbated because the top of  the pyramids 
(inverted or otherwise) cannot, or are reluc-
tant to, communicate with and understand the 
bottom. It is not that specialization is wrong in 
principle, only that there is too much of  it. In 
some respects it is a matter of  personal values, 
the wish to know a little about a lot (the au-
thor’s approach) or a lot about a little, which 
has been the approach of  biologists for far too 
long. The latter can be justified in terms of  some 
aspects of  research but not in relation to under-
standing the urban environment and the imple-
mentation of  ‘greening’ where the preference 
is for knowing a little about a lot (the phrase 
should read ‘quite a lot'). The specialist medic 
versus the GP is a reasonable analogy. Despite 
what Odum and others have written about the 
unifying concepts in ecology, in terms of  urban 
development it is too specialized. Imagine the 
response of  those involved in the design and 
construction of  a new city or the environmen-
tal improvement of  an existing one being told 
that they must employ at least one mammolo-
gist, herpetologist, lepidopterist, coleopterist, 
conchologist, ornithologist, algologist, bryolo-
gist, arboriculturist/silviculturalist, fisheries 
biologist, paleo- ethnobotanist, mycologist, 
plant taxonomist and freshwater, woodland and 
grassland ecologists, a soil scientist and prob-
ably at least another ten other disciplines and 
even some of  their many sub- categories. The 
current solution to not knowing is to find out, 
usually within 24 hours, five working days at 
most. Solutions are not handed out on a plate. 
The theme runs through this chapter.

If  the bGCM (biologists as a whole) are to 
establish a high degree of  credibility, be accepted 
by the professions and be effective in achieving 
their objectives, they need to operate from a 
broad base of  academic and practical expertise. 
Politicians and the professions wish to have ad-
vice and practical help from one person, not 20 
or 30 ! On the other hand, the operators of  plant 
and equipment have more respect if  the person 
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directing them knows what plant and equip-
ment can and cannot do.

A radical change is needed to the tertiary 
education system if  it is to produce the expertise 
that is essential if  biologists and other scientists 
are going to have a direct influential and positive 
role in all aspects of  the environment of  cities. 
The following, which is modelled on the educa-
tion of  the medical professions, is only one of  
many possibilities. It involves the establishment 
of  ‘undergraduate’ courses of  six years of  aca-
demic training in a wide range of  disciplines 
selected from the sciences and humanities; for 
example botany, zoology, forestry, horticulture, 
genetics, chemistry, public health, medical 
science, sociology, cognitive psychology, phi-
losophy, visual arts, landscape design, property 
valuation, geography, languages, anthropology 
and various aspects of  architecture, engineer-
ing and law. This would be followed by, say, five 
years of  professional practice (on the job) before 
becoming fully qualified, after which the person 
would be allowed to specialize.

Ecological research of  urban ecosystems (to 
which this and the next paragraph are restricted) 
also need to undergo a massive transformation, 
first by dividing them into pure and applied. The 
need for pure research programmes is beyond 
question – a phrase that was once anathema to 
this author and one he never thought he would 
write. The conversion resulted from a conversa-
tion with a drainage engineer about an urban 
designer with whacky ideas. His response to the 
criticisms was: ‘Such people are needed because 
if  only one of  many projects is realized, his em-
ployment will have been worthwhile’. A similar 
sentiment is expressed by Ramachandran in his 
book The Tell- Tale Brain – the need for scientists 
to speculate.

Notwithstanding the previous paragraph, 
priority should still be given to applied research, 
which also requires a radical shake- up. To put it 
kindly, the current disparate and unco- ordinated 
subjects and studies of  the urban environment 
as reported in journals and books are far from 
helpful. Even the collection and analysis of  the 
thousands of  papers and books on the ecology 
of  cities that have beenpublished are unlikely to 
assist putting the jigsaw of  urban ecosystems to-
gether. It becomes even worse if  the research in 
relation to sociology, engineering, urban design 
etc. are included, which they should be. Sadly, 

ecological researchers think they know what 
the disciplines want when they have little, if  any, 
experience and knowledge of  what is actually 
needed and the time in which it is needed. On 
the other hand, the professions rarely perceive 
what they need and should know; they need to 
be told. It is regrettable that ecologists and other 
disciplines involved in urban development never 
read, let alone are able to understand, papers 
and books written by the different professions, 
when they should do so.

The sad fact is that despite the pioneer-
ing and excellent research by Herbert Sukopp, 
Maciej Luniak and their colleagues and their 
disciples, very little is known about the struc-
ture and function of  the urban ecosystem (past 
and present) of  any city in any country. Without 
such information it is impossible for the bGCM 
to make any significant contribution to urban 
development. The solutions lie in a six- pronged 
approach, which are considered below, in no 
particular order:

1. Comprehensive ten- year research pro-
grammes following the Chinese economic 
plans that were started in the 1950s and the 
Ecopolis Programme in Pushchino (Russia).

2. The renaissance of  the original claim for 
ecology, namely as a unifying concept.

3. Much improved communications and un-
derstanding, as discussed elsewhere in this 
chapter.

4. Production of  (non- PR) reports on the state 
of  the environment of  cities, as is done in 
relation to economics and public health 
among others.

5. The establishment and substantial funding 
of  an Institute for Urban Ecology in every 
country with a remit to be a thinktank, to 
commission and undertake research on 
ALL aspects of  the urban environment, to 
provide a forum for national and interna-
tional communications and to co- ordinate 
research between nations. It is not possible 
to compare within any ecological zone, let 
alone between two or more.

6. Monitoring changes in the structure and 
function of  the urban ecosystem over time. 
We have no idea of  what changes occur over 
any given period – 10, 25, 50, 100 years. 
Without this information it is not possible to 
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manage the wise use of  natural resources ef-
fectively for people as a whole.

While governments are willing to provide 
the long- term funding of  long- term research 
programmes in relation to space exploration, 
theoretical and astro- physics and the origins of  
the universe, with a few small- scale ad hoc excep-
tions they are unwilling to fund much- needed 
research in the structure and function of  urban 
ecosystems.

As discussed earlier, the bGCM and the pro-
fessions involved in urban development have 
not shown much enthusiasm to communicate 
with and understand each other technically or 
in terms of  their respective aspirations – bridges 
need to be built, which can be achieved in many 
ways starting with individuals taking a broader 
approach (inherent or learned). The publishers 
and editors of  some journals and books con-
cerned with the different aspects of  cities should 
include contributions from other disciplines in 
the sciences and humanities. The same princi-
ple applies to conferences, some of  which have 
become incestuous. In short, there should be 
opportunities for the different disciplines to have 
their approaches questioned; challenging the 
status quo is a highly desirable activity.

The final example of  mechanisms to en-
courage inter- disciplinary communications 
is the establishment of  organizations with a 
remit to do just that – another uphill strug-
gle. The Professional Institutions Council for 
Conservation was established in Britain in 1972 
at the behest of  the Duke of  Edinburgh to pro-
vide a forum for the exchange of  views and the 
promotion of  understanding between 16 profes-
sional institutes and 42 quasi- professional or-
ganizations. The silence at its meetings became 
deafening and the antagonism palpable. It lost 
its purpose, became moribund and in the early 
1990s faded away. Nevertheless, such organiza-
tions are urgently needed – yet another formida-
ble task for the a/bGCM.

There are many considerable conflicts 
within the bGCM that need to be resolved. There 
is serious mutual antagonism between wildlife 
conservationists, foresters, horticulturalists and 
landscape architects, among others, all of  whom 
have different approaches. For example, forest-
ers like to increase the diversity of  woodlands 
by planting non- native species while landscape 

architects have a considerable enthusiasm 
for planting non- native trees and shrubs any-
where and everywhere, even on sites of  wildlife 
importance. In his 1981 book The Ecology of  
Urban Habitats, Oliver Gilbert (pre- empting Fred 
Pearce – see later) states that Japanese knot-
weed (Fallopia japonica) along the river banks of  
Sheffield is beneficial in mitigating water ero-
sion, is valuable as a food source for many in-
sect taxa and provides the canopy for woodland 
herbs where there are no trees. On the other 
hand, there is pressure from wildlife conserva-
tionists to remove it because it out- competes or 
suppresses herbaceous vegetation.

Many people who consider themselves part 
of  the bGCM like to feed animals such as feral 
pigeons (Columba livia f. domestica), grey squir-
rels (Sciurus carolinensis) and seagulls (Larus 
spp.) and object in the strongest possible terms 
to being stopped, while others complain about 
the nuisance and public health hazard they rep-
resent. A similar situation applies to the feed-
ing of  ducks with bread and the consequential 
hyper- eutrophication of  water bodies. There are 
vociferous objections from the bGCM about re-
moval of  dead, dying and diseased trees because 
they support fungi, insects and other organisms 
– science becomes persona non grata. Ironically, 
some parts of  the bGCM encourage the feeding 
of  birds in gardens, especially during the winter, 
which distorts the urban bird populations by 
giving a small number of  species a considerable 
competitive advantage.

The internal conflicts continue in the man-
agement of  nature reserves and other areas 
for wildlife. Invertebrate zoologists dislike birds 
because they eat insects while botanists dislike 
insects because they damage plants but there 
are even more philosophical issues that need 
to be resolved. For example, the main objective 
of  wildlife conservation is to maintain the sta-
tus quo and prevent the dynamics of  biologi-
cal processes, presumably on the basis that the 
known is preferable to the unknown – certainty 
versus uncertainty. A lot of  the tenets of  the 
modern wildlife conservation movement are 
scrutinized by the journalist Fred Pearce in his 
excellent, much- needed and thought- provoking 
book, The New Wild – Why Invasive Species Will Be 
Nature’s Salvation. He makes many valid and im-
portant points such as drawing attention to the 
distinction between ecologists and the nature 
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conservation movement and undertaking a crit-
ical assessment of  the dangerous mythologies 
that have been applied as to how nature works 
including native versus non- native species and 
the premise that ‘native’ ecosystems will collapse 
when invaded by foreign species, which he states 
(correctly) has not happened so far and implies 
is unlikely to happen, a view shared by this au-
thor. He concludes that 21st- century conserva-
tion should not be about preserving nature in 
aspic or trying to recreate the past – ‘the natural 
world is not a zoo’, which nature reserves are. 
It comes as no surprise that Pearce has been 
labelled a heretic, which has been applied with 
considerable vigour to this author for much the 
same reasons and for advocating the creation of  
habitats, the translocation of  plants and animals 
that would otherwise perish when a site is devel-
oped and for daring to question the approach, 
motives and activities of  the wildlife conserva-
tion movement.

Epilogue

As a general rule, most, if  not all, of  the con-
cerns and what little is done about them, are re-
lated to capital cities with other cities receiving 
little, if  any, attention. Of  course, many wildlife 
conservationists and city councils will disagree 
with the analyses described in this chapter and 
point to many green projects that have been un-
dertaken in recent years. To an extent the author 
agrees but it is highly specialized and on a very 
small scale – grossly inadequate in relation to 
the scope and magnitude of  the problems that 
need to be resolved.

In his 1995 BBC Reith Lecture ‘Cities for 
a Small Planet’ the internationally renowned 
British architect Richard Rogers considered the 
ecological problems of  cities to be traffic, high-
ways, communications, noise, slum clearance, 
waste disposal, sociological and energy conser-
vation. Biological issues did not get a mention. 
He implies, if  not asserts, that the solutions are 
more or less exclusively the province of  archi-
tects. Rogers identifies six attributes of  the sus-
tainable city without comprehending that cities 
are not sustainable but ‘black holes’ with an 
insatiable appetite for sucking in renewable and 
non- renewable natural resources and spewing 

out various forms of  pollution and waste. The 
failure is confirmed in Attribute 4, in which he 
considers an ecological city to have a circular 
metabolism which gives as much to the environ-
ment as it takes out. In Attribute 6 he states that 
a beautiful city is where art, architecture and 
landscape move the spirit. However, Rogers gives 
no consideration to the green environment of  
cities and the role of  biologists.

Rogers advocates the demolition of  build-
ings that have passed their sell- by date and their 
replacement with developments that are more 
energy- efficient and have other environmental 
benefits. It is a principle that can be extrapolat-
ed to a whole or part of  a city – following Nero 
and Napoleon III, among others. This implies 
that additional land will need to be provided in 
or outside the city to allow this to happen. The 
principle can be extrapolated to the whole of  a 
city, which raises the question of  whether or not 
there is a case for demolishing and rebuilding 
cities on say a 50–100- year cycle – a conun-
drum that should exercise the minds of  the a/
bGCM.

How architects get away with asserting 
that they have exclusive rights to urban devel-
opment is a travesty. The bGCM should be up 
in arms, they are not but why not? Biologists 
have allowed themselves to become seriously 
marginalized; for five millennia town planning 
has been the province inter alia of  philosophers, 
architects, dictators, journalists and administra-
tors with no expertise in the natural sciences. 
Regrettably, there are very few (if  any) ecologists 
employed in those departments of  central and 
local governments concerned with urban devel-
opment and the management of  cities, let alone 
being chief  executives.

Nevertheless, Rogers is right, fundamen-
tally; cities are about sensuality in all its forms. 
However, the priority that is given to each of  the 
senses individually or in combination is a matter 
for individuals and the population corporately 
– the province of  the neurologist and cognitive 
psychologist. It is the brain where the apprecia-
tion of  aesthetics, values and issues of  morality 
and ethics occurs (see Ramachandran’s The Tell- 
Tale Brain). For example, as to whether an area, 
habitat or species is of  such value to society as 
a whole to overwhelm the provision of  housing 
for those living in slums or who are homeless 
and many other accompanying environmental 
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benefits, these are matters that a/bGCM must 
grapple with.

To reiterate a point made earlier in this 
chapter and which cannot be repeated often 
enough, it is an international and national dis-
grace that we know and politicians care more 
about, outer space and the origins of  life than 
we do about the structure and function of  urban 
ecosystems in which 70% (and increasing) of  
the world’s population lives, 50% of  it in slums. 
Governments prefer to pour in billions of  dollars, 
euros, pounds and other currencies for political 
kudos rather than the welfare of  people and the 
quality of  the urban environment. It is, at best, 
irresponsible. Outer space with no people versus 
cities with lots of  people. The a/b GCM are silent. 
Why?

The greatest achievements of  the aGCM 
have emerged from significant public and politi-
cal pressure in relation to the improvements in 
air and water quality, the disposal of  solid waste 
and to a much more limited extent, the suppres-
sion of  excessive noise. In short, the public per-
ceived the problems, got on the bus as it passed 
the door and demanded that the aGCM solve 
them.

Nevertheless, all is not well and there are 
many serious environmental problems to over-
come, including air pollution. It is essential to 
convert combined sewers to separate systems, 
which is a very expensive exercise. However, en-
vironmental improvements may not always be 
beneficial. For example, improving water qual-
ity may reduce the productivity of  an estuary 
resulting in a substantial reduction in the water-
fowl population. The situation in respect of  noise 
is even more interesting; the effect of  noise levels 
is determined on a mathematical scale only. The 
dBs of  a dawn chorus can be significantly higher 
than noise generated by mechanical sources. 
It results in conflicts within and between indi-
viduals; a naturalist may be opposed to, say, a 
particular level of  traffic- generated noise but en-
joy a much higher level produced by birds. The 
reverse also occurs – some people will tolerate 
traffic noise but not that produced by birds or 
livestock.

There is another aspect of  cognitive psy-
chology that the a/bGCM should examine in 
some detail: Why is it that people who live in 
cities in the northern hemisphere are attracted 
to and enthused about large mammals such as 

tigers, whales and elephants but are indifferent 
to and often dislike, some of  the mammals they 
see in their locality? (although this author sus-
pects that the residents of  cities in which polar 
bears, tigers or elephants occur are not particu-
larly fond of  their presence).

