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This article reviews existing literature on spatial metrics, presenting a portfolio of
metrics addressing the spatial patterns of growing and shrinking cities and discussing
their potential and limitations. A wide and diverse set of spatial metrics was found.
While these metrics address most of the identified spatial patterns of urban growth,
spatial metrics used in urban shrinkage studies are much scarcer and not nearly
sufficient to provide a comprehensive assessment of its spatial patterns. The article
concludes that there is great potential for the development of new spatial metrics or
mixed indicators, particularly in shrinkage contexts. The article builds on recent
literature focusing on reviewing and developing metrics for particular spatial patterns
(notably patterns of urban sprawl), while considering a very broad and multidisciplin-
ary set of metrics. It focuses not only on the outcomes of urban growth but also on
those of the increasingly common shrinking phenomenon.
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Measuring changes in urban form

The study of cities” form and structure is recently back in the spotlight in urban planning
debates (Pinho & Oliveira, 2011). An increasing focus on sustainable development has
strengthened the importance of the physical dimension of urban areas; and both European
and North American literatures are becoming increasingly concerned with the analysis of
urban patterns, with particular emphasis on quantitative methods (Clifton, Ewing, Knaap,
& Song, 2008; Dieleman & Wegener, 2004; Huang, Lu, & Sellers, 2007). Along with
sustainability concerns, two other factors are also considered to have been essential to the
most recent advances in quantitative analyses of urban patterns. These are the develop-
ments in geographical information systems and information technology; and the increas-
ing quality and availability of spatially referenced data, notably with the development of
remote sensing techniques (Clifton et al., 2008; Herold, Goldstein, & Clarke, 2003;
Huang et al., 2007; Larkham, 2006).

This issue is gaining further interest and importance as urban spatial patterns of
development of European and North American cities appear to have been changing
considerably during the past few decades (Beauregard, 2009; Kabisch & Haase, 2011;
Turok & Mykhnenko, 2007). After a twentieth century marked by intense and widespread
growth of urban areas, mainly led by industrialization and technological development and
the consequent urban migration and extensive suburbanization, recent urban development
trends anticipate more diversified trajectories for Western cities in the twenty-first century;
with increasing inter-city competition in which some cities will tend to grow at the cost of
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others, depending on a wide and complex set of factors that are still not totally clear.
Processes of growth and shrinkage may even occur simultaneously in the same urban
system, leading to an increasing geographic polarization among and within cities
(Banzhaf, Kindler, & Haase, 2006; Oswalt & Rieniets, 2006; Pallagst, 2005). Urban
planning theories and tools should be prepared to deal with both these processes. This
calls for a new perspective on the development of cities: one that places growth and
shrinkage side by side, as equally valid and natural trajectories of urban development.

Using such an approach, and focusing on quantitative methods of urban form and
structure, we carried out a literature review on the use of spatial metrics to study the
patterns of urban growth and urban shrinkage (Reis, Silva, & Pinho, 2014). A wide range
of spatial metrics was found in the international literature, from simple geometric mea-
sures to more complex indicators, developed and applied in several research fields—such
as Geography, Planning or Ecology—and addressing different features and dimensions of
urban space (Huang et al., 2007; Reis et al., 2014; Reis & Silva, 2015; Schneider &
Woodcock, 2008; Schwarz, 2010). This article develops and expands this literature
review, putting together a broad portfolio of spatial metrics that is not restricted to a
particular method or disciplinary background. Moreover, it seeks to perform a preliminary
analysis of these metrics regarding their potential to address the particular spatial patterns
of growing and shrinking cities.

Spatial metrics have been used for different purposes, such as characterizing urban
patterns in order to support planning policy, comparing physical patterns of different cities
or regions, or understanding the spatial-temporal patterns of urban development. They have
also been increasingly used together with other methods, such as remote sensing techniques or
imbedded in urban growth models (Banzhaf, Grescho, & Kindler, 2009; Herold, Couclelis, &
Clarke, 2005; Silva, Ahern, & Wileden, 2008; Van de Voorde et al., 2009). The main purpose
of this article is therefore to analyse and discuss the state of the art regarding spatial metrics
used to quantify the spatial patterns of both urban growth and urban shrinkage, building a
broad portfolio of metrics, which can be useful for urban researchers and practitioners. The
methodology will consist of: (1) an overview of the literature on the spatial patterns of growth
and shrinkage; (2) a systematic review of the most important spatial metrics referred to in
studies of urban form and (3) bring together the previous findings in order to discuss the
current state of research on spatial metrics to analyse the patterns and processes of growth and
shrinkage, and find the main gaps that can be further explored in future research.

The article is divided into five parts. After this general introduction, Section 2
addresses the changing patterns of urban development, presenting an overview of the
literature on urban growth and urban shrinkage. A particular emphasis is set on the spatial
patterns of these two phenomena, and the main spatial features that characterize growing
and shrinking cities are presented. In Section 3, a thorough literature review on spatial
metrics for the analysis of urban form is presented, building on a previous review of
spatial metrics carried out by the authors (Reis et al., 2014). Section 4 consists of a
discussion of the main findings of the joint analysis of these two reviews, particularly
regarding the adequacy of spatial metrics to evaluate the patterns of growing and shrink-
ing cities, as mentioned above. In Section 5, the main conclusions of this study are
summarized, as well as the most important topics for future research.

The study of urban change: growth and shrinkage

As mentioned above, the spatial patterns of development in Western cities have been
changing during the last decades (Kabisch & Haase, 2011; Turok & Mykhnenko, 2007).
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Recent literature emphasizes the differences in the urbanization trajectories of cities, with
higher inter-city competition in which some cities tend to grow at the cost of others. These
diverse urban development trends of cities in developed countries have also brought about
quite diversified planning discourses, from the reurbanization and revival of smart cities,
mainly seen in Western Europe and in the largest US urban areas; to the urban decline of
former US and Western European mining and industrial cities, and the severe decline of
important Eastern European agglomerations.

After many decades of planning policy and practice assuming and promoting con-
tinuous urban growth (Bontje, 2004; Popper & Popper, 2002; Rieniets, 2006; Sousa,
2010), this growth paradigm appears to be changing as urban shrinkage is becoming an
emergent subject in urban and regional planning (Pallagst, 2010). Processes of growth and
shrinkage tend to occur simultaneously, leading to an increasing geographic polarization
among and within cities (Banzhaf et al., 2006; Oswalt & Rieniets, 2006; Pallagst, 2005).
Urban planning theories and tools should be prepared to deal with both of these processes.

