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ABSTRACT
How do greenbeltsaffecturbansprawlin Europearcities?
ParnianPourtaherian

As Europe takes continuous steps towards urbanization, many cities in this continent suffer
from the negativeapercussions caused by urban sprawl. Among the efforts adopted to overcome
urban sprawl and its adverse impacts is the greenbelt policy that is highly popular in several
European countries. However, the actual effectiveness of this growth managemegyt staato
be determined. Using a sample of 60 European cities, 30 of which have greenbelts, this study
compares (1) changes in urban sprawl iny&&r timeframe (2008015) between the cities with
and without greenbelts, and (2) the level of sprawl betvilee cities with and without greenbelts
in 2006 and 2015 separately, to investigate the performance of the greenbelts, applying the metrics
of Weighted Urban Proliferation(UP) and Weighted Sprawl! per Capitd/EPJ. The results
showed that (1) greenbehave been largely effective as an urban growth management strategy in
slowing down urban sprawl; and in most cases, they also have helped reduce sprawlle(2) W
urban sprawl decreased also in some cities without greenbelts, the relative decreanespravnia
was much stronger in cities with greenbelts, (3¢dBbelts were somewhat more beneficial in
limiting urban sprawl in cities with larger population sizes, (4) The effectiveness of greenbelts was
mainly due to the reduction of land uptake per pgrse., through densification of the builp
areas. These findings can be employed as an important part ofsapsagding strategies in future
urban and regional planning, environmental monitoring, and formulating new scenarios as well as

targets andimits to urban sprawl in support of more sustainable forms of urban development.



Keywords: Built-up area, Dispersion, Europe, Growth management strategies, Land uptake,
Monitoring, Urban development, Urban growth, Utilization density, Weigbtbdn Roliferation

(WUP), Weighted Sprawl per Capitd/SPQ
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1. Introduction

The fast and largely uncontrolled expansion of urban aegsss the planes subject to
controversy regarding its detrimental consequences. Urban sprawl generally refers to dispersed,
low-density development on undeveloped land, which is currentlgwimilg an unsustainable
trend, and it includes various negative impacts, particularly many significant environmental
consequencegEuropean Environment Agency & Swiss Federal Office for the Environment,
2016) The UnitedNations have claimed that Europeaisiong the most urbanized geographic
regions in the world with 74 percent of the population living in urban areas in (201it&d
Nations 2019) andHennig et al. (2015)ave shown in themulti-scale analysithat an extensive

part ofEuropeis affectedby urban sprawl

In some countries, one of the policies to prevent urban sprawl and to stop the permeation of
built-up areas into the landscapéhie use ofjreenbelts around the citiesregions(Baing, 2010;
Hack, 2012; A. T. Han, 2019; Kovécs et aD19) A greenbelt is an enduring open spaaeh as
a forest or farmland drawn around a city or a region. Its main purpose is to restrict urban growth
and restrain urban spraiBengston & Youn, 2006)Greenbelts were applied for the first time
around Ladon(H. Han & Xu, 2017)n the 1930s(Amati & Yokohari, 2007)and they have been
considered as successful planning tools in the UK ever fim&cs et al., 2019)They quickly
became a global means for potentially controlling urban expafsiack, 202), and multiple
countries, specifically in Europe, tried to take advantage of this emerging (@lityHan, 2019)
One example of these countries is Germany, which has claimed that its greenbelts have controlled
urban sprawl more effectively than oth@anning tools(Baing, 2010) However,someauthors

havearguedthat thisstrategydoesnot limit urban sprawin every situationand in some casgs



actsoppositely(Anas et al., 1998; A. T. Han, 2019his study aims at analyzing urban sprawl
amongmultiple European citiewith and without greenbeltsvith different population size$p

provide acomprehensive view on the functionality of greenbelts

Most of the existing literature in this context focuses on either larger scales than cities, such
ascountries and NUT& regionge.g., EEA & FOEN, 2016; Siedentop et al., 2016; Siedentop &
Fina, 2012)or on only a small number of cities that illustrate ¢beadition of urban sprawl in a
few specific areage.g., Xie et al., 2020) Moreover, there hasekn relatively low interest in
studying urban issues at the European I@atanko et al., 2006)vhich makes it worthwhile to
focus on cities in this area. Kasanko et al. (2006) considered three probable explanations for the
low interest in carrying outirban studies on European citi€s) European cities are usually
considered fAtoo st abl e ;g as thd foousooh theergsaae(h) fTHey n o't
urban policy is weak at t he lolwusibittpotusbanis e 0, r e ¢

and(3) It is difficult to obtain comparable data at the scale of the cities in Europe.

In order to articulate research question and hypotheses, it is important to consider the existing
literature about greenbelts and urban sprawl! as well as ¢heionship with population size as an
important factor to take into account. However, since no studies were found that examine the
relationship between population size and greenbelts, | employed my personal knowledge and

general background in urban plangito generate hypotheses in this regard.