It will have become more than apparent 
to the reader that three major issues emerge 
from this chapter. First, that the most influ-
ential people involved in urban development 
are dictators of  one form or another, or ‘pro-
fessionals’ with no formal training in town 
planning or the biological sciences. But does it 
matter, especially if  biologists have opted out? 
Second, despite the huge number of  reports of  
various kinds that are published by interna-
tional organizations, national governments, 
numerous agencies, academics and voluntary 
organizations during many decades, very little 
of  substance has been achieved in the way of  
understanding urban ecosystems and improv-
ing the environment of  cities. Third, many 
(may be most) organizations that governments 
have established with the remit to improve the 
quality of  the urban environment have disap-
peared, having achieved very little of  perma-
nent value. My detractors will consider this 
assessment to be negative and somewhat cyni-
cal but examine what has actually happened, 
qualitatively and quantitatively, in cities and 
the understanding of  them.

As this chapter comes to a close it is impor-
tant to ask whether the bGCM has made a sig-
nificant contribution to achieving, in practical 
terms, a high- quality environment for the ben-
efit of  people as a whole in any existing or new 
city. The answer appears to be no, although it 
has raised public and therefore political aware-
ness but with two diametrically opposed results. 
The bGCM seems incapable of  taking practical 
steps to resolve environmental issues, prefer-
ring to hold demonstrations accompanied by 
ill- informed histrionics, which have tended to 
antagonize people and politicians. On the other 
hand, the cult of  the personality has had signifi-
cant positive effect; for example, at the end of  a 
recent television programme on the oceans, the 
naturalist David Attenborough made a short 
comment on plastic pollution. The problem has 
existed for decades without any action being tak-
en. Attenborough’s comment immediately ignit-
ed a massive international campaign against the 
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use of  plastics and action to clean up the marine 
environment.

This chapter ends with another chal-
lenge, namely the design of  a city. The bGCM 
should follow the examples of  More, Howard 
and many others and plan and design (with an 
estimate of  the total cost, consideration of  the 

implications for construction and a construc-
tion programme) a new city for, say, a million 
people on a theoretical greenfield site and the 
upgrading of  an existing city with a poor- 
quality environment to one with a high- quality 
environment and then submit their utopias for 
public examination.
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Urbanization poses many challenges to plants 
and animals. Many natural or human- induced 
factors, sometimes referred to as ecological 
drivers, directly or indirectly cause significant 
changes in ecosystem processes, and conse-
quently in urban and non- urban ecosystems. 
However, the same drivers can unequivocally 
have very distinct influences in urban and non- 
urban ecosystems. For example, changes in cli-
mate associated with the heat island effect in 
urban environments can modify plant- flowering 
and insect herbivore developmental times, 
which in turn can disrupt pollination and preda-
tor–prey interactions. Similarly, the intensity 
and extent of  variables such as noise, artificial 
light at night, and a variety of  ecological traits 
and forces can, to a significant degree, influence 
what plants are available in urban environments 
and thus to herbivores. The problem is that the 
intensity and mix of  colours emitted by artificial 
light sources do not change with the time of  day, 
severely limiting the ability of  artificial light to 
provide the necessary cues for synchronizing 
ecological events and interactions. Further, they 
can limit the growth and survival of  the plants, 

as well as the nature and extent of  resources use 
by extant herbivore species. Clearly, it would be 
unwieldy, if  not impossible, to discuss the dif-
ferences among all such factors in urban versus 
non- urban habitats. Thus, in this chapter we fo-
cus on what we term light pollution. We define 
the latter as the disruptive effects of  the bright-
ening of  the night sky caused by street lights and 
other human- made sources.

Urbanization has resulted in a worldwide 
increase of  artificial light at night (ALAN, 
Fig. 10.1). It is considered pollution because it al-
ters the natural lighting levels, disturbing living 
organisms, altering the utilization of  resources 
and flow of  information in urban ecosystems, 
which can be significant in that it can reach 
areas that are hundreds of  kilometres from its 
source (Longcore and Rich, 2004; Gaston et al., 
2013; Falchi et  al., 2016). Light pollution has 
been considered one of  the most pervasive forms 
of  environmental alteration (Cinzano et  al., 
2001), which can have effects on terrestrial 
and aquatic ecosystems (Davies et  al., 2014), 
altering behaviour, physiology and survival of  
individuals of  many species, and the species 
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composition in an area. Further, other processes 
may be affected, such as primary productivity 
and the partitioning of  temporal niches, which 
in turn can change population size and affect 
ecological interactions; changes that ultimately 
can cascade throughout the ecosystem, poten-
tially exerting strong selection pressures on or-
ganisms living exposed to ALAN (Gaston et al., 
2013, Gaston et al., 2015; Hopkins et al., 2018).

Within urban and suburban environments 
organisms are locally exposed to artificial light-
scapes which include isolated light sources, lin-
early lit features (i.e., roads illuminated by street 
lights), areas illuminated mainly by skyglow, 
and areas with different spectral compositions 
(Gaston et  al., 2015). Clearly, the nature and 
intensity of  light depends on the type of  light, 
proximity of  the light sources, shadows created 
by buildings, topography and vegetation near 
light sources. Thus, light intensity and its spec-
tral composition is highly heterogeneous within 
short distances (Bennie et al., 2014). The source 
of  ALAN also can be from moving sources such 
as road vehicle headlights (which typically are 
relatively high intensity light sources) (Gaston 
and Holt, 2018). Although some animals can 
move through the lightscape to reduce exposi-
tion (Gaston et  al., 2015), very little is known 
about how these complex lightscapes affect indi-
viduals, the dynamics of  their populations, and 
ecological interactions.

Light pollution has been investigated and 
reviewed mainly with regard to its effects on 
individual organisms of  a variety of  species or 
particular groups, i.e. the susceptibility of  popu-
lations, communities and ecosystems to an il-
luminated environment (Gaston et  al., 2015; 
Schroer and Hölker, 2016), including plants 
(e.g. Bennie et al., 2015; Ffrench- Constant et al., 
2016), invertebrates (e.g. Seymoure, 2018; 
Owens and Lewis, 2018), insects (Desouhant 
et  al., 2019) and bats (e.g. Stone et  al., 2015; 
Rowse et  al., 2016), among others. However, 
until recently, the effects of  ALAN in chang-
ing interactions between species and impact-
ing communities were rarely analysed (Davies 
et al., 2012; Plummer et al., 2016; Sanders and 
Gaston, 2018).

Species interactions have evolved in re-
sponse to natural lighting regimes, so any 
changes in behaviour or physiology as a result 
of  living exposed to ALAN can affect interac-
tions. It has been shown that trophic interac-
tions can be influenced by ALAN; for instance, 
predator–prey interactions are often determined 
by light, as many prey species have evolved to be 
active at night to avoid diurnal predators or have 
particular behaviours at night to reduce risk of  
predation (Riley et  al., 2013). Although some 
studies have failed to find an effect of  light pol-
lution on predator–prey interactions (e.g. Grenis 
et  al., 2015; Firebaugh and Haynes, 2019), 

Fig. 10.1. Map of light pollution’s visual impact on the night sky. (From Falchi et al., 2016)
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many studies have found negative effects. One 
of  the most studied predator–prey interactions 
is the one that involves insectivorous bats and 
their prey. Many of  these studies have focused 
on moths, which, besides being prey, also have 
other important functional roles as pollinators 
and in food webs as herbivores.

Moth behaviour is altered by night light-
ing. For example, moths subjected to ALAN 
spend less time feeding than moths in darkness, 
contributing to moth population declines in 
strongly illuminated areas, and affecting criti-
cal ecosystem functions (van Langevelde et  al., 
2017). Also, ALAN can interfere with anti- bat 
defensive behaviours in moths. Thus, moth con-
sumption by bats is low in unlit conditions, but 
increases six- fold under lit conditions despite a 
decrease in relative moth abundance (Minnaar 
et  al., 2015). The increase in moth consump-
tion is a result of  decreased moth defensive be-
haviour induced by light. LED street lights also 
reduce the anti- predator behaviour in moths, 
thus shifting the balance in favour of  their bat 
predators (Wakefield et al., 2015). Differences in 
prey consumption by bats in lit versus unlit sites 
can be species- specific, given that light affects 
the foraging behaviour of  bat species in differ-
ent ways (Cravens et  al., 2018). Similarly, arti-
ficial light can alter the foraging behaviour of  
fruit- eating bats. A reduction in nocturnal seed- 
dispersal activity can occur in lit areas, resulting 
in a lower likelihood that fruits will be harvested 
when plants are illuminated (Lewanzik and 
Voigt, 2014).

Artificial night light can significantly al-
ter trophic interactions involving visually de-
pendent species. Illuminated webs of  the orb 
weaver spider (Nephila pilipes) had lower rates 
of  moth interception than unlit webs (Yuen and 
Bonebrake, 2017). Thus, one should under-
stand that environmental factors such as urban 
artificial light can complicate simple predictions 
about species interactions. Similarly, the abun-
dance of  certain species of  slugs (Arionidae) in-
creases in illuminated sites, possibly because of  
reduced predation and/or increased food quality 
in the form of  carcasses of  insects initially at-
tracted by the light. As slugs in many parts of  
Europe are important pest species, the increase 
of  slugs under ALAN can have important eco-
nomic consequences (van Grunsven et  al., 
2018).

Even in aquatic systems, ALAN can have 
significant effects on trophic interactions 
(Davies et  al., 2014; Zapata et  al., 2019). For 
example, exposure to ALAN along migratory 
routes may potentially impede the navigation 
that leads to successful migration of  salmonids 
to natal habitats. Such natal habitats are criti-
cal because experiences with natal habitats can 
shape an individual’s habitat preferences (Davis 
and Stamps, 2004). ALAN can also increase 
nocturnal activity of  predominantly diurnal 
predatory fishes, increasing predation pressure 
on nocturnal fish (Becker et al., 2013; Manfrin 
et  al., 2017), and can have negative effects on 
marine keystone predators, potentially modify-
ing entire community structures (Manríquez 
et al., 2019).

Increasing intensity of  ALAN, as compared 
to moonlight, and the broadening of  artificial 
light spectra, provide greater opportunities for 
predatory species to find and recognize their 
prey (Davies et al., 2014). Localized population 
declines, or changes in community composition, 
can occur as prey species experience intensified 
predation pressure. The increased abundance 
of  aquatic prey in areas illuminated by artificial 
light at night can lead to a dietary shift among 
consumers (Manfrin et  al., 2018) and can in-
fluence the behaviour of  animals such that the 
balance of  inter- specific interactions involved 
in community structuring may be affected 
(Underwood et al., 2017). It has also been dem-
onstrated that moderate- to- high levels of  ALAN 
can alter invertebrate community composition 
in aquatic riparian food webs; cause changes 
favouring primarily predators and detritivores; 
and alter the flows of  energy between aquatic 
and terrestrial systems (Sullivan et al., 2019).

Plant–herbivore interactions are also af-
fected by living exposed to ALAN. Street lights 
alter plant toughness and the size of  larvae that 
feed on those leaves (Grenis and Murphy, 2019). 
Similarly, white LED lighting can significantly 
enhance the impact of  grazing gastropods on 
epilithic microphytobenthos (i.e. on unicellular 
eukaryotic algae and cyanobacteria growing on 
the surface of  rocks), so that consumers com-
pensate for the positive effect of  night lighting 
on primary producers (Maggi and Benedetti- 
Cecchi, 2018).

Some vertebrate and invertebrate predators 
in aquatic ecosystems can benefit from artificial 
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lighting. The addition of  ALAN on a bridge re-
sults in increased predation upon migrating 
Pacific salmon (Oncorhnchus spp.) by harbour 
seals (Phoca vitulina) (Yurk and Trites, 2000). 
Similarly, visual foragers increase their forag-
ing effort in illuminated areas, i.e. areas with 
ALAN (Santos et  al., 2010). Exposure to arti-
ficial lights (yellow, orange and red lights) also 
can increase the number of  ghost crabs that 
prey upon loggerhead turtles’ (Caretta caretta L.) 
eggs and hatchlings, and the yellow light in par-
ticular produced a significant change in aggres-
sive and prey- searching behaviours, suggesting 
that predation risk on loggerhead turtle nests by 
crabs may be greater under this light (Silva et al. 
(2017). Besides, exposure to artificial light de-
creased nesting attempts of  loggerhead sea tur-
tles by at least 20%, and disoriented the turtles. 
Living exposed to ALAN also increases the time 
that turtles spend on the nesting process, and 
light significantly disrupted behaviour. Other 
studies have also demonstrated that different 
types of  lights affect predator–prey interactions 
in different ways (e.g. Tałanda et al., 2018).

Urbanization can affect host–parasite inter-
actions (Bradley and Altizer, 2007). For exam-
ple, both parasite prevalence and intensity can 
increase in urban compared to rural individuals 
(Jiménez- Peñuela et  al., 2019; Majewska et  al., 
2019; Thawley et  al., 2019), and may influ-
ence which host species are able to exploit ur-
ban habitats (Delgado- V. and French, 2012). 
However, the mechanisms responsible for differ-
ences in parasite loads between urban and rural 
hosts are not clear. Although a growing body of  
evidence links the presence of  urban pollutants 
such as ALAN with physiological effects like de-
pressed immune systems and increased risk of  
diseases (Navara and Nelson, 2007; Bedrosian 
et al., 2011; Durrant et al., 2020), no study has 
determined if  ALAN influences the relationship 
between parasites and hosts along sites with dif-
ferent degrees of  urbanization.

The impacts of  artificial lighting can cas-
cade through food webs. Both, top- down and 
bottom- up effects of  ALAN have been investi-
gated. For example, although no evidence for 
top- down control of  a pea aphid in a grassland 
community was observed, evidence was pro-
vided for bottom- up effects mediated through 
the impact of  light on the leguminous food 
plant (Bennie et al., 2015). Both effects of  living 

communities, exposed to ALAN, were found in 
a plant–aphid–parasitoid system. Light reduced 
the abundance of  aphids as a consequence of  
reductions in bean plant biomass. In addition, 
parasitoids were negatively affected by the light 
treatment as a result of  reduced host numbers 
and possible behavioural changes among plants, 
aphids and parasitoids (Sanders et  al., 2015). 
Predatory behaviour of  fish increased under 
ALAN and as a consequence the sessile inverte-
brate assemblage structure was changed (Bolton 
et al., 2017). Additionally, the intensity of  light 
can have differential effects on organisms. For 
example, artificial light can increase the effi-
ciency of  parasitioid wasps attacking aphids, 
resulting in twice the parasitism rate of  aphids 
under low light levels compared to that of  unlit 
controls (Sanders et al., 2018). Nevertheless, at 
higher light levels, parasitoid wasps spent more 
time away from the aphid host plants, thus di-
minishing this increased efficiency and result-
ing in increased aphid numbers under increased 
light intensities.

In general, artificial light at night is a 
threat to pollination because it disrupts noctur-
nal pollination networks and thus has negative 
consequences for plant reproductive success 
(MacGregor et  al., 2015; Knop et  al., 2017). 
Some have suggested that moths are very ef-
ficient pollinators and they can be severely 
affected by ALAN, impacting pollination inter-
actions between moths and plants and result-
ing in significant reductions in pollen transport 
(MacGregor et al., 2017). Indeed, in artificially 
illuminated plant- pollinator communities, noc-
turnal visits to plants can be reduced by 62% 
compared to unilluminated areas, resulting in 
an overall 13% reduction in fruit set of  focal 
plants (Knop et  al., 2017). Further complicat-
ing the task of  predicting the impact of  ALAN 
on plant- pollinator communities is the fact that 
lamp type, lighting regime and distance from 
the light source all significantly affect different 
aspects of  pollination biology (Macgregor et al., 
2019).