Urban growth has always been one of the most prominent topics of planning.
Numerous authors even argue that modern urban and regional planning have arisen in
response to the social and economic problems caused by intense population growth in
nineteenth-century cities during the Industrial Revolution (Hall & Tewdwr-Jones, 2011;
Wegener, Button, & Nijkamp, 2007). A few decades later, during the first half of the
twentieth century, planners and rural conservationists became increasingly concerned with
the uncontrolled spread of cities across rural hinterlands, fuelling the first discourses
toward controlling and preventing urban sprawl (Hall & Tewdwr-Jones, 2011).
Concerns about the consequences of sprawl continued to be a central area of study by
urban planners, geographers and landscape ecologists until the present day, triggered by
extensive low-density suburbanization and excessive land consumption in some European
and North American cities.

Urban growth is, however, far from being a clear concept. There are at least three
different and widely studied concepts of urban growth in the urban and regional planning
literature, related respectively to population change, economic performance and the spatial
expansion of urban areas. The social-demographic dimension of urban growth focuses on
demographic trends and migration. The first includes the natural population growth rates,
depending mainly on fertility and mortality rates (affected by natural or socio-economic
factors), while the second depends on the capacity of a city to attract residents from other
cities or rural settlements (Rieniets, 2009; Turok & Mykhnenko, 2007).

Urban economic growth normally regards a city’s economic performance, taking into
consideration a set of economic variables such as growth in employment, income levels,
GDP or housing prices (Cheshire & Magrini, 2009; Glaeser & Gottlieb, 2006); while
spatial growth concerns changes on the geographic space occupied by built structures and
human activities, and is often associated to terms such as “urbanization” and “urban
expansion” (Clifton et al., 2008). The spatial dimension of urban growth is perhaps the
most widely studied in urban and regional planning, especially in disciplines like spatial
planning, urban design, physical geography or urban morphology (Clifton et al., 2008;
Cutsinger, Galster, Wolman, Hanson, & Towns, 2005; Marshall & Gong, 2009; Reilly,
O’Mara, & Seto, 2009; Schneider & Woodcock, 2008 among others).

In this article, the focus will be set on both the spatial and the socio-demographic
dimensions of urban growth (the economic concept of growth will not be directly
addressed). For the purposes of this research, urban growth will thus be defined as the
process through which a city changes its spatial structure as a result of an increase in
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population, normally but not necessarily accompanied by the expansion of its urbanized
area.

Although periods of population decline have always been present throughout urban
history, the study of urban shrinkage as a natural and accepted pattern of urban develop-
ment has been somewhat neglected within the urban and regional planning debate.
Planning theories, practices and methodologies have mainly been developed by assuming
continuous and enduring urban growth. Policy actions have been—and to a certain extent
still are—mostly designed upon the assumed desirability of growth (Bontje, 2004;
Hollander, Pallagst, Schwarz, & Popper, 2009; Rieniets, 2006; Rink & Kabisch, 2009;
Sousa, 2010; Wiechmann & Pallagst, 2012). It was not until quite recently that this
“growth paradigm” of urban planning has started to change, as cities with declining
populations are becoming more and more common in Western developed countries.
Indeed, during the last decade, the study of urban shrinkage has become an important
research topic of urban and regional planning both in Europe and in North America, and a
focus of attention of both researchers and practitioners.

The concept of urban shrinkage is debated within the literature, despite the fact
that virtually all definitions of shrinkage are closely related to population decline.
The inclusion of minimum thresholds for a city’s population change (Hollander et al.,
2009; Pallagst, 2010) or the spatial scale of shrinkage (namely whether urban
shrinkage applies only to cities whose total population has been decreasing, or also
to parts of the city that are declining even when the overall population of the urban
area is still growing) (Rieniets, 2009) are two of the most cited issues in defining
urban shrinkage.

Other authors have attempted to develop more comprehensive definitions of shrinkage
(to a certain extent following the approaches used for urban growth), including other
factors such as “economic performance” or “physical shrinkage” of the built-up area.
These definitions are however not easy to operationalize, since the economic implications
of shrinkage are still not very clear, nor are its physical patterns (Hollander et al., 2009;
Wolff, 2010). Therefore, the following definition for shrinking cities is adopted for the
purposes of our research: territories experiencing population decrease, due to various
reasons, and that may or may not have started to spatially shrink (suggested by Sousa,
2010, p. 54).

Urban growth patterns

The literature on patterns of urban growth is very extensive, and includes a wide
range of studies in many different disciplines from Geography and Urban Planning
to Landscape Ecology or Urban Modelling. Subjects like Urban Morphology have
also been interested in studying the spatial structure of cities and its changes over
time, regarding not only their physical shape (natural or built), but also the interac-
tion between humans and physical features, including land uses, functions, and
behaviours (Kropf, 2009). In this review, we found a large set of spatial features
that characterize urban growth, shown in Table 1. In order to facilitate the analysis,
we subdivided these patterns of growth into four main groups: (1) expansion, (2)
sprawl, (3) polycentrism and (4) densification/coalescence. It’s important to note that
these groups do not intend to constitute any formal categorization of urban growth,
they simply correspond to the main processes of urban change that the respective
literature was focusing on. Moreover, the different patterns of growth presented in
Table 1 are defined by the authors based on an extensive review of the literature.
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Table 1. Spatial patterns of urban growth.

Spatial patterns of urban growth

Sources

Increase in urbanized area
(also measured as greenfield/
pervious area consumption)

Expansion

New development adjacent to
urbanized areas

Size of urban area

Urban sprawl Low density (built-up; housing
units; lot size)

Low density (population/
households; jobs)

Single use development (land use
segregation/mix)

Fragmentation (leapfrog/
discontinuous development;
low compaction)

Shape irregularity/complexity

Frenkel and Askenazi
(2008)

Hahs and McDonnell
(2006)

Herold et al. (2002)

Herold et al. (2003)

Herold et al. (2005)

Sun, Wu, Lv, Yao, and
Wei (2013)

Shi, Sun, Zhu, Li, and
Mei (2012)

Schneider and
Woodcock (2008)

Tsai (2005)

Crawford (2007)
Ewing et al. (2002)
Ewing (1997)
Knaap et al. (2007)

Ewing et al. (2002)
Frenkel and
Ashkenazi (2008)
Huang et al. (2007)
Lowry and Lowry
(2014)
Crawford (2007)
Ewing (1997)
Ewing et al. (2002)
Frenkel and
Ashkenazi (2008)
Galster et al. (2001)
Hahs and McDonnell
(2006)
Aguilera et al. (2011)
Crawford (2007)
Frenkel and
Ashkenazi (2008)
Galster et al. (2001)
Hahs and McDonnell
(2006)
Herold et al. (2002)
Herold et al. (2003)
Herold et al. (2005)
Huang et al. (2007)
Aguilera et al. (2011)
Ewing (1997)
Frenkel and
Ashkenazi (2008)
Hahs and McDonnell
(2006)
Herold et al. (2002)
Herold et al. (2003)

Pham, Yamaguchi, and
Bui (2011)
Schneider and
Woodcock (2008)
Seto and Fragkias
(2005)
Sexton et al. (2012)
Silva et al. (2008)
Torrens (2008)
Pham et al. (2011)
Wilson et al. (2003)

Lowry and Lowry
(2014)

Sarzynski, Galster, and
Stack (2014b)

Schneider and
Woodcock (2008)

Song and Knaap (2004)

Sarzynski et al. (2014b)

Schneider and
Woodcock (2008)

Torrens (2008)

Tsai (2005)

Knaap et al. (2007)

Lowry and Lowry
(2014)

Sarzynski et al. (2014b)

Song and Knaap (2004)

Torrens (2008)

Pham et al. (2011)

Sarzynski et al. (2014b)

Schneider and
Woodcock (2008)

Seto and Fragkias
(2005)

Shi et al. (2012)

Sun et al. (2013)

Torrens (2008)

Wilson et al. (2003)

Herold et al. (2005)

Huang et al. (2007)

Pham et al. (2011)

Seto and Fragkias
(2005)

Torrens (2008)

(Continued)
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Table 1. (Continued).

Spatial patterns of urban growth Sources
Poor accessibility (also measured Frenkel and Sarzynski et al.
as low proximity or high Ashkenazi (2008) (2014b)°
average distance between Galster et al. (2001)®  Song and Knaap (2004)
activities) Knaap et al. (2007) Torrens (2008)
Lowry and Lowry
(2014)
Inequality/low concentration Galster et al. (2001)  Tsai (2005)
Sarzynski et al.
(2014b)
Low centrality (development Ewing et al. (2002) Hahs and McDonnell
outside main centre; Frenkel and (2006)
population decentralization) Ashkenazi (2008)  Huang et al. (2007)

Galster et al. (2001)  Sarzynski et al. (2014b)
Absence of centralities (low Ewing et al. (2002) Torrens (2008)
clustering; decentralization) Galster et al. (2001)  Tsai (2005)
Martellozo and Clarke

(2011)
Low connectivity (street Ewing et al. (2002) Lowry and Lowry
connectivity; block size) Knaap et al. (2007) (2014)°

Song and Knaap (2004)
Linear development (or along Aguilera et al. (2011) Wilson et al. (2003)

main roads) Crawford (2007)
Polycentrism Outlying/secondary centre Portnov and Schwartz Yang et al. (2012)
formation (2009)

Wilson et al. (2003)
Nuclearity (low levels also used Sarzynski et al.
to characterize sprawl) (2014b)
Galster et al. (2001)

Densification/ Infill (built-up area; increase in  Couch et al. (2005) Sun et al. (2013)
coalescence residential units or road Hahs and McDonnell Shi et al. (2012)
network density) (2006) Wilson et al. (2003)
Pham et al. (2011)
Infill (population, jobs, activities) Herold et al. (2003)
Hahs and McDonnell
(2006)
Increase in nonresidential land ~ Aguilera et al. (2011)
uses

Defined as “centrality” by the authors. ®Defined as “proximity” by the authors. Defined as “accessibility” by
the authors.

These should not be interpreted as the only possible division of growth patterns, nor
as mutually exclusive characteristics. Different approaches can be found in the
literature, notably studies focusing on different typologies of urban sprawl (see, for
instance, Cutsinger et al., 2005; Ewing, Pendall, & Chen, 2002; Sarzynski et al.,
2014a; Torrens, 2008).

As mentioned above, urban expansion is a very common definition of urban
growth, and the increase in the urbanized area is one of the most straightforward—
and also one of the most cited—urban growth patterns. Urban expansion can be easily
operationalized by identifying the conversion of nonurban to urban land use types over
time, or by measuring the decrease in green areas or pervious surfaces. This pattern of
growth is particularly popular in Ecology—notably in studies of the impacts of
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urbanization in natural landscapes and ecosystems—and in Urban Modelling (Herold
et al., 2005; Silva et al., 2008; Wilson, Hurd, Civco, Prisloe, & Arnold, 2003).

Urban sprawl is also closely connected to urban expansion, yet these are different
concepts: while urban sprawl implies expansion, its spatial features go beyond it.
Although it is probably the most studied urban growth pattern in Planning and
Geography, the exact definition of sprawl is rather ambiguous (Frenkel & Ashkenazi,
2008). Several authors have pointed out the different dimensions of sprawl and often
suggested a set of quantitative methods and metrics to measure them (Ewing et al., 2002;
Galster et al., 2001; Sarzynski et al., 2014b; Torrens, 2008). Although the characteristics
of sprawl are still not totally clear or agreed upon, some agreement does exist on
recognizing extensive urbanization, low density, single use, fragmentation/scatter or
poor accessibility as some of its main spatial features (see Table 1).

A different pattern of urban growth that is often seen as an alternative to urban sprawl
is the polycentric model of urban development. Although some authors do not make a
clear distinction between a multinodal structure of subcentres and a dispersed and
apparently unorganized sprawl pattern (Gordon & Richardson, 1996, 1997), others see
in the polycentric pattern a potential for compact development (Anas et al., 1998; Ewing,
1997; Martens, 2006). Polycentric urban growth is characterized by the growth of “out-
lying” settlements, resulting in subcentre formation—although the characteristics and
thresholds, such as their size, specialization, spatial location or the distance and degree
of interdependence between them may not always be clear, and has been subject to
discussion in the literature (Champion, 2001; Martens, 2006; Parr, 2004; Yang, French,
Holt, & Zhang, 2012).

Other authors refer another type of urban growth based on densification, that is
through “infill development” and increasing density. In this case, urban growth can be
accomplished without significant spatial expansion, for instance through increasing
population density or by redevelopment of existing areas using higher built-up
densities." A considerably different approach to urban growth patterns is concerned
with the physical shape of the built structures and with the way they fill the urban space.
This eminently morphological approach relies on the idea that although built-up struc-
tures grow into very complex and irregular patterns, these patterns tend to repeat
themselves at different levels of hierarchy and at different spatial scales, resembling
fractals. Fractal structures, although apparently chaotic, follow a well-defined spatial
organization principle that can be quantified (Batty & Longley, 1994; Frankhauser,
1998, 2004). In this context, notions and tools from fractal geometry have also been
used to characterize and forecast urban growth patterns (Batty, 2008; De Keersmaecker,
Frankhauser, & Thomas, 2003).

Urban shrinkage patterns

The literature on patterns of shrinkage is far less extensive than the literature on patterns
of growth. This is in part because the systematic study of shrinkage is quite recent, but
also because spatial patterns of shrinkage tend to be less clear. Normally urban areas do
not shrink spatially when they lose population, and even when a decrease in urbanized
areas is observed, it occurs with considerable time lags as built structures only disappear
as a result of demolition policies or long term degradation (Oswalt, 2005; Pallagst, 2005;
Rieniets, 2006, 2009; Siedentop & Fina, 2008). There are, however, some shared spatial
features that our literature review found to be characteristic of shrinking cities, the most
commonly referenced are shown in Table 2).
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Table 2. Spatial patterns of urban shrinkage.