Unfortunately, most studies consider ur-
banization stressors singularly, e.g. they examine 
the effects of  light independently of  other factors 
like noise or heat pollution, even though these 
are frequently correlated (Votsi et  al., 2017) 
and multiple factors may be having an impact. 
However, the effects of  single stressors can differ 

 EBSCOhost - printed on 2/13/2023 11:25 AM via . All use subject to https://www.ebsco.com/terms-of-use



180 I. Zuria, I. Castellanos and P. Barbosa

dramatically from the effects of  a combination 
of  urban stressors. For example, light and noise 
pollution can interact to disrupt host–parasite 
interactions between a frog (Engystomops pustu-
losus) and frog- biting midges (Corethrella spp.) in 
ways that differ if  only light or only noise were 
being considered. Indeed, both light and noise 
pollution disrupt this host–parasite interac-
tion and highlight the importance of  consider-
ing interactions among species and each type 
of  pollutant or urbanization stressor in order 
to accurately assess the impacts of  urbaniza-
tion on ecological communities due to each 
stressor. Thus, one could investigate and con-
clude that frog abundance was not significantly 
correlated with urbanization. However, if  one 
considers multiple urban stressors, one would 
conclude that midges were sensitive to light and 
noise pollution, and that increased light inten-
sity significantly reduced midge abundance at 
low noise levels, while at high noise intensity 
there were no midges, regardless of  light level. 
Similarly, the combined effects of  night warm-
ing and light pollution on predator–prey inter-
actions can differ from the effects of  singular 
factors (Miller et  al., 2017). Neither night- time 
warming nor light pollution changed the sup-
pression of  aphids by ladybeetles that forage in 
darkness. But for more- visual predators, warm-
ing and light had non- additive effects in which, 
together, they caused much lower aphid abun-
dances. In addition, one stressor may reduce the 
negative effect of  another stressor. For example, 
ALAN can reduce the toxicity of  heavy met-
als on the plant litter decomposition process in 
aquatic ecosystems because light exposure in-
creases litter biodegradability (Pu et al., 2019). 
More research is needed that seeks to consider 

interactions among species and different type of  
pollutants acting on interacting species in order 
to accurately assess the impacts of  urbanization 
on ecological communities.

Some management options have been pro-
posed to reduce the ecological consequences of  
ALAN (Bradley and Altizer, 2007; Gaston et al., 
2012) and designed to prevent areas from being 
artificially lit, to limit the duration of  lighting, 
to reduce the trespass of  lighting into areas that 
are not intended to be lit, and to change the in-
tensity and the spectral composition of  lighting. 
However, the principal problem is how to maxi-
mize the benefits of  artificial night- time lighting 
while limiting the ecological costs (Gaston et al., 
2015).

Recently, the rapid global increase in ar-
tificial light at night has been proposed to be 
a new threat to global biodiversity and ecosys-
tem services. Light pollution has been investi-
gated and reviewed mainly with regard to its 
effects on individual organisms of  a variety of  
species or particular groups. In this chapter 
we focused on the effects of  ALAN in chang-
ing interactions between species and its impact 
on communities and we identified some gaps in 
our knowledge. For example, there is a need for 
experiments where ALAN alone is experimen-
tally manipulated while all other environmen-
tal stressors remain constant. Also, studies in 
ecosystems other than temperate are needed 
and there is also a need for studies with a wider 
breadth of  taxonomic groups in response to 
ALAN in natural habitats. Finally, it is prom-
ising that our understanding of  the effects of  
ALAN will increase promptly as attested by the 
rapidly increasing rate of  published works on 
the subject.
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Abstract

Citizen science has been broadly defined as the 
inclusion of  non- scientific expert members of  the 
public in the authentic practices and processes 
of  scientific inquiry. In the coming decades, 
as cities and urbans areas around the world 
expand, they will continue to face mounting 
environmental pressure and degradation. For 
researchers to collect data effectively in urban 
landscapes, inclusion of  the local community 
is paramount. Urban landscapes in the USA, 
however, are not places popular for public 
participation in environmental research. Here 
we explore the creation of  a citizen science 
project, the Baltimore Mosquito Study, within 
an urban community that is comprised of  
individuals who have been under- represented 
in citizen science (i.e. predominately African- 
Americans, many of  whom are struggling 
economically). While we suggest greater 
research be emphasized exploring the mutual 
benefits between citizen science, science and the 
community, we also have learned from our case 
study a number of  practices which we felt were 
essential to project development and success. 
First, when developing outreach materials, we 
found it was important to frame these materials 
to particular individuals with high efficacy 
and a strong connection to their community. 
The second practice was developing other 
programmatic strategies that leverage stewards’ 

environmental knowledge and civic awareness, 
and might take the form of  mobilizing stewards 
as communication leaders. Finally, it is 
important to be clear what data are necessary 
to address the questions posed. It is critical for 
all parties involved to understand the rationale 
and limitations of  the data collection efforts. 
These core practices can help foster greater trust 
between scientists and urban communities who 
have been historically sidelined in academic 
scientific research.

Introduction

Citizen science has been broadly defined as the 
inclusion of  non- scientific expert members of  
the public in the authentic practices and pro-
cesses of  scientific inquiry (Bonney et al., 2009; 
Silvertown, 2009; Jordan et  al., 2011). While 
the professionalization of  science is a relatively 
recent phenomenon, citizen science has a ro-
bust history with earliest examples of  citizen 
science projects emerging in the 1900s with 
the Christmas Bird Count, run by the National 
Audubon Society in the USA (see www. audu-
bon. org for further history). In today’s context, 
citizen science projects can range in scope, fo-
cal area and level of  participant engagement. 
Citizen science projects are usually defined 
by the level of  participant engagement, with 
Bonney et al. (2009) conceptualizing three levels 
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of  citizen science. At the lowest- engagement end 
of  the spectrum are contributory citizen science 
projects. Contributory projects are a top- down 
model of  engagement where professional re-
searchers lead all aspects of  the scientific process 
and members of  the public perform a data col-
lection role only. These projects are often created 
when a researcher is looking to engage a certain 
number of  people to help gather data that the 
researcher otherwise could not. The middle- 
engagement level is collaborative projects, where 
members of  the public are typically not involved 
at the project’s onset but are involved in data col-
lection and analysis, and results dissemination. 
These projects prove critically important when 
the data are of  use beyond the scientific commu-
nity. Toward the greatest- engagement end of  the 
spectrum are co- created citizen science projects. 
These projects are true partnerships between lo-
cal citizens and scientists in which members of  
the public are included in all the steps of  scien-
tific inquiry, from defining research questions to 
data collection and analysis, and disseminating 
results of  the research. These types of  projects 
have long been successful in preservation and 
restoration efforts, and, more recently, have 
been critical to aiding communities who seek 
a greater understanding of  environmental use 
impacts. One recent and salient example of  co- 
created projects are those partnerships between 
residents and scientists in Flint, Michigan, in 
response to the Flint Water crisis that started 
in 2014. Here, residents in Flint partnered with 
water- quality scientists to collect data on lo-
cal water quality and advocate for change with 
those data to political leaders after the munici-
pal drinking water source was changed to an 
unsuitable source and residents began to notice 
health problems (see Roy and Edwards, 2019 for 
origin and timeline of  Flint Water crisis). In the 
Flint Water crisis, and many other co- created 
projects, citizen scientists initiate data collection 
efforts in response to local, systemic environ-
mental problems the community is facing and 
the professional research scientists are brought 
in as partners to support and bolster the efforts 
already being conducted by the citizen scien-
tists. Since this initial effort to develop a frame-
work of  citizen science project typologies, many 
other scholars have contributed new or refined 
existing frameworks for characterizing citizen 
science projects by participant engagement to 

better capture the range and scope of  citizen sci-
ence activities (Danielsen et  al., 2009; Wiggins 
and Crowston, 2011; Shirk et al., 2012; Haklay, 
2013). Many of  these frameworks seek to better 
understand the outcomes for the communities 
that participate.

Citizen science may confer other benefits 
on communities including environmental de-
mocracy (in which there is meaningful public 
participation in the procedures and approaches 
that provide access to information on land and 
natural resource decisions, environmental is-
sues such as conservation and biodiversity, as 
well as participation in the decision- making 
process and the application of  environmen-
tal protection laws or compensation) (Cooper 
et al., 2007; Conrad and Hilchey, 2011; Mueller 
et al., 2012; Larese- Casanova and Prysby, 2018; 
Ballard et  al., 2018). Studies have also shown 
positive outcomes for citizen science participants 
in terms of  civic engagement (Dunlap, 1992; 
Marcinkowski, 1993; Nerbonne and Nelson, 
2004), increased scientific literacy (Bonney 
et  al., 2009; Silvertown, 2009; Dickinson 
et al., 2010), and scientific thinking and learn-
ing (Trumbull et  al., 2000; Evans et  al., 2005; 
Phillips et al., 2018). Additionally, projects have 
found that participants increase their scientific 
knowledge about the specific focal issues or taxa 
throughout the project (Jordan et  al., 2011). 
Whereas many professionals using citizen sci-
ence intentionally include educational out-
comes for participants as a goal of  the project 
(Crall et  al., 2013), citizen scientists frequently 
show knowledge gains by simply engaging in 
the project even if  it was not an explicit goal 
(Nerbonne and Nelson, 2004). The beneficial 
outcomes from participating in citizen science 
has been shown to occur across projects with 
different disciplinary focus (environmental, as-
tronomical, biomedical etc.) and participant lev-
el (Raddick et al., 2013). Finally, citizen science 
has the potential to democratize science (USEPA 
(U.S. Environmental Protection Agency), 2018) 
by making the scientific process participatory 
and by including many stakeholders in engen-
dering knowledge, the dissemination of  infor-
mation/knowledge, and being included in the 
actions or processes involved in making deci-
sions (McCormick, 2007; Jordan et al., 2017). In 
this chapter we consider the urban audience and 
share a case study that links benefits of  citizen 
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science to urban communities. Further, we place 
special consideration on the potential for pro-
jects like the one we describe to help underserved 
groups find a platform on which to advocate.

Citizen Science Projects and Benefits 
to Research in Urban Areas

In the coming decades, as cities and urban ar-
eas around the world expand (Sadik, 1999; 
Grimm et  al., 2008), they will continue to face 
mounting environmental pressure and degra-
dation (Blanco et  al., 2009). Indeed, there has 
been a developing body of  literature exploring 
the unique environmental and ecological char-
acteristics of  cities (Sukopp et al., 1995; Grimm 
et al., 2000). A major challenge in developing a 
comprehensive scientific understanding of  phe-
nomena in cities is the spatially and temporally 
heterogenous nature of  the urban landscape 
(Machlis et  al., 1997). Further, scholars have 
characterized cities as having a unique ecologi-
cal nature, emergent from the biophysical and 
socio- economic interactions that are inherent 
in cities (Alberti et  al., 2003). This uniqueness 
makes scientific data collection at the various 
scales (temporal, spatial, social) challenging. For 
researchers to collect data across these scales 
effectively, inclusion of  the local community 
is paramount. Urban landscapes in the USA, 
however, are not places popular for public par-
ticipation in environmental research. In the 
USA, non- Hispanic whites, though a national 
majority, have been a minority of  the popula-
tion in most cities and urban areas since 2000 
(PEW Social Trends, 2018). Additionally, demo-
graphics in urban areas tend to skew towards 
younger age groups, with suburban and rural 
areas seeing more rapid ageing of  their popula-
tion demographics (PEW Social Trends, 2018). 
While there has not been a formal comprehen-
sive analysis of  the demographic representa-
tion of  citizen science projects across the USA, 
the studies that do exist suggest concerning 
trends of  lack of  diversity and representation 
in citizen science. A recent report on diversity 
in citizen science has found that demographics 
of  participants in citizen science tend to skew 
predominately toward non- Hispanic white, well- 
educated (Pandya and Dibner, 2018) and older 

individuals (Merenlender et al., 2016). While we 
only cite demographic trends in the USA, some 
of  these demographic trends of  citizen science 
participants are also observed in studies of  inter-
national citizen science projects (e.g. the Galaxy 
Zoo project, Raddick et al., 2013). Unfortunately, 
citizen science in the USA does not truly re-
flect the broader demographics of  the country 
(Pandya, 2012) nor are citizen science projects 
(with some notable exceptions) particularly 
prevalent in cities.

The Baltimore Mosquito Study

The Baltimore Mosquito Study (hereafter BMS) 
provided an opportunity to create a citizen 
science project. This citizen science project 
included under- represented individuals, i.e. pre-
dominantly African- Americans, many of  whom 
were struggling economically. The BMS was a 
scientist- initiated project designed to investigate 
the social and ecological drivers, and the in-
terplay between them, of  an invasive nuisance 
mosquito in the city of  Baltimore, Maryland. 
The mosquito, commonly known as the Asian 
tiger mosquito (scientific name Aedes albopictus 
(Skuse)), is an invasive mosquito species found 
throughout the southern and eastern USA, com-
ing from China in the late 1980s (Kraemer et al., 
2015). While the Asian tiger mosquito is only of  
moderate concern as a disease transmitter, it has 
the potential to carry and transmit diseases such 
as Zika, Chikungunya, Dengue, Eastern Equine 
Encephalitis and West Nile and Yellow Fever 
(Kraemer et al., 2015). They typically have a lim-
ited geographic distribution or are rarely identi-
fied in US travellers. However, although some of  
these diseases do not occur in the US mainland, 
they may occur in Caribbean locations such as 
Puerto Rico, which is a commonwealth of  the 
USA. Because of  this potential, there is concern 
among experts that the Asian tiger mosquito 
could play a role in significant disease outbreaks 
across the temperate areas of  the USA where it 
exists (Manore et al., 2017).

Regardless of  its potential as a disease vec-
tor, the Asian tiger mosquito is still a major nui-
sance (Moore and Mitchell, 1997). Because it 
is a biting pest it significantly reduces outdoor 
physical activity of  children and reduces the 
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quality of  life of  individuals living in commu-
nities where this mosquito is present (Worobey 
et  al., 2013; Halasa et  al., 2014). Further, it is 
difficult to keep Asian tiger mosquito popula-
tions under control using traditional mosquito 
control methods due to its ability to thrive us-
ing small, transient, water- holding containers 
(e.g. rubbish, tyres, potted plants, unmaintained 
buildings and infrastructure) for larval develop-
ment (Unlu et  al., 2011; LaDeau et  al., 2013). 
In other words, these mosquitoes thrive in ur-
ban areas, with current and potential threat 
to community well- being, with few manage-
ment strategies available to effectively manage 
them (https://mda.maryland. gov/plants- pests/
Pages/ asian_ tiger_ mosquito_ md. aspx). Prior 
studies have found collecting good data on the 
Asian tiger mosquito is challenging in cities as 
the habitat they are found in tends to be private-
ly owned or inaccessible spaces, and they occur 
in variable patches (Unlu et  al., 2011; LaDeau 
et al., 2013; Becker et al., 2014). Citizen science, 
then, was identified at project onset as a means 
to better collect data at the varying spatial, tem-
poral and social scales in which the Asian tiger 
mosquito exists in the urban landscape.

As it was initially conceived, the BMS was 
to be a contributory project where individuals 
gathered data on potential and actual mosquito 
habitat as well as on mosquito nuisance. While 
these efforts indicated that individuals were able 
to gather reliable mosquito data (Jordan et  al., 
2017), many individuals in the community who 
were invited did not elect to participate (Jordan 
et  al., 2019). Those that did participate tended 
to report an interest in the science or, more 
generally, wanted to help, which is not unlike 
the motivations found in other citizen science 
programmes (Phillips and Gates, 2011). It is 
interesting to note that in our project, among 
those individuals who did participate in the citi-
zen science, several individuals showed, early 
on, an increase in their sense of  agency (i.e. the 
personal belief  that one’s actions could be mean-
ingful and have an impact on the problem). This 
increase in sense of  agency manifested as indi-
viduals reporting to the research team that they 
felt they personally had the ability to improve 
the environment, and further that their actions 
would have an impact (Jordan et  al., 2019). 
However, it may be a chicken- and- egg situation, 
where it is challenging to disentangle the role 

a person’s sense of  agency plays in influencing 
their motivations to contribute to citizen science, 
or whether that sense of  agency is developed as a 
result of  their participation in citizen science. As 
we cannot often survey those individuals who do 
not choose to participate in citizen science, the 
role of  an individual’s sense of  agency in driving 
participation is not well understood. It could be 
that, for individuals, a pre- existing high sense of  
agency drives their motivation to participate in 
citizen science, or, conversely, the act of  commit-
ting to participate engenders a sense of  agency.