Spatial patterns of urban shrinkage Sources
Residential vacancy Abhrens (2005) Rieniets (2009)
Haase, Holzkdmper, and Seppelt ~ Schetke and Haase
(2007) (2008)
Kabisch, Haase, and Haase (2006) Schwarz, Haase, and
Bontje (2004) Seppelt (2010)
Haase, Bernt, Grossmann, Siedentop and Fina

Mykhnenko, and Rink (2013) (2008)
Pinho, Oliveira, Cruz, Sousa, and Sousa (2010)

Martins (2010) Wiechmann and
Pallagst (2012)

Urban decay (proportion of decaying  Rieniets (2009) Schetke and Haase

buildings) Haase, Haase, Kabisch, Kabisch, (2008)
and Rink (2012) Schwarz et al. (2010)

Vacant industrial land (increasing urban Schwarz et al. (2010) Siedentop and Fina

brownfield area) Haase et al. (2012) (2008)
Sousa (2010)

Urban perforation (spatial Cunningham-Sabot and Fol Schetke and Haase
heterogeneity, small-scale (2007) (2008)
fragmentation) Haase et al. (2007) Schwarz et al. (2010)

Hollander et al. (2009) Siedentop and Fina
Haase et al. (2012) (2008)
Sousa (2010)

Large-scale demolition Haase et al. (2007) Schwarz (2010)

Schetke and Haase (2008) Wiechmann and
Kabish et al. (2006) Pallagst (2012)
Commercial vacancy Schetke and Haase (2008)
Haase et al. (2012)
Increasing open spaces Schetke and Haase (2008)

One of the most common spatial features of shrinking cities is the presence of
high rates of housing vacancy, as a result of population out-migration to other cities
or to other areas of the city. Vacant housing space over a long period of time is
either demolished or decays, creating a fragmented housing geography with a small-
scale perforation of the housing fabric often accompanied by degradation of the built
structures (Reilly et al., 2009; Schwarz et al., 2010). In a similar way, mining
closures, deindustrialization and the closure of manufacturing industries often
leave shrinking cities with large-scale brownfield sites, both in the central city and
in the suburbs (Schwarz et al., 2010; Siedentop & Fina, 2008). In severe cases of
urban shrinkage, large-scale demolition of the housing stock as a result of planning
policies may take place as well (Haase et al., 2007; Schwarz et al., 2010).

On a larger spatial scale, shrinking cities are often characterized by a perforated and
fragmented urban landscape, with abandoned lands and low-density settlements
(Schwarz et al., 2010). According to Hollander et al. (2009), the patterns of shrinkage
at the city level are varied: the hollowing-out of the inner city compared to its suburbs is
one of the most commonly referred patterns of shrinkage in the US and European cities,
but very different patterns can be found as well. Indeed, urban shrinkage often repre-
sents a heterogeneous spatial phenomenon throughout the city, where some of its parts
can even grow slightly, while others stagnate or shrink, although the latter situations
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have to prevail in order to result in an overall shrinking process (Hollander et al., 2009;
Sousa, 2010).

Moreover, urban shrinkage is often accompanied by sprawl in the urban periph-
eries, resulting in urban areas where less people and fewer activities are spread out
across a more extensive territory (Couch, Karecha, Nuissl, & Rink, 2005; Rieniets,
2006; Siedentop & Fina, 2008). The physical patterns of “shrinkage-sprawl” are quite
similar to those of urban sprawl in a growing context, resulting in a fragmented and
perforated territory with low-density development, increasing vacancy and deteriorat-
ing urban fabric in inner city locations—though this last effect is usually more severe
in shrinking cities. This process presents some similarities to the “desurbanisation”
stage of the widely referred cyclic model of urban development introduced by van
den Berg and colleagues (Frenkel, 2007; Kabisch & Haase, 2011; Van Den Berg,
1982), but it may correspond to longer-term or even permanent processes in shrink-
ing cities.

Review of spatial metrics

This section presents a literature review on spatial metrics. This analysis builds on a
previous review of metrics carried out by the authors (Reis et al., 2014), presenting an
extended, updated and more thorough portfolio of spatial metrics used to measure the
urban growth and urban shrinkage patterns identified on Section 2. In order to cover as
many metrics as possible, independently of the subject area or methodology used, a broad
definition of spatial metrics has been adopted. Spatial metrics are defined in this article as
the quantitative measures used to assess the spatial characteristics of urban settlements
and structures (Reis et al., 2014).

Methodology

Similar to the work carried out by Reis et al. (2014), the methodology for this review
consisted of a first round of research in multidisciplinary databases by keywords (mainly
two databases were used: “Scopus” and “Web of Knowledge”), followed by a second
round of research considering the references and citations of selected papers. Some of the
most used keywords were “metrics”, “urban form”, “urban growth” and “urban shrink-
age”. Only metrics used in studies with empirical applications published over the last
15 years were surveyed. Moreover, the results have been restricted with regard to the scale
of analysis. Although we considered metrics that use a broad range of scales (regional,
urban, neighbourhood), metrics using the scale of the building, common in urban design
and typological approaches, were left out of this study.

Given the large number and the wide diversity of the metrics found, they were
assembled into three groups, based on the area of knowledge and methodological
approach to urban form in which the metrics were developed. These groups (or “types
of metrics”) are:

(1) Landscape metrics
(2) Geospatial metrics
(3) Spatial statistics

It is important to notice that these groups do not intend to constitute a universal
classification or a typology of metrics, but rather to group metrics considering their
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disciplinary background and the broad methodological approach they use, in order to
facilitate the analysis. Moreover, some of the metrics from different groups are based on
similar principles, their objects of study sometimes overlap and some metrics were even
developed based on (or influenced by) metrics from a different group.”

This literature review found a total of 162 metrics (41 landscape metrics, 110
geospatial metrics and 11 spatial statistics), the great majority of which were used in
studies of urban growth. The following sections present these metrics in more detail. A
full list of all the metrics reviewed, featuring their description, calculation method and the
context (urban growth, shrinkage or other) in which they were applied is provided in a
supplemental online Appendix.

Finally, although this study intends to cover a diverse and a comprehensive set of
metrics, it is important to mention that there are other metrics that were not reviewed in
detail here, including different metrics and methods of spatial data analysis in the spatial
statistics and econometrics literature (for more complete reviews, see Getis, Mur, &
Zoller, 2004; O’Sullivan & Unwin, 2010) and complex methods of land classification
used in remote sensing (Yang, 2011) or metrics focusing on other subjects such as
transport and accessibility (Cerda, 2009; Curtis & Scheurer, 2010).

Landscape metrics

Landscape metrics have been used since the 1980s in landscape ecology to quantify
the shape and pattern of vegetation (Clifton et al., 2008; Herold et al., 2005;
McGarigal & Marks, 1995). Landscape ecologists are primarily concerned with envir-
onmental protection and resource conservation (Clifton et al., 2008; Turner, 2005), and
thus landscape metrics have been traditionally used to quantify several aspects of
landscape configuration and composition, focusing primarily on types of land cover
rather than land use.

Landscape metrics have been, however, increasingly used to study urban patterns.
Indeed, several authors highlight the usefulness of spatial metrics adapted from landscape
ecology to represent spatial urban characteristics (Aguilera, Valenzuela, & Botequilha-
Leitao, 2011; Herold et al., 2003, 2005; Herold, Scepan, & Clarke, 2002; Schneider &
Woodcock, 2008; Schwarz, 2010), to link economic processes to land use patterns
(Parker, Evans, & Meretsky, 2001, referred to by Herold et al., 2005), and also in
combination with urban growth models. According to Clifton et al. (2008), spatial metrics
adapted from landscape ecology differ from other urban form indicators in two main
aspects: they often rely on data derived from aerial photography and satellite remote
sensing, and they use “patches” (i.e. polygons with homogeneous characteristics for a
specific landscape property) as the basic unit of analysis.

In the review of empirical studies, 41 different landscape metrics were found (see
Table Al in online Appendix). These include quite different types of metrics; from simple
geometrical measures (e.g. patch area) to more complex indicators based on perimeter-area
ratios (e.g. fractal dimension, shape index) or on statistical measures (e.g. Shannon s diversity
and evenness indexes). These metrics also aim at analysing very different morphological
characteristics of the urban landscape. Taking this into account and building upon previous
classifications by several authors (Aguilera et al., 2011; Frenkel & Ashkenazi, 2008; Huang
et al., 2007; McGarigal & Marks, 1995; Schneider & Woodcock, 2008; Seto & Fragkias,
2005; Weng, 2007), these metrics can be divided into the following four categories: (1) shape
irregularity, (2) fragmentation, (3) diversity and (4) other (Table 3).
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Table 3. Landscape metrics organized by categories (the values in brackets correspond to the
number of empirical papers using that metric). Adapted from Reis et al. (2014). AWMP, area

weighted mean patch; AWM, area weighted mean.

Category Meaning

Metrics

Measures whether an urban
settlement has a regular
shape or a complex shape
with a ragged edge

Shape irregularity

Reguiar Complen
Fragmentation Measures the extent to
Ry ‘e ‘ which urban settlements
' “ (or patches) are close
‘ “I " together (aggregated) or
> < W dispersed (fragmented).
rovregeted Fragmonted These metrics are used at
the landscape level
Diversity Measures the relative
' ‘ distribution of different
‘ urban characteristics (e.g.

' a ‘ e land uses). More focused
‘ ‘ o on the composition of the
owverse urban landscape

Other metrics Measures both complexity
and fragmentation

Area metrics

Other

AWMP fractal dimension (10)

Edge density (8)

AWM shape index (4)

Landscape shape index (6)

Fractal dimension (4)

Comp. index of the largest patch (3)

Shape index (1)

Mean shape index (1)

Square pixel (1)

Mean perimeter—area ratio (1)

Mean radius of gyration (1)

Edge-to-interior ratio (1)

Mean patch size (14)

Number of patches (12)

Patch density (9)

Contagion index (7)

Mean nearest neighbour distance (6)

Landscape expansion index (2)

Intersp. and justap. index (2)

Mean landscape expansion index (1)

AWM landscape expansion index (1)

Mean nearest neighbour distance
standard deviation (1)

Change in density of urban land (1)

Percent. Like of adjacency (1)

Length of common edge (1)

Shannon’s diversity index (5)
Shannon’s evenness index (2)
Patch size standard deviation (3)
Patch size coefficient variation (2)
Patch richness (2)

Contrasting edge ratio (1)
Contrasting edge proportion (1)
Mean dispersion (1)

Diversity index (1)

Simpson’s diversity index (2)
Simpson’s evenness index (1)

Compactness index (3)

Change in size of urban area (1)
Urban area (12)

Largest patch index (7)

Patch cohesion index (1)

Shape irregularity includes metrics that assess whether an urban settlement has a
regular or even shape or if, on the contrary, it has a complex shape with a ragged edge.
They can be used to characterize a single patch (e.g. fractal dimension® or shape index), or
at the landscape level (e.g. landscape shape index, edge density or area weighted mean
patch fractal dimension). The metrics most often used to analyse shape irregularity are
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area weighted mean patch fractal dimension, edge density, area weighted mean shape
index and landscape shape index.

Fragmentation metrics measure the extent to which urban settlements—or patches—
are either close together (aggregated) or dispersed (fragmented). These metrics are used at
the landscape level. A fragmented landscape is normally characterized by a higher number
of patches, with a smaller average size and located further away from each other. The
metrics mostly used to measure fragmentation are mean patch size, number of patches,
patch density and contagion index.

Diversity metrics focus more on the composition of the urban landscape rather than on
its shape. The most used metrics are Shannon's diversity and evenness indexes, which
measure the distribution of different patch types (for instance, land use types) throughout
the urban area. Other metrics include the largest patch index, measuring the relative
importance of the largest patch (which may be useful to study, for instance, the impor-
tance of the urban centre), and the compactness index, which uses a concept of compact-
ness based on both fragmentation and shape irregularity.

Geospatial metrics

Geospatial metrics include metrics mostly used by urban planners and geographers and
normally developed specifically to measure urban spatial patterns. These metrics are very
diverse regarding both their complexity—from basic statistical measurements to more
complex indicators—and the specific feature of the urban built environment they aim to
measure. An important difference between these metrics and the metrics from landscape
ecology is that while the latter include a set of metrics that evolved in a “top-down” type
of approach, being developed by a set of researchers in one particular subject and
subsequently transferred to multiple case studies and software (in most of the cases
using the same mathematical formulations); the former tend to be developed for particular
case studies. They do not have, therefore, such a transferable potential due to the
customization to each particular case study and, accordingly, to each geospatial subject.
Geospatial metrics in geography, architecture or planning for example, can have very
different assumptions, methods of collecting/processing data, scales of analysis and
variables used, even if they all measure the same specific spatial feature.

A set of 110 different metrics were found in this review (see Table A2 in online
Appendix), aiming to measure many different features of urban areas, such as land use
diversity or fragmentation. Table 4 shows nine categories of geospatial metrics consider-
ing the urban morphological features they intend to measure.