As the BMS project progressed, a small 
group of  participants expressed an interest in 
becoming actively involved in improving the lo-
cal environment, such as reducing rubbish and 
litter and beautifying the local green spaces, but 
felt that their voice would not be heard among 
Baltimore City’s municipal decision makers. 
Working as a small group and following the 
Civic Ecology Practices described in Krasny 
et  al. (2014), we worked with the participants 
to suggest ideas for tangible small projects and 
to find ways to collect and present evidence for 
why such ideas may or may not work to achieve 
the desired goals. During these conversations, 
the absence of  evidence around the impacts of  
these environmental issues led the group to con-
sider projects that were co- created. Thus, scien-
tists and community members discussed issues 
related to nuisance species and what we would 
need to know in order to help direct manage-
ment practices.

In some cases, participant ‘ways of  know-
ing’ did not align with the norms of  scientific 
data collection. In this context, we mean ‘ways 
of  knowing’ as the general methods through 
which individual knowledge becomes apparent. 
An example is Photovoice, which is a methodolo-
gy in which participants collect visual examples 
that demonstrate the basis for their belief  and 
perceived knowledge about an issue. However, 
the methodology used by participants in the col-
lection of  visual evidence does not always align 
with the principles of  scientific data collection if  
one were abiding by a traditional experimental 
analysis (e.g. one that would require random 
sampling, the inclusion of  controls, and stand-
ardized method of  data collection). But, in many 
ways, the images produced through Photovoice 
drew local municipal and media attention, which 
can add legitimacy to a group whose voice had 

 EBSCOhost - printed on 2/13/2023 11:25 AM via . All use subject to https://www.ebsco.com/terms-of-use

https://mda.maryland.


188 A.E. Sorensen and R.C. Jordan

been going previously unheard. In other ways, 
the information gathered by the public can 
align well with scientific norms. For example, in 
the BMS project, participants wanted to know 
whether beautifying rubbish receptacles would 
have an effect on illegal dumping rates around 
such receptacles. In this case, participants want-
ed to know whether the beautified rubbish bins 
and dumpsters would lead to reduced dumping 
and littering rates around the receptacles, there-
by reducing potential larval habitat. To explore 
this, participants set up experimental manipula-
tions of  different receptacles, creating a research 
protocol that included treatment groups, a data 
collection protocol, and experimental ‘control 
receptacles’ that were not beautified. Many of  
the participants felt that we, as researchers, 
were essential to add further endorsement to the 
data gathered, but it was unclear as to whether it 
was the inclusion of  experts or the more formal-
ized representation of  information (e.g. prepara-
tion and use of  line graphs and bar charts often 
used in formal science endeavours) that gave the 
sense of  increased validity. While the contribu-
tory citizen science project ultimately indicated 
that rubbish was not the major source of  the 
nuisance mosquito population, all of  us involved 
in the project saw its negative effects on the 
residents who encounter it daily. This particular 
finding about the rubbish from the research was 
particularly disappointing for the participants 
who were hoping to have further evidence of  
potential public health threats related to the il-
legal dumping in their city. With this we saw an 
opportunity for individuals to own both the re-
sponsibility that comes with data collection and 
the need to determine how to use these data as 
tools for municipal action and community jus-
tice. Because of  a series of  federal funding deci-
sions and staff  rotation at critical organizations, 
the BMS did not fully transition into a co- created 
project. Individuals, however, were able to form 
a larger organization that participates in ongo-
ing advocacy around environmental and social 
injustices.

Discussion

Citizen science is a scientific research endeav-
our conducted in wholly, or in part, by amateur 

or non- professional scientists and often has oc-
curred, or evolved, disconnected from the con-
cerns related to, or the study of, environmental 
justice. Environmental justice work inherently 
prioritizes the role of  communities of  colour 
in defining environmental science questions 
for the purpose of  improving health and envi-
ronmental self- determination. Citizen science 
may also engage traditionally marginalized 
communities in data collection and advocacy 
in the context of  environmental and social jus-
tice (Corburn, 2005). Instead of  being viewed 
largely as recipients of  science, with focused 
outreach, marginalized people also can be 
stakeholders, participants or even equal part-
ners (Heaney et  al., 2007; Dhillon, 2017) in 
the generation and use of  scientific evidence. 
The field of  environmental justice has long 
been attentive to questions of  who participates 
in science, and citizen science has begun to 
move in this direction as well (Pandya, 2012). 
In addition, scholars and activists argue that 
shedding light on and addressing environ-
mental injustice cannot be done solely by in-
stitutions, but necessarily requires community 
participation (Carr, 2004). Building on the ex-
periences and knowledge of  the environmen-
tal justice field, citizen science could provide 
opportunities for communities to define, in-
vestigate and address pressing environmental 
justice problems in collaboration with profes-
sional scientists. To do so would require scien-
tists to actively seek voices from individuals in 
the places and institutions that are not often 
invited to the decision- making process but who 
often have a high stake in the outcomes.

However, there are certainly challenges 
when broadening the umbrella of  who leads 
and directs scientific research endeavours. 
When reflecting on challenges, in the context 
of  our project as described in this chapter, one 
of  the BMS researchers described what he be-
lieved to be a lack of  alignment with perceived 
community needs. He noted that some of  the 
community members he worked with sug-
gested to him that the project was another 
example of  community members being ‘over- 
studied’ by scientists, or being treated like an 
‘object’ in research rather than true collabora-
tors in it. This researcher described that when 
he reported at community meetings about the 
progress of  the project, community members 
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often saw the research findings as irrelevant to 
their community development goals. If, howev-
er, he discussed the mosquito research findings 
in the context of  broader issues like vacancy, 
dumping or health risks associated with mos-
quitoes, community members saw greater 
value in the research. This illuminates the 
potential challenge for researchers when com-
munity questions do not necessarily align with 
access to academic or research institutional 
funding, or outcome priorities (e.g. publica-
tions, seed data for new funding opportunities, 
and reports). While we suggest that greater 
research be placed into the mutual benefits 
between citizen science and the community, 
we also have learned, from our case study, that 
there were a number of  practices that were 
essential to project development and success. 
First, when developing outreach materials, we 
found it was important to frame these materi-
als to particular individuals with high sense of  
agency (i.e. a person who believes that their 
actions could be meaningful and have an im-
pact on the problem) and a strong connection 
to their community. In this way, our project at-
tracted critical thought leaders who could help 
draw in necessary support. If, however, project 
managers are looking to diversify the pool of  
citizen scientists outside of  those who are al-
ready motivated, new recruitment strategies 
need to be developed and tested. For recruit-
ment messaging to reach those less- engaged 
populations, these messages need to ‘meet 
people where they are’ and resonate with their 
own cultural experiences, knowledge base and 
interests. One example of  this is highlighted by 
Johnson et al. (2018), in which Trees Count!, a 
street tree census project created by the New 
York City Department of  Parks & Recreation, 
partnered with the Afropunk Festival, an arts 
festival held in New York City and cities around 
the world, to give away free festival tickets as 
an incentive to attract a new demographic of  
participants to the tree census effort.

A second practice we identified from our 
project was developing other programmatic 
strategies that leverage citizen scientist’s 

environmental knowledge and civic aware-
ness. Such strategies may help mobilize 
citizen scientists towards becoming commu-
nication leaders, i.e. individuals that could 
translate outcomes and advocate for the pro-
jects to other community groups (e.g. reli-
gious organizations, schools, sports groups). 
From the collective agency perspective (i.e. 
the shared belief  in the collaborative power 
to produce desired results; Bandura, 2000), 
creating discrete, actionable steps through-
out the project that the participants can ac-
complish, and emphasizing how these steps 
translate to broader community benefits, 
could reinforce the participants’ sense of  
agency. This would be particularly important 
in the event of  research setbacks, such that, 
in the case of  BMS, difficult or disappoint-
ing research outcomes, such as the lack of  
connection between rubbish and mosquitoes 
and struggles in leveraging the data to ad-
vocate for changes with municipal leaders, 
would not be as disappointing to participants. 
Finally, it is important to be clear on what 
data are necessary to address the questions 
posed by the research team, the questions 
posed by the community, and where there is, 
if  at all, any overlap. By doing so, participants 
can decide on when and how to participate. In 
the BMS project we approached many of  our 
discussions with community members at the 
research proposal stage. This level of  commu-
nity involvement was critical to forming the 
trust of  our group within a community that 
felt disenfranchised in many ways (see discus-
sion in Jordan et al., 2019). With trust, it was 
possible to recover from accidental mis- steps 
that could have caused the community mem-
bers to abandon our work (e.g. media reports 
about recent community engagement issues 
with science in Flint, Michigan). In this way, 
we were in a place to set up an adaptive and 
co- learning environment. We must caution, 
however, that when scientific and community 
needs are at odds, researchers may find them-
selves needing to make difficult choices about 
moving forward with the research.
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Abstract

In cities around the world, agriculture in urban 
and peri- urban areas (i.e. areas immediately 
adjacent to, or surrounding, a city or urban 
area) provides an important source of  fresh and 
affordable foods and offers an opportunity for 
urban dwellers to connect to nature and their 
community. Urban agroecosystems also provide 
important habitats in urban environments to 
support biodiversity and ecosystem services. 
The often- complex vegetation composition and 
structure of  urban agroecosystems can further 
support associated biodiversity to thereby 
support ecosystem functions such as natural 
pest control and pollination. Of  particular 
importance for these services are insects and 
other arthropods. As forms of  urban agriculture 
(henceforth referred to as UA) are increasingly 
popular, the number of  arthropod ecology 
studies in urban agroecosystems has increased 
accordingly. In this chapter we review these 
studies to inform how much we know about 
the local and landscape factors that affect 
these important organisms, their ecological 
interactions, and the ecosystem services they 
provide in urban agricultural systems. This 
knowledge has the potential to inform city 
planning policies that would help manage 

urban spaces within and around UA to boost 
biodiversity and maximize crucial ecosystem 
regulating services for sustainable local food 
production.

Introduction

It is estimated that by 2030, 80–90% of  the glob-
al population will live in cities (United Nations, 
2010; Seto et al., 2012), and in the United States 
the 2012 census reported that more than 80% 
of  the US population lives in urban areas (United 
States Census Bureau, 2020). To feed the grow-
ing urban population, food is imported daily, 
travelling sometimes thousands of  miles (Zeeuw 
et  al., 2011), which not only increases its car-
bon footprint but also reduces the quality of  the 
produce (if, for example, it is harvested before 
peak quality to better withstand shipment). Yet 
many urban residents lack sufficient access to 
fresh produce or adequate nutrition, and many 
communities lack the nutritional diversity and 
social connectedness provided by a fresh and 
local food market. In response to this need, ur-
ban agriculture (UA) has expanded dramati-
cally, especially in low- income and underserved 
communities (Alig et al., 2004). For the past 50 
years, UA has increased by 3.6%, annually, in 
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developing countries and in the USA by more 
than 30% in the past 30 years (Siegner et  al., 
2018). Although robust measurements of  UA’s 
actual effect on improving food security (i.e. 
having reliable access to a sufficient quantity of  
affordable, nutritious food) in low- income com-
munities are still lacking (Siegner et al., 2018), 
it has been estimated that UA provides 15–20% 
of  the global food supply (Hodgson et al., 2011, 
but see Clinton et al., 2018). In addition to food, 
UA provides numerous social and environmen-
tal benefits, and comes in various forms includ-
ing residential food gardens, community and 
allotment gardens and commercial urban farms 
(Table 12.1). All of  these and others are, in es-
sence, versions of  urban agroecosystems.

Agroecosystems, defined as functionally 
coherent units of  agricultural activity, include 
biophysical and human components and their 
interactions. They generally contain fewer spe-
cies and are considered to be less complex com-
pared to unmanaged ecosystems. However, 
urban agroecosystems are, essentially, similar, 
in contrast to rural agroecosystems, in that, 
typically, they are established in already- species- 
poor environments, and they tend to have higher 
species diversity than their surrounding areas. 
In fact, urban agroecosystems, like urban gar-
dens and farms, have a high potential to provide 
high- quality habitats to many animal species 
due to the high abundance of  flowering plants 
and prolonged growing season maintained by 
irrigation and fertilization (Faeth et  al., 2005; 
Colding et al., 2006; Clucas et al., 2018). In turn, 
biodiversity- mediated regulating ecosystem 
services, which are vital for sustainable urban 
food production, create a positive feedback loop 
(Fig. 12.1).

Social benefits of  UA include, but are not 
limited to, city beautification, education and 
health, as well as community building and em-
powerment (Blaine et  al., 2010; Draper and 
Freedman, 2010; Williams et al., 2018). For ex-
ample, Tzoulas et al. (2007), using a synthesis of  
published literature as conceptual framework, 
proposed that green infrastructure can provide 
both ecosystem and human health benefits in 
urban areas. Many environmental and ecologi-
cal benefits have been associated with UA. These 
include reduced heat island effect, improved air 
and stormwater quality, and carbon sequestra-
tion (Lovell, 2010; Kulak et al., 2013; Lin et al., 

2015). In the face of  rapid urbanization, UA and 
other urban green spaces thus play an impor-
tant role in harbouring biodiversity within city 
landscapes (Faeth et  al., 2005; Goddard et  al., 
2010).

A significant proportion of  the biodiversity 
associated with UA is composed of  insects and 
other arthropods. It is crucial to understand 
their ecological interactions in urban agroeco-
systems because, on the one hand, arthropods, 
especially insects, can cause substantial damage 
to urban crops and cultivated plants (Gregory 
et al., 2016) but, on the other, provide important 
services such as pollination and pest control 
(Peisley et al., 2015). These services have been es-
timated to be valued in billions of  dollars in both 
rural agriculture (Losey and Vaughan, 2006) 
and urban agriculture (Clinton et  al., 2018). 
Agroecological principles, where external inputs 
are replaced by natural processes, have been ap-
plied to improve small- scale agriculture for many 
years (Altieri, 1995). The same principles can be 
applied to UA and these will necessarily include 
managing UA and the surrounding landscapes 
to optimize insect- mediated ecosystem services 
(Altieri and Nicholls, 2018). This will require a 
detailed knowledge about the factors that affect 
insect communities in urban landscapes.

Pollinator density and diversity are essen-
tial for optimal fruit set of  many crop species 
(Klein et  al., 2007), while arthropod predators 
and parasitoids can keep crop pests below dam-
aging levels (Letourneau et  al., 2009). These 
ecosystem services are particularly important in 
urban agriculture, where most of  the crops that 
are grown depend upon bee pollination to set 
fruit or seed (Matteson et al., 2008; Oberholtzer 
et  al., 2014), and urban gardeners and grow-
ers greatly rely on natural pest control because 
they may have strict restrictions on their use of  
chemical pesticides (Oberholtzer et  al., 2014). 
Farm and garden management practices such 
as crop diversification, hedgerow planting and 
beetle refuges can benefit both pollinators and 
pest control agents (Bolger et al., 2000; Philpott 
et al., 2014; Altieri and Nicholls, 2018). Even so, 
due to limited size, relative isolation from natu-
ral areas and constant disturbances, small- scale 
urban green spaces alone may not be able to 
retain viable populations (Goddard et al., 2010; 
see also Chapter 6: Protecting pollinators in the 
urban environment). Consequently, a landscape 
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management approach may be necessary to 
maintain urban biodiversity (Beninde et  al., 
2015) in order to fulfil UA pollination and pest 
control needs.