Fragmentation metrics assess the extent to which urban settlements are more contin-
uous and compact or more scattered across the territory. They take into account different
characteristics of the urban areas, such as the ratio between built-up and vacant areas (e.g.
ratio of open space, gross leapfrog index), or the geographic position of new built-up
areas in relation to existing ones (e.g. leapfrog, continuity, clustering). This category also
includes the fractal dimension. Fractal dimension measures the extent to which built areas
fill the two-dimensional space, varying between 1—the Euclidean dimension of a line,
with length but no width—and 2—the dimension of a plane, with length and width. In
other words, it represents the extent to which geographical objects fill more space than a
line but less than a plane (Frankhauser, 2004; Longley & Mesev, 2000), using estimation
methods that verify the extent to which an observed pattern follows fractal logic.*

Density metrics measure the density of built-up development or the intensity of
particular land uses in an urban area or in different subareas, normally using ratios of
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population, number of activities or residential units per subarea of development. Land use
diversity metrics measure whether an urban settlement is more mixed or mono-functional,
normally counting the number of different land uses present (e.g. segregated land use,
land use diversity). There are however metrics using different and more complex methods,
notably the land use diversity index, which evaluates the evenness of the distribution of
land uses based on the concept of entropy (Knaap, Song, & Nedovic-Budic, 2007).

Metrics of Centrality measure the degree to which urban development occurs close to
the central business district (CBD), assuming implicitly a monocentric urban structure
(e.g. distance to CBD, centrality, centrality index); or the extent of this monocentric
structure (e.g. core-dominated nuclearity). Metrics of Accessibility normally focus on the
proximity between different activities or land uses in an urban area. As referred to before,
it’s important to note that there are other more complex measures of accessibility that were
not included in this review.

Connectivity metrics were designed based on the notion that sprawled patterns contain
winding streets, cul-de-sacs and excessively large blocks, which reduce the connectivity
between different places in an urban community (Song & Knaap, 2004). Inequality
measures assess whether certain attributes (for instance, houses, jobs or other activities)
are evenly distributed across the urban space or if they are disproportionately located in
some areas.

The “Spatial network analysis” category includes three different subcategories corre-
sponding to different methods: (1) space syntax (Hillier, Leaman, Stansall, & Bedford,
1976), (2) multiple centrality assessment (Porta, Crucitti, & Latora, 2006b) and (3) other
dual graph approaches. Network analysis has been used in geography for a long time
(Volchenkov & Blanchard, 2008) with a wide range of research in urban studies since the
1960s (Porta, Crucitti, & Latora, 2006a). It represents cities as networks in which
identifiable urban elements (e.g. settlements, locations, intersections) are regarded as
nodes in a planar graph and the connections between pairs of nodes (e.g. roads, transport
lines) are represented as edges. After the construction of a graph, it can then be studied
using several tools and measures of graph analysis.

A set of metrics—mainly topological centrality measures—can then be extracted from
the graph in order to quantify the relative accessibility of each space in the system. In this
review, 21 spatial network analysis metrics were found in empirical studies. The most
commonly used metrics are connectivity, integration, intelligibility and synergy. Further
details on spatial network analysis methods can be found in Volchenkov and Blanchard
(2008), Porta et al. (2006a, 2006b) or Hillier (1996), among others.

The category “Other metrics” includes metrics that, for quantifying particular features
of urban areas, do not belong to any of the four categories above. These comprise very
diverse metrics, from measure of the proportion of urban development along major roads
(highway strip), to metrics of vacancy or assessing the degree of monocentricity/poly-
centricity on an urban area (median and mean contour polycentricity).

Spatial statistics

The field of spatial statistics is concerned with the mathematical and statistical descriptors
of spatial structure, focusing on the nature of spatial data (Getis et al., 2004). In other
words, spatial statistics are metrics based on statistical tools, used to assess the distribution
of events across space. These metrics are often used in combination with regression and
spatial econometric models, but are also used to characterize particular spatial patterns of
urban settlements, such as diversity or fragmentation.
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Table 5. Spatial statistics metrics organized by categories (the values in brackets correspond to the
number of empirical papers using that metric). Adapted from Reis et al. (2014). OLS, ordinary least-
squares.

Category Meaning Metrics
Regression metrics Based on regression methods Density gradient by OLS regression (1)
Spatial autocorrelation ~Measure whether certain Moran’s [ (5)
attributes are evenly Local Moran (i) (2)
(or randomly) distributed Geary coefficient (1)
across the urban area or Getis-Ord Gi (1)
clustered Getis-Ord Gi* (1)
Evenness of Measure the inequality of an Gini coefficient (1)
distribution attribute distribution Locational Gini coefficient (1)
Location quotient (1)
Spatial fragmentation/  Fragmentation of an attribute Number of fragments (1)
clustering across different locations Spatial index (1)

This literature review found 11 spatial statistics, which we divided into four categories
(Table 5). Regression metrics normally correspond to density gradients used to determine
the spatial profile of land use change through time, and are often calculated by regressing
density against distance from the city centre, using the ordinary least-squares (OLS)
method (Torrens, 2008).

The concept of spatial autocorrelation (or spatial dependence) relates to the idea that
data from near locations are more likely to be similar than data from more distant
locations (Haining, Kerry, & Oliver, 2010; O’Sullivan & Unwin, 2010). Spatial auto-
correlation metrics are useful to measure, for instance, urban decentralization patterns—
whether certain types of areas (e.g. density, land use types, activities) are evenly (or
randomly) distributed across the urban area or clustered—and have been used to study
urban sprawl (Torrens, 2008; Tsai, 2005) or patterns of re-urbanisation (Porat, Shoshany,
& Frenkel, 2012). The Moran s coefficient (I) and local Moran coefficient (I;) are the two
most used autocorrelation measures according to this review.

Evenness of distribution metrics measures the inequality of an attribute distribution
(e.g. population or employment) by spatial units in a metropolitan area. For instance, high
values of the Gini coefficient (i.e. close to 1) mean that population or employment density
is extremely high in fewer subareas whereas values close to 0 indicate that these attributes
are evenly distributed across the urban area. This metric, however, does not take into
account the spatial location of these attributes, contrarily to metrics based on spatial
autocorrelation.

Two other metrics were found—number of fragments and spatial index—that measure
the extent to which an attribute (e.g. activity type) is fragmented across different locations.
It is important to notice that other metrics and methods of spatial data analysis can be
found in the literature on spatial statistics and econometrics (for such review see, for
instance, Getis et al., 2004; Haining et al., 2010; O’Sullivan & Unwin, 2010). However,
these metrics are, clearly, beyond the nature and remit of this review.

Metrics for growth and shrinkage

The literature review showed that the state of international research on urban growth and
shrinkage is still not at the same level. Urban growth has always been at the centre of
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urban and regional planning debate, and holds a very wide and multidisciplinary set of
studies, theories and methods, that have been developed since the beginning of last
century. Literature on shrinkage, on the contrary, is generally quite recent and although
it has been rapidly gaining importance in recent years, it is still much less developed than
the literature on growth.

This is particularly clear regarding the spatial patterns of these two phenomena, and it
is even more significant if we consider quantitative approaches, as the literature review on
spatial metrics clearly showed: 123 spatial metrics were found in studies of urban growth,
a much larger number than the 15 metrics used to quantify spatial patterns of urban
shrinkage. The reasons for this discrepancy are discussed further in this section.

First it is important to mention that the multidisciplinary review of the spatial metrics
used in studies of urban growth and urban shrinkage carried out in this article found a
large set of metrics with clearly different purposes, calculation methods and disciplinary
backgrounds. Building on the work of Reis et al. (2014), these metrics were divided into
three different types: (1) landscape metrics, initially developed by landscape ecologists but
increasingly used in urban analysis; (2) geospatial metrics, a very diverse set of metrics
that have normally been developed specifically for urban studies; and (3) spatial statistics,
which were mostly developed for spatial data analysis by statisticians and geographers but
are also used in studies of urban growth.

Landscape metrics are quite developed in the literature, with a strong and well-
documented body of research using these metrics to quantify urban patterns, especially
patterns of growth or of urbanization (Reis et al., 2014). These metrics have been widely
applied and tested on different situations and used in a large set of cities around the world
(Aguilera et al., 2011; Herold et al., 2005; Huang et al., 2007; Schneider & Woodcock,
2008; Schwarz, 2010; Wu, Darrel., Buyantuyev, & Redman, 2011). Their results have
been broadly discussed and their methods are quite standardized, facilitating empirical
applications and the comparison of different case studies. They are, however, sometimes
criticized for relying too much on ecology principles, not being the most adequate to study
some specific urban processes. This is particularly evident for smaller scale (or intra-
urban) phenomena—Ilandscape metrics usually use regional scales—and for processes
involving population movements, socio-economic variables or governance structures
(Herold et al., 2005; Schneider & Woodcock, 2008; Schwarz, 2010).

Geospatial metrics are by far the most wide and diverse of the three types of spatial
metrics considered here. Although each individual metric has not been applied in a large
number of case studies (some metrics were specifically designed for a particular case
study, and are therefore less transferable), the total number and diversity makes these
metrics extremely relevant. Some of these metrics present quite interesting measures of
urban patterns, and have the advantage of having been mostly developed specifically for
urban studies. It is important to note that some metrics from syntax of space have,
according to this review, a higher number of empirical applications than the other
geospatial metrics, which can be explained by the fact that they tend to be linked with
commercial software developed during the past 20 years and therefore are being used as a
toolbox for different case studies.

Spatial statistics is a field of study developed mainly by geographers and spatial
econometricians that encompasses a number of methods of spatial data analysis (Getis
et al., 2004), and whose thorough literature review was not carried out in this research.
Instead, we presented a few metrics that have been used in the study of urban growth
patterns. These metrics were mostly used to characterize the evenness/inequality of the
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distribution of an attribute, and to find patterns of spatial clustering or fragmentation of
these attributes across an urban area (Reis et al., 2014).

One of the main objectives of this literature review is to compile and present available
spatial metrics and to discuss their potential to characterize the identified spatial patterns of
urban growth and shrinkage. Table 6 presents a summary of the metrics found, indicating
whether they were used in studies of urban growth, in studies of urban shrinkage or in
studies of urban patterns not explicitly related to any of these two phenomena.

Regarding urban growth, the review carried out in this article shows that there is a
wide and diverse set of spatial metrics in the literature addressing most of its identified
spatial patterns. Measuring the spatial configuration and composition of urban expansion
patterns is the goal of most studies using landscape metrics.

The study of spatial patterns of urban sprawl has also been the subject of extensive
research, including several studies developing and applying all types of spatial metrics.
Many landscape metrics were used to study patterns of sprawl, particularly those measur-
ing shape irregularity and fragmentation. The importance of the urban sprawl literature is
perhaps even more evident considering geospatial metrics. Indeed a significant part of the
studies using these metrics focus on sprawl (Crawford, 2007; Frenkel & Ashkenazi, 2008;
Galster et al., 2001; Hasse & Lathrop, 2003; Knaap et al., 2007; Sarzynski et al., 2014b;
Song & Knaap, 2004; Torrens, 2008). Therefore there is a great number of geospatial
metrics measuring the most well-known physical patterns of the sprawl phenomenon—
particularly those of the categories fragmentation, density, land use diversity, centrality
and poor accessibility. In fact, some of these were developed specifically to measure this
phenomenon. Sprawl patterns were also studied with spatial statistics, notably the Moran s
I (Torrens, 2008).

Other metrics were found characterizing other particular patterns of growth, but
patterns related to urban expansion and to urban sprawl (as defined before) are by far
the most cited. It is therefore fair to say that there is a wide body of literature using spatial
metrics to characterize the main physical patterns of urban growth. The main challenge
appears to be the selection, adaptation and/or combination of some of these metrics, in
order to create one or more spatial metrics or mixed indicators able to provide a more
holistic and accurate assessment of specific growth patterns at different spatial scales.

Contrarily to growth, the study of physical patterns of shrinkage is still quite recent,
lacking quantitative approaches and systematic methods. In a literature review that
covered more than 50 studies about urban shrinkage, only four empirical studies were
found using spatial metrics (Bontje, 2004; Couch et al., 2005; Kabisch et al., 2006;

Table 6. Summary of metrics.

Landscape metrics Total number of metrics: 41
In studies of urban growth: 41
In studies of urban shrinkage: 2
In other studies: 0
Geospatial metrics Total number of metrics: 110
In studies of urban growth: 76
In studies of urban shrinkage: 13
In other studies: 31
Spatial statistics Total number of metrics: 11
In studies of urban growth: 6
In studies of urban shrinkage: 0
In other studies: 7

Total number of metrics: 162
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Schetke & Haase, 2008). This is in accordance with the findings of the review presented
above, which clearly suggested a lack of research on spatial patterns of shrinkage. Most of
the few empirical studies of urban shrinkage that were found to be using quantitative
approaches focus on modelling the shrinkage process based on household residential
preferences, considering both demographic trends and location attractiveness (Banzhaf
et al., 2006; Haase et al., 2012; Haase, Lautenbach, & Seppelt, 2010; Kabisch et al., 2006;
Lauf, Haase, Seppelt, & Schwarz, 2012; Schwarz & Haase, 2010; Schwarz et al., 2010).
The four empirical studies using spatial metrics encompass a total of only 15 metrics: two
landscape metrics and 13 geospatial metrics (Table 6), which makes the development of
quantitative methods (including spatial metrics/mixed indicators) to assess shrinkage
patterns one of the main challenges for future research.