Types of Urban Agriculture

As described by Lin et  al. (2015) and Lin and 
Egerer (2018), urban agroecosystems can be 
characterized by land tenure, management, 
types of  food and service provision, and scale of  
production (Table  12.1). UA systems can har-
bour a rich diversity of  flowering vegetables, 
as well as an abundance of  ornamental plants 
that provide nectar resources for beneficial in-
sect populations and increased species diversity 
(Colding et al., 2006). That is, over 400 species 
of  flowering plants were documented in commu-
nity gardens surveyed in Stockholm, Sweden. 
Studies that directly measure the benefits of  ur-
ban agroecosystems on animal species diversity, 
however, are relatively few and recent (Clucas 
et al., 2018). This meta- analysis found that most 
of  the published work on the subject is observa-
tional, biased towards a view of  developed coun-
tries, and mainly focused on invertebrates (14 
out of  the 15 studies), predominantly pollinators 

(bees and butterflies) and pest control agents (la-
dybird beetles, ants and spiders). Indeed, the au-
thors conclude that more studies are needed in 
developing countries and covering a wider range 
of  taxa in order to generalize about the positive 
effect of  urban agroecosystems on biodiversity. 
Nevertheless, the growing number of  studies 
investigating the drivers that affect insect abun-
dance, species richness and diversity in urban 
agroecosystems is already contributing to our 
understanding of  the ecology of  the system to 
implement agroecological gardening practices 
(Guitart et al., 2012).

Biodiversity, Richness and 
Abundance Patterns

From studies in rural agricultural systems, we 
know that both local factors (i.e. patch effects, 
habitat characteristics) and landscape factors 
(or matrix effects such as surrounding landscape 
features), and the interactions among them, 
affect insect communities in agroecosystems 
(Altieri, 1999; Tscharntke et al., 2005). There is 
growing evidence that landscape context is also 
important in urban systems, and that the degree 
to which local resource availability increases 

Fig. 12.1. Conceptual diagram of the links between urban agricultural systems, urban residents and 
associated biodiversity (i.e. the biodiversity that is not intentionally planned and managed by humans).
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beneficial insect abundance and diversity de-
pends on the composition of  habitat types in the 
surrounding areas (Bennett and Gratton, 2012; 
Philpott et  al., 2014; Egerer et  al., 2017a). Yet 
the unique characteristics of  cities (Cadenasso 
et  al., 2007; Pickett and Cadenasso, 2009; see 
also Chapter 6) may lead to different effects of  
landscape context on beneficial organisms than 
those expected from rural systems. For exam-
ple, in contrast to studies in rural systems, in a 
study conducted in the California Central Coast, 
Egerer et al. (2017b) showed that beneficial in-
sect abundance and diversity in community gar-
dens do not decrease with reduced proportion of  
natural habitats in the surrounding landscape. 
Arthropod groups (ants, bees, ladybeetles, para-
sitoids and spiders) are influenced by landscape 
factors, but landscape influence differs depend-
ing on spatial scale as well as local habitat 
features, likely due to arthropod community in-
teractions and life history strategies.

Pollinators respond to local factors of  ur-
ban agroecosystems including habitat size, 
abundance, species richness and composition of  
plants (including crops, flowers, weeds, native 
and non- native plants), ground cover composi-
tion and management practices (e.g. irrigation, 
composting etc.). In general, bee community 
richness in urban agroecosystems increases 
with floral and plant abundance and richness 
across many different urban landscapes (Frankie 
et al., 2005; Matteson et al., 2008; Matteson and 
Langellotto, 2010; Pardee and Philpott, 2014; 
Lowenstein et  al., 2014; Bennett and Lovell, 
2019). Bumblebee abundance and diversity in 
urban agroecosystems increases with greater 
flower abundance and richness (Tommasi et al., 
2004; Andersson et  al., 2007; Ahrné et  al., 
2009), and solitary bee diversity increases with 
tree abundance and vegetation complexity 
(Smith et  al., 2006). Similarly, other pollinator 
groups, including butterflies, increase in diver-
sity with increased floral resources. Whether na-
tive and non- native plants have a different effect 
on pollinators within urban agroecosystem is 
still unclear, with some studies suggesting posi-
tive effects (Frankie et al., 2005; Pawelek et al., 
2009; Pardee and Philpott, 2014) while other 
studies found little or no effect (Matteson and 
Langellotto, 2011).

Natural enemies, including predators and 
parasitoids, also respond to local factors such 

as garden area, mulch cover, and floral abun-
dance and richness (Bennett and Gratton, 2012; 
Burkman and Gardiner, 2014; Otoshi et  al., 
2015; Burks and Philpott, 2017; Lowenstein 
and Minor, 2018). In general, larger green 
spaces with diverse plant communities support 
a greater abundance and diversity of  natu-
ral enemies (Burkman and Gardiner, 2014). 
Lowenstein and Minor (2018) found that urban 
farm area and floral abundance are positively 
associated with all predatory groups of  Brassica 
pests in UA systems in the city of  Chicago, 
Illinois. In community gardens in California, 
Egerer et  al. (2017b) found that abundance of  
ornamental plants and crop diversity are impor-
tant for maintaining ladybird beetles, which are 
important predators of  aphids and scale insects. 
The vegetation structure (e.g. taller vegetation, 
denser grass cover) is also important for support-
ing greater abundance and richness of  natural 
enemies (e.g. beetles; Delgado de la Flor et  al., 
2017). In addition, urban agroecosystems with 
greater ground cover heterogeneity (mulch and 
leaf- litter cover) support more active and diverse 
assemblages of  spiders (Otoshi et al., 2015) and 
carabid beetles (Philpott et al., 2019), while soils 
with high organic matter, moisture and nitro-
gen (Grewal et  al., 2011) provide resources for 
ground- dwelling arthropod natural enemies. In 
sum, management of  urban agricultural sys-
tems’ soil and vegetation can enhance habitat 
availability for various arthropod natural en-
emies and increase their abundance and spe-
cies richness (Burkman and Gardiner, 2014; 
Delgado de la Flor et al., 2017).

Landscape connectivity, landscape diver-
sity, proportion of  impervious cover and the po-
sition along a rural- to- urban gradient are some 
of  the landscape- scale factors that can affect 
ecological interactions within urban agroeco-
systems. Urban landscapes are similar to agri-
cultural landscapes in regard to fragmentation 
and intensity of  land use (Lin and Fuller, 2013). 
In rural agricultural landscapes, landscape- level 
intensification resulting in habitat loss and frag-
mentation can negatively impact beneficial in-
sects, pest control and pollination (Tscharntke 
et al., 2005). Likewise, the movement and colo-
nization of  insect and arthropod populations 
in urban landscapes are negatively affected by 
increased impervious cover and fragmentation 
of  green spaces (McKinney, 2002, 2008; Faeth 
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et al., 2005; Williams, 2009). These factors can 
affect arthropods with varying degrees of  dis-
persal capabilities, from non- flying spiders and 
springtails (Ponge, 2003; Sattler et  al., 2010) 
to parasitic wasps (Bennett and Gratton, 2012; 
Burks and Philpott, 2017) to strong fliers such 
as bees (Cane et  al., 2006; Ahrné et  al., 2009; 
Jha and Kremen, 2013).

Natural areas can provide source populations 
and resources to proximate human- managed 
habitats (Ricketts et  al., 2008). Accordingly, in 
UA systems, increasing proximity to natural ar-
eas increases the abundance and diversity of  bees 
(Hernandez et  al., 2009); although bee species 
richness depends on the habitat position along the 
urban- to- rural gradient (Matteson et  al., 2008; 
Fetridge et  al., 2008). However, the strength, di-
rection and scale at which landscape factors affect 
arthropod communities in UA system depends 
on the organism’s life history traits and habits 
(Egerer et al., 2017a; Bennett and Lovell, 2019). 
For example, Pardee and Philpott (2014) found 
that cavity- nesting bee abundance in community 
gardens is positively associated with proximity to 
forested habitats, while ground- nesting bees in-
crease with proximity to wetlands. Bennett and 
Lovell (2019) found that large- bodied bees were 
positively associated with increasing amounts of  
impervious cover but small- bodied ones were not; 
instead, these responded to local floral resource 
variables. Furthermore, landscape effects may be 
dependent on the region of  study. Abundance and 
diversity of  ladybird beetles, for example, increase 
with urbanization in urban gardens in California, 
but decrease in Michigan (Egerer et  al., 2018d). 
These authors suggest that water availability in 
gardens as well as urbanization history could ex-
plain the divergent patterns.

Enhancing connectivity of  urban agroeco-
systems in the urban matrix may counter some 
negative impacts of  landscape urbanization 
on functional biodiversity and may be a tool to 
enhance regional habitat quality (Rudd et  al., 
2002). Following this, the spatial connectiv-
ity of  allotment or community gardens in a 
highly developed urban matrix may facilitate 
the movement of  native bees to ultimately sup-
port pollination function (Colding et  al., 2006; 
see also Chapter 6). Thus, agroecosystems have 
the potential to contribute to overall green space 
connectivity and thus should be integrated into 
conservation methods for insect biodiversity.

Although the effects of  many local and 
landscape factors on beneficial arthropods seem 
to be context- dependent, studies reviewed here 
show that floral resources within UA systems 
have consistent positive effects on both pollina-
tor and natural enemy diversity and abundance. 
Thus, garden practitioners and urban residents 
should be able to enhance local habitats for ben-
eficial insects. A common recommended strat-
egy to enhance biological pest control in rural 
agriculture is to plant borders or strips of  flow-
ers early in the season to prevent pest population 
build- up (Uyttenbroeck, et al., 2016). This prac-
tice could now be easily adopted by UA garden-
ers and farmers (Altieri and Nicholls, 2018).

Beyond Insect Biodiversity in Urban 
Agroecosystems: Functional Traits, 

Species Interactions and Ecosystem 
Function

Several studies in urban agroecosystems have in-
vestigated insect communities by evaluating met-
rics such as presence, abundance, species richness 
and diversity. The last decade has seen an increase 
of  research that moves beyond examining biodi-
versity patterns and trends. These investigations 
in urban areas have explored trophic cascades, 
species interactions, functional diversity, dispersal 
and movement, and ecological network linkages, 
improving our understanding of  how environ-
mental factors affect ecosystem function and ser-
vices in urban landscapes.

Functional traits and diversity

We are just beginning to identify how environ-
mental factors affect the presence and richness of  
functional traits (i.e. traits that define species with 
regard to their ecological roles) and functional 
diversity of  insects in urban agroecosystems. 
Functional diversity is of  ecological importance 
because it, by definition, is the component of  di-
versity that influences ecosystem dynamics, sta-
bility, productivity, nutrient balance and other 
aspects of  ecosystem functioning (Tilman, 2001). 
Further, high functional trait diversity is critical 
for maintaining functional stability and ecosystem 
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resilience in response to change (Walker et  al., 
1999). Under changing and perhaps stressful 
conditions, such as those that might occur more 
readily in urban areas, ecosystem functions may 
still be maintained even when dominant species 
decline or are lost because functionally equivalent 
minor species are able to substitute for them. The 
latter species confer resilience in terms of  ecosys-
tem function (Walker et al., 1999).

Although, in general, bees are ubiquitous 
and diverse in urban areas, it is important to un-
derstand if  their species assemblages and func-
tional diversity show specific associations with 
particular urban habitats. For example, in two 
Canadian cities, Montreal and Quebec, wild- bee 
communities were highly diverse but also domi-
nated by abundant, ubiquitous and exotic species 
(Normandin et al., 2017). Functional trait diver-
sity, as determined based on observations of  pol-
len specialization, pollen transportation method, 
tongue length, seasonal activity, sociality, nesting 
behaviour and intertegular distance (as a proxy 
for body size and bee foraging range) varied with 
habitat. Despite their small size, community gar-
dens had higher functional trait diversity than 
urban cemeteries, and only slightly lower than 
that of  urban parks. However, colonization po-
tential is influenced by life history traits, such as 
body size and voltinism (i.e. number of  genera-
tions per year) (Banaszak- Cibicka and Żmihorski, 
2012). Thus, the establishment of  pollinators 
with certain life histories may be hindered by 
some UA management practices. For example, 
widespread mulch and rock ground cover used 
by gardeners to retain soil moisture (Grewal et al., 
2011; Egerer et al., 2018c) may affect nesting site 
availability for soil- nesting bees and thereby lower 
their abundance in UA systems (Quistberg et  al., 
2016). Nevertheless, UA has a great potential to 
contribute to urban pollination services through 
the spillover of  their highly functional diverse bee 
communities (Normandin et al., 2017).

Similar to pollinators, natural enemies’ func-
tional traits also influence the degree to which 
they respond to UA local and landscape context. 
Highly mobile arthropods such as ladybird bee-
tles (Coleoptera: Coccinellidae) may not perceive 
the urban matrix as a barrier to movement, and 
urban gardens can be inhabited by numerous 
native species of  different sizes, and with differ-
ent diets and diet breadths (Liere et  al., 2019). 
Natural enemies with low dispersal capabilities 

including ground- dwelling beetles (Carabidae 
and Staphylinidae) have been found to be more 
abundant in UA systems that are more connected 
to other green spaces in the landscape than in 
those with low connectivity (Vergnes et al., 2012). 
However, in gardens with low green- space con-
nectivity, some of  these natural enemies with low 
dispersal capabilities can still thrive and benefit 
from local garden features, such as mulch wood-
chips and leaf  litter, which provide them with 
shelter and refuge from predation (Philpott et al., 
2019). Further, UA systems are distinct microhab-
itats in which the combination of  highly irrigated, 
vegetated, mulched and bare soil patches may al-
low for the support of  organisms with a variety of  
life history strategies. For example, urban farms in 
Cleveland, Ohio, supported a high diversity and 
abundance of  beetles with a variety of  habitat 
preferences: xerophilous (dry/hot environment 
species), hygrophilous (wet environment species), 
open habitat affinity beetles, as well as beetle spe-
cies associated with anthropogenic activity and 
environmental disturbance (Delgado de la Flor 
et  al., 2017). In summary, by creating highly 
heterogeneous habitats that attract and harbour 
organisms with different functional traits, UA has 
been shown to generate habitats with tremendous 
potential for the conservation of  beneficial insects, 
including pollinator and natural enemies.

Species interactions, food webs and 
networks

Arthropod food- web dynamics have been widely 
studied in rural settings; however, anthropo-
genic forces may alter environmental stressors 
and create unique interactions in urban ecosys-
tems (Faeth et  al., 2005, 2011; Shochat et  al., 
2006), sufficient enough to cause shifts in food- 
web dynamics. For example, Faeth et al. (2005) 
found that altered productivity due to resource 
subsidies (irrigation, fertilization) in the city of  
Phoenix, Arizona, changed species composi-
tion, dampened season fluctuations of  species 
abundance, and altered feeding behaviours of  
key animal taxa (Faeth et al., 2005). They found 
that, in contrast to outlying areas, bird- mediated 
control of  arthropod herbivores is a strong top- 
down force inside the city. These authors attrib-
ute this to the low predator- related mortality of  
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birds in urban settings. They suggest, however, 
that their results are contingent on environ-
mental conditions and that different results will 
likely arise in cities located in landscapes that are 
less water-, and resource- limited. Furthermore, 
it is not yet clear how ecological interactions 
and the drivers that affect them differ between 
urban and rural agroecosystems because some 
management practices (e.g. irrigation, planning 
of  plant diversity, density, and composition) are 
similar between urban and rural agroecosys-
tems but others are fundamentally different (e.g. 
chemical inputs, size) (Faeth et al., 2011). Food- 
web approaches can improve understanding of  
agroecosystem functioning and response to en-
vironmental stressors (Tylianakis and Binzer, 
2014), and can inform managing decisions to 
optimize insect- mediated ecosystem services in 
urban gardens and farms.

Network analysis is a powerful tool for un-
derstanding food- web and community dynam-
ics (e.g. Bascompte et  al., 2003). A growing 
number of  studies have investigated insect com-
munity networks in agricultural systems and 
provide suggested application of  this analytical 
tool (Tylianakis and Binzer, 2014; for review 
see Woodward and Bohan, 2013). An example 
of  network analysis in agroecosystems is the ex-
amination of  interactions between plants and 
their seed predators to determine how they af-
fect weed control in UK agricultural systems 
(Bohan et al., 2011). Network analyses are also 
providing insights into the link between diversity 
within trophic levels and pest control services 
(for review see Woodward and Bohan, 2013).

Rapidly changing landscapes, such as urban 
environments, experience substantial turnover in 
plant, pollinator, herbivore and parasitoid species 
pools over time (Burkle and Alarcón, 2011; Gagic 
et al., 2011), all of  which can potentially influence 
network structure. For example, pollination net-
works along a rural–urban gradient around Paris 
are negatively affected by urbanization (Geslin 
et al., 2013). In turn, these changes in the num-
ber of  interactions and the interaction evenness 
between flower- visitors and plants, detrimentally 
affected the reproductive success of  one function-
al group of  plants (Geslin et al., 2013). However, 
plant and flower- visitor community networks 
can be complex. Flower richness and bee rich-
ness can be higher in urban than in agricultural 
areas (Theodorou et  al., 2016). Furthermore, 

flower- visitor generality, which potentially leads 
to more consistent pollination services (Blüthgen 
and Klein, 2011), was higher in urban compared 
to agricultural areas in recent studies in Germany 
(Theodorou et al., 2016) and in the UK (Baldock 
et  al., 2015). Thus, because moderately urban-
ized areas provide rich floral resources, they can 
positively influence bee richness and plant repro-
duction. Nevertheless, the prevalence of  trypa-
nosomatids such as Crithidia bombi, a common 
bumblebee parasite, can be higher in urbanized 
areas compared to agricultural areas (Goulson 
et al., 2012).

An examination of  multiple networks in 
rural agroecosystems such as natural enemy–
herbivore networks, pollination networks, and 
seed dispersal networks suggest that different net-
works vary in their fragility (Pocock et al., 2012). 
Further, because agricultural management strat-
egies that may benefit one functional group may 
not, inevitably, benefit other groups, optimizing 
for multiple ecosystem services is not straightfor-
ward. For example, multi- network analyses show 
how managing and changing the abundance of  
one species could improve one ecosystem service, 
such as pollination, but at the same time it could 
affect the delivery of  another ecosystem service, 
such as pest control (Pocock et al., 2012). Multi- 
network analysis could also help identify keystone 
species, crucial for the delivery of  ecosystem ser-
vices (Woodward and Bohan, 2013). In particu-
lar, this approach could become a useful tool for 
urban agroecosystems because it would allow for 
other networks, such as social networks (focused 
on, for example, gardener workshops or seed ex-
change programmes) to be combined with eco-
logical networks (such as those focused on natural 
enemy–herbivore and plant–pollinator interac-
tions) (Woodward and Bohan, 2013). Being able 
to evaluate how social interactions among urban 
gardeners and farmers affect ecosystem services 
and vice versa could be enormously valuable for 
UA planners and managers.

Ecosystem functions and services

The provisioning of  insect- mediated ecosystem 
services is affected by species population- level 
and community- level factors (Daily, 1997). 
For example, in rural agricultural systems, 
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pollinator density and diversity are essential 
for optimal fruit set for many crops (Klein et al., 
2007) and predator abundance and richness 
may enhance pest control (Letourneau et  al., 
2009). As presented above, many studies have 
examined how the diversity and abundance of  
beneficial insects in urban gardens are affected 
by both local and landscape factors. Although 
many of  these studies point to the potential im-
plication for ecosystem services provisioning, 
only a few have directly examined the cascad-
ing effects on pollination or pest control services 
in urban gardens (Lin et al., 2015; Bennett and 
Lovell, 2019), and none, to our knowledge, has 
further linked these services to yield output. A 
recent global analysis, however, estimates pest 
control and pollination services in UA to be val-
ued at hundreds of  thousands of  dollars (Clinton 
et al., 2018).

Herbivory, plant damage and pest control

More research is needed into the relative impor-
tance of  top- down effects (where predators and 
parasitoids control the structure or population 
dynamics of  the ecosystem) and bottom- up ef-
fects (where plants control the increase or de-
crease of  energy to the higher trophic levels) 
(Raupp et al., 2010) in order to understand and 
be able to predict the population dynamics of  
herbivorous arthropods in urban environments. 
Higher temperatures in urbanized habitats can 
speed up herbivore developmental time, reduc-
ing vulnerable period to natural enemies and 
thus, indirectly, reducing top- down control by 
natural enemies (Raupp et  al., 2010). Abiotic 
factors in urban areas can also affect herbivore 
populations directly through bottom- up forces. 
For example, increases in canopy temperatures 
can cause higher abundance of  the urban forest 
pest, the gloomy scale (Melanaspis tenebricosa), in 
urban trees compared to rural ones by directly 
increasing the fecundity and population growth 
of  the scale insects, not by indirectly reducing 
natural enemy abundance or percentage para-
sitism (Dale and Frank, 2014). Specifically, adult 
female M. tenebricosa reproduction increases by 
approximately 14 eggs for every 1°C increase in 
temperature (Dale and Frank, 2014), which, in 
turn, is a consequence of  increasing impervious 

surface (an important habitat variable reflect-
ing increasing urbanization). In general, small 
arthropods with limited mobility and multiple 
generations on the same host plant, such as 
scale insects, aphids, mites and leaf  miners, have 
a higher probability of  reaching outbreak levels 
with increased levels of  urbanization (Raupp 
et al., 2010). Although the same could hold for 
arthropod assemblages in urban agroecosys-
tems, there is as yet no evidence to support this. 
Biotic and abiotic factors that affect bottom- up 
and top- down forces in these green- spaces may 
be different to biotic and abiotic factors in dis-
persed urban trees.

Studies in urban agroecosystems have both 
found evidence (Egerer et al., 2018b) and no evi-
dence (Lowenstein and Minor, 2018) of  bottom- 
up forces affecting herbivore populations in 
garden crops. Herbivory of  Brassica crops, a 
widely cultivated crop in urban agriculture, was 
relatively low (less than 15%) in residential gar-
dens, community gardens and urban farms in 
Chicago, Illinois (Lowenstein and Minor, 2018). 
The latter was apparently attributable to the at-
traction of  parasitoids and predators to garden 
flowers and not by changes in host plant den-
sity or other garden characteristics. In contrast, 
in urban community gardens in the California 
Central Coast, cabbage aphid density was 
strongly influenced by both host plant density 
and by parasitism (Egerer et  al., 2018b). Both 
studies concluded that urban agriculture, of  
various types, can be beneficial habitats for spe-
cies responsible for effective biological control.

Top- down control, as estimated with sen-
tinel prey- removal experiments in urban ag-
ricultural systems, varies greatly from 12.8% 
to 100% (Gardiner et  al., 2014; Philpott and 
Bichier, 2017; Lowenstein and Minor, 2018; 
Morales et  al., 2018). Among the local fac-
tors reported to affect prey removal are garden 
ground- cover variables (such as mulch cover, 
bare ground), garden vegetation variables (such 
as complexity and diversity, floral abundance), 
and garden characteristics (size) and landscape 
characteristics (such as landscape diversity, per-
centage impervious cover, and percentage ur-
ban cover) (Philpott and Bichier, 2017; Morales 
et  al., 2018). Comparative studies have found 
that significant drivers of  prey removal differ be-
tween cities (Morales et al., 2018) and between 
prey taxa (Philpott and Bichier, 2017). Notably, 
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some results in urban gardens, such as declined 
predation services with increases in landscape 
diversity, contrast sharply with patterns found 
in rural studies (Philpott and Bichier, 2017).

Pollination and Fruit Set

It is estimated that 92% of  crops grown in urban 
food gardens are dependent upon bee pollination 
for fruit or seed set (Matteson and Langellotto, 
2009). Although pollination services in urban 
agricultural sites are influenced by local man-
agement characteristics (Werrell et  al., 2009; 
Bennett and Lovell, 2019; Cohen et  al., 2020), 
the strength of  these effects may be depend-
ent on landscape context (Cohen et  al., 2020). 
Conspecific pollen deposition in flowers of  cu-
cumber plants is positively and significantly as-
sociated with the size of  a community garden; 
in particular, the area of  each garden dedicated 
to flowering plants and the area of  each garden 
dedicated to cucumber plants (Werrell et  al., 
2009). Here the arrangement of  plants within 
a garden positively influenced yield in fruit- and 
vegetable- producing plants within urban com-
munity gardens. Of  course, other factors can be 
important. For example, fruit set in urban agri-
cultural sites in the city of  Chicago negatively 
correlate with the percentage of  paved areas 
within the sites (Bennett and Lovell, 2019). In 
the California Central Coast, seed number, but 
not fruit set, of  jalapeno pepper plants was best 
explained by pollinator abundance and by the 
number of  trees and shrubs within community 
gardens. The direction of  the latter effect, how-
ever, was contingent on the proportion of  natu-
ral habitat cover in the landscape (within a 2 km 
radius) (Cohen et al., 2020).

Future Research Directions

As urban populations are growing rapidly and 
urban agriculture is seeing a ‘renaissance’ in 
recent decades, it is both a crucial and exciting 
time for research on insect ecology in urban 
agroecosystems. This research has the potential 
to inform sustainable urban food production 
practices and urban greening efforts. As we have 
presented here, several studies have revealed 

relationships between local and landscape fac-
tors with arthropod communities and some have 
found cascading effects on ecosystem functions 
and services. This research has already a great 
potential to inform managing practices within 
the urban agroecosystem and its surrounding 
landscape. We recommend more research that 
assesses how different insect taxa experience 
and, in turn, affect their urban environments so 
that we gain a more comprehensive picture to 
better support biodiversity relevant to ecosystem 
services and provision for sustainable food pro-
duction. Specifically, we highlight five research 
directions that we see as valuable to understand 
insect ecology in urban agroecosystems and 
urban ecosystems broadly: (i) movement and 
potential spillover of  insect populations; (ii) sys-
tematic comparisons between urban and rural 
agroecosystems; (iii) the importance of  abiotic 
conditions in the context of  land use and climate 
change; (iv) the utilization of  new methods to 
ask ecological questions; and (v) the exploration 
of  connections between humans and insects in 
urban agroecosystems.

Movement, connectivity and spillover

The movement of  organisms across the land-
scape may be key for long- term population 
persistence in urban agroecosystems because 
dispersal affects colonization–extinction dynam-
ics. Yet we know very little about the factors that 
influence the dispersal to and from urban agro-
ecosystems, or what factors influence perma-
nence or fidelity to these sites. A mark- recapture 
study using ladybird beetles investigated the ef-
fects of  local resource manipulation and land-
scape composition on dispersal from community 
gardens (Egerer et al., 2018a). This study found 
that landscape context is the most important 
driver of  beetle dispersal. Thus ladybird bee-
tles are more likely to disperse in gardens sur-
rounded by more urban land cover (i.e. a high 
proportion of  impervious cover). Interestingly, 
gardens surrounded by landscapes with more 
urban land cover, referred to by the authors as 
‘low- quality’ cityscapes, had a higher diversity 
and abundance of  ladybird beetles. They sug-
gest that highly mobile natural enemies, such 
as ladybird beetles, have a high turnover rate in 
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urban agroecosystems or in highly urbanized 
areas. Yet the mechanisms driving the relation-
ship between landscape context and dispersal 
behaviour are still unclear. This warrants future 
experimental research approaches on dispersal 
between UA systems and surrounding areas.

To our knowledge, there are no studies that 
have rigorously assessed the impact of  land-
scape or habitat- scale connectivity on insect 
abundance and diversity in urban agroecosys-
tems. There is, however, indirect evidence that 
urban agroecosystems facilitate population 
spillover of  beneficial insects to peri- urban farms 
(Langellotto et  al., 2018) . These conclusions 
were based on estimates of  the size and poten-
tial foraging range of  bees captured in urban 
agricultural systems. That is, about 30–50% of  
urban food- garden bee communities could spill 
over to pollinate adjacent agricultural crops. 
They also proposed a research agenda that might 
provide a better understanding of  potentially ef-
fective strategies for managing urban habitats 
and providing ecosystem services across the 
peri- urban interface. The development of  such a 
research agenda would require a combination of  
methods to quantify insect movement across ur-
ban landscapes, perhaps using approaches such 
as mark- recapture, molecular methods and geo-
graphic spatial analysis (which seeks to explain 
biological patterns and processes in terms of  
geographic location). Integrative and multiple 
approaches are needed to determine how land-
scape connectivity can promote dispersal and 
persistence in UA systems, ecosystem service 
multiplicity across space, and how to facilitate 
urban garden networks to increase ecosystem 
functions provided by insects.

Urban–rural agroecosystems 
comparisons

Arthropod communities and the ecosystem ser-
vices that these communities provide are rarely 
systematically compared between rural and ur-
ban agroecosystems. Both systems largely differ 
from one another in spatial and temporal resource 
availability for arthropods. For example, in con-
trast to urban farms, urban community gardens 
are managed by multiple gardeners, resulting in 
increased local vegetation heterogeneity, floral 

species diversity and stability of  floral availabil-
ity (Pereira- Peixoto et  al., 2014). Although these 
management differences likely affect species in-
teractions such as plant–pollinator, predator–prey 
and parasitoid–host, there are few comparisons of  
these interactions between urban and rural agri-
culture. But there are a few insightful exceptions 
(Pereira- Peixoto et al., 2016). They investigated the 
diversity and specificity of  interactions between 
bees and their parasitoids in urban, peri- urban and 
rural agricultural systems. Higher abundance of  
parasitoids was observed in the urban–rural inter-
face with high habitat heterogeneity (i.e. a mix of  
urban, rural, semi- natural and natural elements), 
but bees experienced the highest parasitism rates 
in urban gardens. They also found that parasitoid 
specificity, which implies interaction ‘vulnerabil-
ity’, was highest in the urban–rural interface sys-
tems; whereas both urban and rural systems had 
more generalist parasitoids, suggesting that the 
interactions were more stable. The results suggest 
that there may be trade- offs between factors that 
promote pollinators versus those that promote 
natural enemies in urban and rural agroeco-
systems. Consequently, more studies are needed 
which examine and compare insect communities 
and species interactions within urban, peri- urban 
and rural agroecosystems.

Abiotic factors in changing environments

Urban environments are characterized by pes-
ticides, heavy metal contamination, light and 
noise pollution, and urban heat (Epstein, 1995; 
Frumkin, 2001; Grimm et al., 2008; see Chapter 
11). The combinations of  these environmental 
stressors can impact insects and their interac-
tions with other organisms (McIntyre, 2000; 
Gardiner and Harwood, 2017), but their effects 
in urban agroecosystems are largely under-
studied. Elucidating the relative impacts of  en-
vironmental stressors including pesticides and 
pollution on insects and their ecological inter-
actions in urban agroecosystems is increasingly 
important due to global insect decline (Sánchez- 
Bayo and Wyckhuys, 2019), as well as the 
functional roles that insects provide in agroeco-
systems. Here we review some of  these environ-
mental stressors and potential future directions.
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Pesticides

Pesticides, which are commonly applied on urban 
public and private green spaces, can have a nega-
tive impact on insect biodiversity (Politi Bertoncini 
et al., 2012) and affect community dynamics. City- 
wide pesticide applications to manage biting flies, 
for example, have caused pest outbreaks in urban 
trees by disrupting top- down control by natural 
enemies (Raupp et al., 2010 and references there-
in). In addition to mortality, pesticide exposure can 
affect insect reproduction and growth (Goulson 
et al., 2012), learning (Yang et al., 2012), as well 
as feeding and foraging ability (Feltham et  al., 
2014). Although many urban agroecosystems are 
managed organically or pesticide- free (Oberholtzer 
et  al., 2014), mobile insects with large foraging 
ranges will likely be exposed to pesticides in the 
urban matrix. This is similar to agricultural land-
scapes where pesticide exposure in one agroecosys-
tem affects pollination services in another (Krupke 
et  al., 2012). Most pesticide- related research has 
taken place in rural agricultural systems on honey 
bees (Apis mellifera) and bumblebees (Bombus), 
warranting future work in urban landscapes 
and particularly urban agroecosystems where 
pesticide exposure, and food production and con-
sumption, intersect. Future studies should adopt a 
landscape approach and environmental chemistry 
methods to quantify pesticide exposure on insects 
of  varying taxonomic and functional groups with 
different life histories in urban agroecosystems.