The reasons for the few metrics developed so far or for the absence of a mixed
indicator that can tackle different characteristics of the spatial patterns of shrinkage, as far
as this review is concerned, may be related to three factors. Firstly, spatial patterns of
urban shrinkage are indeed quite complex. Shrinkage in spatial terms is not the opposite
of growth: contemporary urban areas do not tend to physically shrink when they lose
population but, on the contrary, they often continue to grow (or sprawl) at a lower density
(Oswalt, 2005; Pallagst, 2005; Rieniets, 2006, 2009; Siedentop & Fina, 2008). Moreover,
even when built-up areas decrease as a result of abandonment, long-term degradation and
the consequent demolition, this occurs with considerable time lags from the moment
population started to decline, increasing the difficulty of the analysis.

The second reason relates to the fact that the systematic study of urban shrinkage in
urban planning is relatively recent and has been to a large extent fuelled by planning
practice (see, for instance, Oswalt, 2006) and therefore has been more concerned with the
causes of shrinkage and with policy actions to deal with this process, than studying or
measuring its patterns. Finally, it is not easy to find good quality quantitative data to
support the development of urban shrinkage metrics. This is because shrinkage patterns
require a wide range of variables (built-up/physical structures but also demographic, land
use, and socio-economic data), and a high level of disaggregation since some of these
patterns occur at different scales, including very local (block or neighbourhood) levels.
Despite these gaps, a few metrics were found capable of evaluating some of the spatial
patterns of urban shrinkage identified before. Three geospatial metrics appear to be
particularly relevant, as they address residential vacancies, demolition and urban renewal.

It is important to point out that this review looked into the state of the art on the use of
spatial metrics, in particular discussing the number and diversity of spatial metrics used in
empirical studies and to what extent the spatial metrics literature is taking into account the
spatial patterns of urban change, from a “growth and shrinkage” perspective. Another
equally important issue is the quality of these metrics or, in other words, whether they are
actually useful or efficient in measuring particular spatial patterns. This is an important
question because it is clear in the tables presented above that there are several metrics
addressing similar spatial patterns which might, on the one hand, present levels of
correlation amongst each other; and, on the other, perform differently in terms of the
usefulness of their results (Orenstein, Frenkel, & Jahshan, 2014; Schwarz, 2010).
Moreover, the applicability and performance of indicators depends highly on other factors
such as the type and quality of data they require or the scale of analysis (both in terms of
extension and grain) (Simovéa & Gdulové, 2012). Therefore, the quality and usefulness of
metrics might depend on the data available, its aggregation level and the scale of analysis
of particular contexts or case studies. The review and discussion carried out in this article
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provide a good starting point for future research focusing on these questions, and we
suggest testing some of the metrics presented here in different empirical case studies.

Concluding remarks and further research

This article presented two literature reviews. The first review focused on the phenomena
of urban growth and shrinkage and identified the main spatial patterns of growing and
shrinking cities. Building on previous work by Reis et al. (2014), the second review
presented an extensive and multidisciplinary portfolio of spatial metrics used to quantify
these patterns. The article then discussed the potential and limitations of spatial metrics to
assess spatial patterns of urban growth and shrinkage. Despite the prolific literature on
metrics to study urban growth and shrinkage from very distinct perspectives and back-
grounds, this study identified important gaps.

Regarding urban growth, we found a range of spatial metrics addressing some of the
most important spatial patterns identified, although one could ask if there are no other
spatial patterns occurring less frequently and therefore less prone to research.
Nevertheless, these metrics may need to be adapted to the particular conditions of growth
in different case studies and to different spatial scales. The combination of different
metrics on a single multidimensional indicator, perhaps with the inclusion of socio-
economic and demographic variables as well, is certainly an interesting topic for future
research.

The gaps in urban shrinkage literature are very clear, with only a few studies found
using quantitative approaches to measure its spatial patterns, and even fewer using spatial
metrics. In this literature we found, however, metrics focusing on the most important
patterns of shrinkage (notably vacancy, demolition and fragmentation), providing positive
prospects for the development of new metrics.

Several authors argue that much still needs to be done in the development of new
spatial metrics, either improving the existing ones or creating indices that aggregate
information of different metrics, to achieve robust measures to assess urban growth
patterns (Aguilera et al., 2011; Herold et al., 2002; Huang et al., 2007; Huang, Wang,
& Budd, 2009). This is even more important for the study of shrinking cities, in which the
small number of studies using quantitative methods to measure their spatial patterns
makes the development of such methods one of the most important challenges ahead on
this topic. As referred above, a further assessment of the usefulness of indicators for
particular research contexts and goals, perhaps through a more detailed classification of
metrics, would also be important and useful for researchers studying urban form (see, for
instance, Frenkel & Orenstein, 2011). In this sense, the review carried out in this article
may be a good starting point for a better understanding of the quantitative indices of urban
form and for the development of new metrics or mixed indicators that can reveal more
thoroughly the spatial patterns of growing and shrinking cities.

Moreover, it may be useful to extend the literature to other types of metrics including
demographic and socio-economic indicators (this review considered spatially explicit
metrics only) that could be combined with some of the spatial metrics presented here in
the form of a mixed indicator. The latter could be particularly useful for shrinkage metrics,
since urban shrinkage, driven in the majority of cases by profound demographic changes,
would benefit from the emergence of new studies combining the physical dimensions of
shrinkage with socio-economic and demographic variables (for instance, Banzhaf et al.,
2006; Buzar et al., 2007; Kabisch et al., 2006; Schetke & Haase, 2008; Sousa, 2010).
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Processes of urban shrinkage are becoming more and more frequent in cities in
developed countries, particularly in Europe and North America, often occurring together
with urban growth within the same city or urban system. This calls for a renewed
perspective of planning and urban analysis: one that defines theories, methods and
policies that are adaptive to both these phenomena. If it is true that some of the methods
(including spatial metrics) developed focusing mostly on growth can be equally used in a
shrinking context, some particular patterns of urban shrinkage are still clearly lacking
proper understanding and appropriate assessment methods. We believe that the review and
discussion carried out in this article might constitute a starting point for the development
of more robust methods of urban analysis that are appropriate both for growing and
shrinking areas.
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Notes

1. It is important to note that these are two different patterns: An increase in built-up density does
not necessarily correspond to higher population densities and vice versa.

2. A previous review (Reis et al., 2014) included a fourth group of “accessibility metrics”, which
was not considered here for its limited relevance to the study of urban growth and shrinkage.

3. The fractal dimension used in landscape ecology is not the same metric used in applications of
fractal geometry. Although these fractal dimensions are based on principles from fractal
geometry, the calculation method is quite different (see Table Al in online Appendix).

4. There are several ways to calculate the fractal dimension of an urban area, using different
measures (fractal relations) and through different algorithms, therefore there can be more than
one fractal dimension for the same urban area, depending on the method used. Some of the
most used methods are the box counting method (Batty & Longley, 1994; Shen, 2002; Terzi &
Kaya, 2011), the dilation method (Frankhauser, 1998; De Keersmaecker et al. (2003); Terzi &
Kaya, 2011), or the correlation analysis (Frankhauser, 1998; De Keersmaecker et al. (2003).
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