Heavy metals

Chemical pollution sources in cities are numer-
ous (Madrid et al., 2002; Imperato et al., 2003) 
and, compared to rural agricultural landscapes, 
contamination of  heavy metals like lead, zinc 
and copper is significantly higher in cities 
(Ordóñez et  al., 2003; Imperato et  al., 2003). 
Heavy metals bioaccumulate in living tissues 
(Peterson et al., 2003; Neilson and Rajakaruna, 
2015; Bourioug et  al., 2015) and can move 
up the food chain from contaminated soil to 
plants (Peralta- Videa et  al., 2009), to primary 
and secondary consumers (Prince et  al., 2001; 
Heikens et al., 2001; Peralta- Videa et al., 2009). 
Ingesting plants grown in contaminated soil can 
carry human health risks (Brown and Jameton, 
2000; Ljung et  al., 2006). However, metal 
concentration is generally diluted to non- risk 

levels when the diet also includes food from oth-
er (non- contaminated) sources, as is usually the 
case for humans (Sridhara Chary et al., 2008). 
In contrast, invertebrates are constantly in close 
contact with the soil, have a diet restricted to 
contaminated sources and have thus a high risk 
of  being negatively affected by metal pollution 
(Heikens et al., 2001).

Heavy metals are known to accumulate in 
the bodies of  soil decomposers such as earth-
worms, isopods and springtails (Heikens et  al., 
2001), and this, potentially, has negative effects 
on soil decomposition rates (Giller et al., 2009). 
Further, elevated concentration of  metals in 
soil invertebrates can be passed on to higher 
trophic levels, thus affecting important pest 
control agents like predatory insects, spiders 
and birds (Heikens et  al., 2001). For example, 
spiders collected in urban agroecosystems with 
heavy- metal soil contamination have slower de-
velopment and reproduction rates (Gardiner and 
Harwood, 2017). Pollinators also can be affected 
by heavy metals. Bees can acquire heavy met-
als through consuming contaminated nectar, 
pollen or water (Perugini et al., 2011). Thus, in 
general, contamination can alter bees’ foraging 
behaviour (Meindl and Ashman, 2013) and af-
fect plant–pollinator interactions (Perugini et al., 
2011). Consequently, heavy metals could dimin-
ish the effective delivery of  animal- mediated 
ecosystem services, including decomposition, 
pollination and pest control, which are essential 
for sustainable agriculture. Though studies have 
investigated the effect of  metal contamination 
on individual invertebrate groups in urban ar-
eas (see Gall et al., 2015 for a review) and in ur-
ban agriculture (Gardiner and Harwood, 2017), 
the effects on community composition and on 
food- web dynamics are still poorly understood 
in urban agroecosystems (but see Peterson et al., 
2003; Boyd et al., 2006; Bourioug et al., 2015).

Other pollutants: nutrient, thermal, light and 
noise pollution

Other pollutants characteristic of  urban environ-
ments can affect arthropod communities and their 
interactions. For example, ozone and atmospheric 
nitrogen deposition from car combustion can alter 
the susceptibility and resistance of  urban trees to 
insect herbivores (Hain, 1987; Eatough Jones et al., 
2004). In addition, other associated features of  
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urban environments, including thermal, light and 
noise pollution, can also affect insect populations 
and behaviour (McIntyre, 2000). For example, 
prolonged warmer temperatures due to urban heat 
effects and increased artificial illumination may in-
duce flight responses, thus extending arthropod 
foraging time and increasing dispersal likelihood 
(Longcore and Rich, 2004; see also Chapter 8). By 
speeding up developmental times, elevated tem-
peratures in urban habitats may reduce arthropod 
vulnerability to natural enemies (for review see 
Raupp et al., 2010). Yet we do not know how urban 
heat effects, light exposure and noise affect insects 
and their interactions in urban agroecosystems. 
Further work in this area is needed to determine 
the potential mechanisms of  community disas-
sembly that could affect food production.

New methods in ecological investigations

Advancements in remote sensing and molecu-
lar technologies provide new pathways to ex-
amine mechanisms driving species interactions. 
Geographic information systems paired with un-
manned aerial vehicles (i.e. UAVs or drones), may 
be used to accurately assess vegetation structure, 
habitat quality and connectivity (Yu et al., 2012; 
Feng et al., 2015), and crop damage from insect 
pests (Yue et al., 2012). DNA- based techniques are 
providing new information on insect communi-
ties, their interactions and food- web complexity. 
DNA techniques can determine, for example, who 
eats whom and which insect species visit which 
plants, all of  which can be difficult to study and 
observe in the field. Molecular methods (DNA 
fingerprinting techniques) have been used in ru-
ral agroecosystems to determine how farm and 
landscape management affect gut bacteria and 
fat content of  insect natural enemies, which could 
potentially affect their effectiveness to provide 
ecosystem services (e.g. predation). In addition, 
environmental DNA has been used to determine 
the feeding preference of  Lutzomyia longipalpis 
sand flies, an important vector of  leishmaniasis 
disease in urban ecosystems (Lima et al., 2016). It 
would be fruitful to use such techniques in urban 
agroecosystems to identify important pest control 
agents as well as to determine the factors that af-
fect their health and their movement across the 
urban landscape. Further, these techniques could 

determine the essential plant–pollinator relation-
ships and networks that lead to fruit production in 
UA systems.

Unexplored connections between humans 
and insects in urban agroecosystems

As described in this chapter, there are various 
pathways by which humans affect insects (e.g. 
by managing vegetation) and by which insects 
affect humans (through pollination, pest control 
services, etc.) in UA. Yet, there may be other less 
obvious connections that may be worth inves-
tigating. For example, recent investigations into 
the microbiome of  bees in urban and in agricul-
tural landscapes have shed light on indirect ways 
by which farm management affects insect health 
(Cohen et al., 2020), but how insect health affects 
the delivery of  ecosystem services is still unclear. 
Additionally, ecosystem disservices associated 
with urban agroecosystems, in relation to public 
health, have been largely unexplored. For exam-
ple, standing water in community gardens can 
attract mosquitoes (Dongus et al., 2009; Matthys 
et al., 2010) and this may cause public health con-
cerns, particularly in developing countries where 
diseases such as malaria are prevalent (Afrane 
et al., 2004). Other indirect links, such as the po-
tential spillover of  insect pests from UA to urban 
parks or residential gardens, have not, to our 
knowledge, been thoroughly investigated.

Conclusions

Urban agroecosystems are multi- functional 
green spaces in urban areas that provide various 
environmental, ecological and social benefits 
(Fig. 12.1). Insects and other arthropods are im-
portant ecosystem service providers in the regu-
lating services (e.g. pollination) and supporting 
services (e.g. soil formation) that ultimately 
contribute to food provision. Our understanding 
of  the ecology of  these important organisms in 
urban agroecosystems has spiked in recent dec-
ades, in parallel with urban agriculture popular-
ity in the developed world. These developments 
are informing management practices, both at 
the garden/farm level and at the surrounding ur-
ban matrix level, to optimize ecosystem services 
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and food production in a sustainable manner. 
However, much of  the complexity behind the 
mechanisms driving species distributions, move-
ment, interactions and ecosystem functions in 
these heterogeneous gardens and farms across 
heterogeneous urban landscapes remains to be 
unravelled. Because of  the important link be-
tween insects and agricultural production, our 
understanding of  these mechanisms will be of  
increasing importance for UA in future decades 

as urban areas become denser and climate 
change exacerbates urban weather extremes. 
Additionally, as relatively vegetatively complex 
urban habitats, UA could play an important role 
in the conservation of  insect populations across 
regions. Given insect declines across the world 
due to anthropogenic forces, it is vital to under-
stand how to recreate urban spaces, including 
urban agroecosystems, in order to complement 
local, regional and global conservation efforts.
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Early and influential ecologists have long stud-
ied the patterns and associations of  living or-
ganisms within and near cities. For example, 
Frank Lutz, first chair of  the entomology de-
partment at the American Museum of  Natural 
History, meticulously documented the 1402 
insect species collected from his small suburban 
lot just outside of  New York City (Lutz, 1941). 
Eugene Odum and Thomas Burleigh noted the 
geographic expansion of  the breeding ranges 
of  robins, song- sparrows, and warblers, and 
linked these changes to the abundance of  early 
seral vegetation ‘or their artificial equivalent’ in 
human- altered landscapes (Odum and Burleigh, 
1946). Botanists studied successional patterns 
in Chicago- area plant communities in the late 
19th and early 20th century (Cowles, 1901). 
Despite these and other early contributions, the 
ecological sciences more often focused on study 
organisms and field sites with limited to no di-
rect human influence (McDonnell, 2011). For 
example, less than one half  of  one per cent of  all 
papers published in nine leading ecological jour-
nals between 1995 and 2000 focused on urban 
systems or urban species (Collins et  al., 2000). 
Many of  these studies focused on single species, 
in small- scale patches, using a single discipli-
nary approach (McDonnell, 2011). Although 

such studies are important for understanding 
basic patterns of  urban species distributions, 
they fail to capture the complexity of  cities as 
social- ecological systems, where human beings 
are central to patterns and processes (Grimm 
et  al., 2000; McDonnell, 2011; Pickett et  al., 
2016). Interdisciplinary, multi- scalar and long- 
term studies are needed to generate knowledge 
and advance sustainability in, of  and for urban 
systems (Pickett et al., 2016).

Today, the importance and influence of  ur-
ban ecology in modern science is impossible to 
ignore. While there were 1.4 billion people living 
on earth when ecology emerged as a discipline in 
the 1940s (Demeny, 1990; McDonnell, 2011), 
there are now more than 7.7 billion people shar-
ing this planet (United Nations et al., 2019), 55% 
of  whom live in urban areas (United Nations 
et al., 2018a). Global increases in urbanization 
are expected to continue throughout this cen-
tury, with urban areas expected to absorb virtu-
ally all future population growth. Urbanization 
has been identified as one of  four globally im-
portant trends in population demography by the 
United Nations et al. (2019). In order to meet the 
United Nations Sustainable Development Goal 
of  making urban areas safe, inclusive, resilient 
and sustainable (United Nations et  al., 2018b), 
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continued and increased investment in the sci-
ence of  urban ecology is needed.

In this chapter, I suggest key areas of  inves-
tigation to guide the urban ecological sciences 
over the next 30 years. Specifically, I examine 
the state of  knowledge at the population, com-
munity, landscape and ecosystem scales, and 
identify key gaps that are ripe for future study. 
I look at potential applications of  urban eco-
logical knowledge to advance urban sustainabil-
ity, before concluding with key challenges that 
threaten progress. Throughout this chapter, I 
assume the importance of  adopting a research 
paradigm that endeavours to conduct ecology 
for the city (Pickett et al., 2016), where scientific 
advances that yield sustainable urban systems 
depend upon long- term and collaborative inter-
actions between multi- disciplinary scientists, 
urban residents and decision makers.

Designing Resilient Cities Requires 
an Understanding of Urban Evolution

Humans are exerting strong selective pressures 
on a multitude of  wild populations via anthro-
pogenic influence on climate, land cover, hy-
drology, nutrient cycling, resource abundance 
and pollutants. Even Darwin’s iconic Galapagos 
finches have been affected, as access to human 
foods have shifted dietary preferences of  several 
species towards processed foods (e.g. chips and 
sweets) and away from species- specific diets of  
seeds, insects or fruits that drove adaptive radia-
tion and maintained niche separation (De León 
et al., 2018). Preliminary analyses suggest that 
phenotypic changes in urban systems exceed 
those in natural systems, and that phenotypic 
changes in urban systems are abrupt rather 
than gradual (Hendry et  al., 2008). Much of  
the work on evolutionary change in urban sys-
tems has focused on non- adaptive change due to 
restricted gene flow in fragmented urban land-
scapes, as well as to genetic drift within an en-
vironment where stochastic events are common 
(Johnson and Munshi- South, 2017; Santangelo 
et  al., 2018). However, there are documented 
cases of  adaptive evolution as well. For example, 
birds in urban environments sing at a higher 
pitch than their rural counterparts, presumably 
so as to be heard by prospective mates above 

city noise (Slabbekoorn and Peet, 2003). Weedy 
plants reduce seed dispersal in as few as five 
generations in urban environments, because a 
majority of  dispersed seeds settle on asphalt or 
concrete (Cheptou et  al., 2008). Urban killifish 
exhibit rapid evolution of  tolerance to pollutants 
(Reid et al., 2016). Acorn ants in urban environ-
ments display rapid evolution of  tolerance to 
heat, and greater sensitivity to cooler tempera-
tures (Diamond et al., 2017).

Research in urban evolution is expected to 
proliferate in the coming decades, as scientists 
try to better understand the impact of  urbani-
zation on non- adaptive evolution (via restrict-
ed gene flow or drift) and adaptive evolution 
(via natural selection). Key questions include 
whether or not informed landscape design can 
ameliorate the impact of  habitat fragmentation 
on gene flow or genetic drift contingent on the 
availability of  habitat corridors. In addition, 
evolutionary biologists are asking whether or 
not adaptive evolution is capable of  keeping 
pace with the rapid and dramatic selection pres-
sures associated with urbanization, and identify-
ing the precursors to evolutionary resilience in 
the face of  urban change (Hendry et al., 2008; 
Johnson and Munshi- South, 2017; Santangelo 
et al., 2018).

Current evidence suggests that phenotypic 
plasticity and genetic variation play key roles 
in species’ capacity to respond to urbanization 
(Hendry et al., 2008; Reid et al., 2016; Diamond 
et  al., 2017). The importance of  genetic diver-
sity to sustainable urban systems should be a 
key concern to urban planners and landscape 
architects (Paap et  al., 2017), where tradition-
al designs of  urban streetscapes lean towards 
plantings of  a few genetically monotonous cul-
tivars, i.e. cultivars that have and transfer the 
same genetic pattern from one generation to the 
next (MacFarlane and Meyer, 2005). The lack 
of  genetic variation in horticulturally impor-
tant plantings is often maintained via asexual 
propagation to retain morphological traits that 
are unique, aesthetically pleasing and/or that 
conform to the compact planting spaces that are 
typical of  urban environments. However, such 
plantings are prone to decline via invasive pests 
or other stochastic stresses.

Many professionals within the horticultur-
al trade fail to recognize the importance of  spe-
cies diversity, much less genetic diversity, to the 
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long- term persistence of  plantings in the face 
of  urban stresses (Polakowski et  al., 2011). As 
scientists develop a better understanding of  the 
mechanisms that promote or constrain adaptive 
evolution in urban systems, they have an oppor-
tunity to affect the sustainable design of  cities, 
particularly at the first trophic level. Specifically, 
urban evolutionary biologists could collaborate 
with plant breeders to develop plant materials 
that meet the needs of  urban arborists, land-
scape architects, landscapers and gardeners, 
while retaining the genetic variation needed to 
respond to the multitude of  selection pressures 
in an urban environment. Ideally, there should 
be a way to retain, or at least balance, genetic 
variation with favoured plant traits and practi-
cal propagation methods in horticultural pro-
duction and distribution systems.

Diverse Urban Communities 
Contribute to Urban Sustainability

Biodiversity is central to the idea of  ecosystem 
function (Cardinale et al., 2012), and, by exten-
sion, ecosystem resilience and sustainability. 
The conservation and restoration of  biodiversity 
should thus be integral to urban planning, where 
increasing focus is placed on the importance of  
resilient urban systems to human well- being 
(McPhearson et al., 2015). For many taxa, con-
servation and restoration goals are challenging. 
Urbanization can contribute to biodiversity loss 
via habitat loss and fragmentation, the introduc-
tion of  exotic and invasive species, and novel en-
vironmental stresses. These factors can promote 
biotic filtering and homogenization (Lizée et al., 
2011), ultimately degrading multiple measures 
of  biodiversity, including species richness and 
community evenness (Shochat et al., 2010).

The diverse plantings that are typical of  ur-
ban gardens could benefit organisms at higher 
trophic levels. Specifically, urban gardens can 
have higher levels of  plant α-diversity (within 
gardens), β-diversity (between gardens), and 
γ-diversity (in aggregate across the city) than 
nearby agricultural or natural areas (Hope et al., 
2003; Grove et  al., 2006; Grimm et  al., 2008). 
Whether or not the diversity of  plants within 
gardens has biodiversity benefits at higher 
trophic levels seems to depend, at least in part, 

on the decisions that gardeners make when 
planting and maintaining their gardens.

For bees, research suggests that gardeners 
can increase local bee richness via fairly simple 
actions related to plant selection and care, such 
as planting more flowering plants (Matteson 
and Langellotto, 2010), tolerating lawn weeds 
(Larson et  al., 2014) and decreasing the fre-
quency of  lawn mowing (Lerman et al., 2018). 
Provisioning native plants in urban landscape 
designs is also important to urban biodiversity. 
Insectivorous birds benefit from yards with a 
high proportion of  native plants, because these 
plants support larger and more diverse popu-
lations of  caterpillars (Burghardt et  al., 2009; 
Narango et  al., 2018). Specifically, Burghardt 
et  al. (2009) and Narango et  al. (2018) found 
that gardeners that choose to plant or protect 
native grasses, forbs, shrubs and trees in their 
yards and gardens were able to positively impact 
the diversity of  breeding birds via increases in 
caterpillar diversity and abundance. These stud-
ies show the potential influence that gardeners 
can have at higher trophic levels (herbivores 
and insectivorous birds) via decisions that deter-
mine the plant community on the first trophic 
level. In field comparisons of  native plants with 
cultivated varieties of  these same natives, bees, 
butterflies and moths prefer to forage from the 
native plants (White, 2016).

Even though the provisioning and selec-
tion of  plants can benefit birds and pollinating 
insects, it does not guarantee that these or other 
components of  a biological community will as-
semble and persist in urban systems (Faeth 
et  al., 2011). Despite the documented benefits 
of  urban systems to bees (Hall et  al., 2017), 
ground- nesting bees are disproportionately ab-
sent from urban gardens (Langellotto, 2017). 
The bees that do persist in urban habitats tend 
to be phylogenetically and functionally homog-
enous (Harrison et al., 2018), which limits their 
collective contribution to urban ecosystem func-
tion. Further, despite the documented benefits of  
native plants to diversity at higher trophic levels, 
exotic plants typically comprise 70% of  the plant 
palette in urban gardens and other ornamental 
landscapes (Loram et  al., 2008). Small- scale 
installations of  native plants are insufficient to 
provide a net benefit to pollinators (Matteson 
and Langellotto, 2011) or birds (Narango et al., 
2018). Unfortunately, many barriers exist that 
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limit the production and sale of  native plants, 
which ultimately limits gardeners’ exposure to 
and acceptance of  native plants in urban garden 
and landscape design (Anderson, 2019).

The challenges associated with increasing 
the availability and acceptance of  native plants 
to benefit urban biodiversity is one example of  
how building more sustainable ecosystems relies 
on developing a better understanding of  urban 
yards and gardens as social- ecological systems. 
Social norms and expectations are important 
drivers of  yard and garden management (Locke 
et al., 2018). Even if  individuals want to change 
their garden to include nesting sites for bees, an 
abundance of  native plants or a less tidy lawn, 
neighbours or neighborhood associations often 
push back on aesthetics that do not conform 
to the rest of  the neighbourhood. These pres-
sures are even more pronounced for front- facing 
gardens, which has given rise to the landscape 
mullet concept (Locke et al., 2018). A landscape 
mullet results when homeowners manage front- 
facing spaces according to social norms, while 
using rear spaces to express personal preferences 
(Locke et al., 2018). Challenging and changing 
these social norms will take concerted and col-
laborative efforts by urban residents, profession-
als within the nursery and landscape industries, 
homeowners, neighbourhood associations, and 
social and ecological scientists. However, suc-
cessfully shifting social norms related to gar-
dening and landscaping could have an outsized 
impact on urban sustainability. While residential 
gardens cover only 2% of  land area in continen-
tal USA (derived from Milesi et  al., 2005), they 
can comprise 25–35% of  urban land area and 
more than 50% of  urban green space (Loram 
et al., 2007; Mathieu et al., 2007).

Questions of Scale, Linkages and 
Equity in Urban Landscapes

Ecological studies across urban to rural gradients 
have generally found that the lowest levels of  spe-
cies richness occur towards the urban core and 
that the highest levels of  species richness occur 
in more suburban sites (reviewed in McKinney, 
2008). Urbanization encompasses a gradient of  
disturbance, including major disturbance, such 
as development, and more frequent, lower- level 

disturbance associated with landscape mainte-
nance (Faeth et  al., 2011). Intermediate levels 
of  disturbance are thought to select for high spe-
cies richness via the coexistence of  colonizers 
and late seral species. In fact, the intermediate 
disturbance hypothesis (sensu Connell, 1978) 
has been used to explain patterns of  species 
richness along rural- to- urban gradients (Blair, 
1996; Blair and Launer, 1997, but see Collins 
et al., 1995 and Fox, 2013). Suburban sites tend 
to have more green space than the urban core, 
and these green spaces are generally managed 
in ways that approximate ‘intermediate’ levels 
of  disturbance (e.g. composting, less intensive 
weeding, reduced pesticide use and cultivation 
of  diverse plant species). This combination offers 
greater resource abundance but less resource 
stability, which might explain why peak species 
richness can often be found at intermediate lev-
els of  urbanization, such as in suburban sites 
(Faeth et al., 2011).

Despite the potential of  suburban gardens 
to foster biodiversity in urban systems, these 
same sites tend to exhibit ecologically homog-
enized plant communities and microclimates 
(Groffman et al., 2014). This homogenization re-
sults from the common and convergent decisions 
that individuals make related to plant selection 
and irrigation regimes across cities in differ-
ent ecoregions (Groffman et  al., 2014). These 
individual decisions are limited at the point of  
purchase by the plant selection offered by retail 
nurseries (Avolio et al., 2018). This winnowing 
of  choice, plant palettes and management re-
gimes to a few narrowly defined examples of  ur-
ban and suburban gardens has measurable and 
mostly negative impacts on ecosystem processes 
and services, which likely scale up across broad 
spatial scales (Groffman et al., 2014).

The question of  scale is an important one in 
urban ecology. Studies have shown local, within- 
site characteristics are more important to the 
biodiversity of  bees and butterflies in urban 
gardens than are landscape- level characteristics 
(Matteson and Langellotto, 2010; Pardee and 
Philpott, 2014). However, there is evidence that 
neighbourhood- level characteristics are also im-
portant (Lowenstein et al., 2014). For birds, the 
characteristics of  groups of  gardens, in aggre-
gate, were more important for species richness 
than characteristics at the neighbourhood or 
landscape scale (Belaire et al., 2014). This begs 
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the question, at what scale do the characteristics 
of  individual urban parcels combine to promote 
urban sustainability at the neighbourhood and 
landscape scales? In other words, how many ur-
ban or suburban lots within a neighbourhood 
would have to adopt sustainable landscape de-
sign and management practices before the bene-
fits are both measurable at broader spatial scales 
and persistent across long- term temporal scales?

The proliferation of  urbanization is also 
creating landscapes where urban settlements 
are immediately adjacent to agricultural land 
(Harvey and Works, 2002). This creates an op-
portunity to study how these systems are linked 
socially (via the production and consumption 
of  agricultural products) and ecologically (via 
pollinator movement between urban gardens 
and farms). In the USA, 90% of  fruits, nuts and 
berries and 78% of  vegetables and melons (all 
pollinator- dependent crops) are now grown in 
countries with significant urban encroachment 
(Francis et al., 2012). If  pollinators readily cross 
the boundary between urban and agricultural 
landscapes, urban gardens could provision pol-
linators to farms at the peri- urban boundary, or 
may provide a refuge to bees from agricultural 
stresses (Langellotto et al., 2018).

Reducing Vulnerability to Urban Heat 
and Flooding

The average mean temperature within the ur-
ban landscape can be between 1–3 degrees 
Celsius warmer than adjacent non- urban ar-
eas. Increased urban temperature in the midst 
of  global climate change drives energy demand, 
which contributes to greenhouse gas emissions, 
air and water pollution, and heat- related illness 
and mortality. Building resilient cities requires a 
thorough accounting of  the areas and residents 
that are most vulnerable to urban heat and 
climate- induced hazards (Shandas et al., 2018), 
as well as data- informed design and manage-
ment responses. Perhaps not surprisingly, the 
most vulnerable groups tend to have the least 
economic, political and/or social capital (Huang 
et al., 2011; Voelkel et al., 2018). Urban heat and 
urban particulate pollution can be tempered via 
tree- planting programmes (Livesley et al., 2016). 
Unfortunately, the most vulnerable areas are 

often the least likely recipients of  municipal tree- 
planting programmes (Watkins et al., 2017).

Combating urban heat requires an un-
derstanding of  how the built environment and 
green environment interact. For example, al-
though morning temperatures are affected by 
the presence of  low- lying vegetation, afternoon 
and evening temperatures are most affected 
by building height and variation in building 
height (Voelkel et al., 2018). This suggests a path 
forward in planning future cities, but also an 
opportunity to retrofit existing cities by integrat-
ing herbaceous plants, shrubs and street trees 
throughout the urban landscape.

Urban Waste as a Component 
of Ecosystems Ecology in the 

Anthropocene

Urban systems exhibit biogeochemical and 
hydrological cycles that are distinct from ag-
ricultural or unmanaged counterparts (Kaye 
et  al., 2006). Scientists are developing a better 
understanding of  how human actions at the 
household, neighbourhood and city scales in-
fluence fluxes in urban nutrient and hydrologi-
cal cycles. The built landscape, the influence of  
demographic trends on ecological stoichiometry 
and household- scale actions have been identi-
fied as the three primary drivers of  biogeochemi-
cal fluxes in urban systems (Kaye et al., 2006). 
In addition to these drivers, urban green space 
also plays a role, and has been associated with 
reductions in urban greenhouse gasses, particu-
late pollution and stormwater run- off. To date, 
scientists have not been able to model how ro-
bust these benefits are to variable anthropogenic 
demands and inputs (Dijst et al., 2018).

The concept of  urban metabolism has been 
developed to provide a framework that expands 
urban ecosystem ecology beyond nutrient and 
water cycles, and to include anthropogenic 
materials and waste (Dijst et  al., 2018). This 
is an important development, since the crea-
tion, consumption and disposal of  materials is 
a defining characteristic of  cities. In fact, in her 
book entitled Cities: The First 6,000 Years, an-
thropologist Monica Smith notes that rubbish is 
perhaps the most telling characteristic of  urban 
activity (Smith, 2019). Although the impact of  
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solid waste, particularly plastic waste, has been 
well studied in marine systems, there has been 
relatively little attention to this issue in terres-
trial ecosystems. Within terrestrial ecosystems, 
19 species of  birds and 13 species of  mammals 
have been observed to forage from urban rub-
bish dumps in only 25 hours of  observation time 
(Katlam et al., 2018). Bees (MacIvor and Moore, 
2013), ants (Michlewicz and Tryjanowski, 
2018), crows (Townsend and Barker, 2014) and 
rodents (Cavia et  al., 2009) use anthropogenic 
waste for nest- site materials. The interaction 
of  the biotic components of  an ecosystem with 
anthropogenic waste can influence organisms’ 
fitness and evolution (Suárez- Rodríguez et  al., 
2017) but may also be important to the trans-
formation and degradation of  rubbish. Given 
the dominance of  rubbish as a characteristic of  
urban systems, understanding how organisms 
interact with and transform (or are transformed 
by) anthropogenic waste will be essential to 
modelling and planning sustainable cities.

Key Challenges in Urban Ecology

The characteristics of  urban landscapes are 
shaped by social norms and interactions, the con-
sumption of  resources, the production of  refuse, 
the built environment and urban green space, 
all of  which occur amidst global climate change. 
The complexity of  urban ecosystems is unlike any 
other, with multiple land managers making a se-
ries of  independent decisions about how to build, 
plant and manage a site according to current pol-
icy and social norms. It is no coincidence that the 
term ‘wicked problems’ was coined by urban plan-
ners (Rittel and Webber, 1973) to describe com-
plex problems that are characterized by multiple 
interacting systems and social and institutional 
uncertainty. Rittel and Webber (1973) argue that 
perfect solutions do not exist for wicked problems, 

but that solutions can only be judged as relatively 
better or worse, depending upon how the problem 
is framed. Thus, one of  the biggest challenges to 
progress in the urban ecological sciences is the 
complex nature of  urban ecosystems, where a 
singular approach towards sustainable cities will 
not suffice.

Meeting this challenge requires a convener 
who can bring together multi- disciplinary scien-
tists, urban residents and decision makers to col-
laborate to find the best solutions to the wicked 
problems inherent in urban systems. Although 
a great deal of  progress has been made towards 
advancing the science of  urban ecology, there 
has also been movement away from transdisci-
plinary studies, with ecological sciences domi-
nating other disciplines (Young and Wolf, 2006).

The National Science Foundation’s funding 
of  urban long- term ecological research efforts 
in Phoenix, Arizona, and Baltimore, Maryland, 
arguably did more to advance the transdiscipli-
nary study of  urban systems than any other sin-
gular effort. When the creation of  these research 
programmes was announced, it was character-
ized as ‘a quantum leap in studying the way the 
urban environment works’ (National Science 
Foundation, 1997). Unfortunately, National 
Science Foundation funding for the Baltimore 
long- term research effort came to an end in 2018 
(Wheeler, 2019), although a call for a new urban 
long- term research site was posted in 2019. This 
highlights the second major challenge facing the 
urban ecological sciences – funding for long- term, 
transdisciplinary and collaborative studies in, of  
and for urban systems (sensu Pickett et al., 2016; 
see also Chapter 7, ‘Urban ecology as an integra-
tive science and practice’). Given that urbaniza-
tion is a globally important driver of  ecological 
properties and processes across spatial and tem-
poral scales, continued and increased investments 
in the science of  urban ecology are needed now, 
more than ever, in order to make cities safe, inclu-
sive, resilient and sustainable.
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urban ecology
and body temperature 151
and species interactions 150
and validation 151
variations in vulnerability 151

Edmonton (Canada) 43
education 113–114, 130, 171, 196
Edward I 163
elm (Ulmus sp.) 17
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Long-Term Ecological Research Program 3
Los Angeles, California (US) 19, 72, 76
low-income communities 1, 39, 40, 48, 49, 130, 

193–194
LTER (Long-Term Ecological Research) programme 3, 

9, 122, 124, 126
see also Baltimore Ecosystem Study; Central 

Arizona-Phoenix LTER
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Its Nature and Challenges
Edited by Pedro Barbosa
Today, 55% of the world’s human population lives in urban areas.  
By 2030, up to 90% of the global human population will live in cities and 
this is expected to increase by 68% by 2050. 

Although land cover categorized as “urban” is a relatively small fraction 
of the total surface area of the Earth, urban areas are major driving forces 
in global environmental change, habitat loss, threats to biodiversity, and 
the loss of terrestrial carbon stored in vegetation biomass. These and 
many other factors highlight the need to understand the broad-scale 
impacts of urban expansion as it effects the ecological interactions 
between humans, wildlife and plant communities.

In a series of essays by leading experts, this book defines urban 
ecology and provides much-needed focus on the main issues of this 
increasingly important subdiscipline such as the impacts of invasive 
species, protecting pollinators in urban environments, the green cities 
movement and ecological corridors.

The book stresses the importance of understanding ecological forces 
and ecosystem services in urban areas, and the integration of ecological 
concepts in urban planning and design. The creation of urban green 
spaces is critical to the future of urban areas, enhancing human social 
organization, human health and quality of life.

Urban ecology is becoming a foundational component of many degree 
programmes in universities worldwide and this book will be of great interest 
to students and researchers in ecology and conservation science, and 
those involved in urban planning and urban environmental management.
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