According toDuranton and?uga(2014) the main drivers of population growth of cities in
devel oped economies include fAtransportation a
effects,in particular those elated to human capital and entrepreneutship #@eohdology and
shocks to specific citiesorindusties Si nce t hese drivers are gene
cities, mainly with larger population sizes, it is fair to conclude that the citggeater populations

2



would most likely have higher absolute population growth (but not necessarily higher relative
population growth). Population growth as a potential factor contributing to urban sprawl would
consequently make cities with larger populasionore susceptible to this phenomenon, increasing
the necessity of implementing restrictive policies including greenbelts. Hence, applying greenbelts
and limiting the widespread construction in cities with larger population sizes would lead to greater
dersification of the existing buHtip areas. Having said that, it is anticipated that the greenbelts as
the means of controlling urban sprawl would have a stronger influence on cities with larger

population sizes.

Regarding the opposing arguments about ffextveness of greenbeltd)is research seeks

to addresghe followingoverallquestion:

How do greenbeltaffecturban sprawl in European citiesth different population sizes?

Thehypotheseshatwill be tested by this researafclude

1) The Europeanities having put greenbelts in place are generally less sprawled than cities
without greenbelts.

2) Urban sprawhasincreagd more slowly in the European cities that have greeskigdin
in thosewithout greenbelts

3) Greenbelts are more effective in contrmdjiurban sprawl in cities with larger population
sizes, i.e., the absolute and relative differences in the changes in urban spray20(PR)06

between cities with and without greenbelts will be more pronounced.

Thefindingsof suchastudy can be useful f@nvironmental monitoring and for future urban

and regional planning, as well as for generating new scenarios and setting targets and limits in



support ofmore sustainable urban developmeXito, the results can help evaluate if additional

measures areseded to stop urban sprawl.

2. Literature Review

"To understand the significance of thissearch the review of the literaturentroduces
greenbeltscovers different definitions assigned to urban sprand exploresits causes and
consequences. Moreew a discussion oflifferent methods that have been used to quantify the
degree of urban spravid presentedand the important criteria by which tlaitability of the
methodscan beevaluatedare introduced Figure 1 presents a general overview of tlopits

covered in the literature review and indicates the connections among different sections.

Urban Sprawl

What is urban Why is it Methods Studies in Greenbelts
sprawl? important? Europe and urban
EEA & FOEN (2016 sprawl
0 - Hennig et al. (2015
Definitions Causes Weighted Kovécs et al. (2019 ]
: Urban Siedentop & Fina
EEA (2006) Bontje (2001) Proliferation (2012) Efficiency
Jaeger et al. (20103] | Bresson et al. (2004 )}—  —
Schwick et al. (2014)| |EEA & FOEN (2016 (WUP) T
Whyte (1958) Schwick et al. (2013) history of Limiting
greenbelts urban spraw
Consequencegs . ] Beng(sztgg gs Youn Baing (2010)
|| Bhatta (2010) Other methods O Hack (2012)
Ewing (1997) Angel et al. (2007) H. Han & Xu (2017 Siedentop et al.
I || 2 (2016)
Hamidi et al. (2018 Ewing et al. (2002) Howard (1898)
Galster et al. (2001
Yeh and Li (2001 . .
e Contributing
to urban
—  sprawl
Anas et al. (1998)
A. T. Han (2019)
Figure 1 The literature map. Xie et al. (2020)




2.1 Definitions of urban sprawl

The first use of the terrfurban sprawd was in 1958 irthe Fortune magazine by William
Whyte (Whyte, 1958)In German literature t he wor d fAZer si edel ungo ha
the 1920s with the same interpretation of this phenomenon andevaasinglyused in German

speaking countries after World War(Rkademie fir Raumforschung und Landesplanung, 1970)

Various definfions of urban sprawl have been proposed by many scholars ever since, but no
agreement has been made on the main components that define it. One of the reasoimg is that
term urban sprawik used in different fields of study and defined from differenhisoof view
(Maier et al., 2006) Moreover, it is sometimes confused with similar phenomsunzh as
Asuburbanizati ono, , drsdrbal grondin(Mackreet al.| 20p6ile t 0
Aur ban growt ho, for exampl e easregafdiess sf theirsspatiah e d e
arrangement and utilization dens{§EA & FOEN,2016) which can lead to urban sprawlut
most importantly, this confusion is caused by the definitions that attempt to define urban sprawl
using its causes and consequeratgsintegrate them with the main concgateger et al., 2010a).
I n other words, these definitions mainly focu:

it (Bhatta et al., 2010)

Table 1presentsan overview of the most common definitions of amlsprawl. Reviewing
different definitions is not only important for distinguishing varied perspectives regarding urban

sprawl, but also essential for evaluating different methods of nesasut.



Table 1 Definitions of urban spralw

Definition

Source

Spr awl i s identified as the ¢
leapfrog or scattered development; (2) commercial strip developmen
(3) large expanses of ledensity or singlaise developmendsas well as
by suchindicatora s | ow accessibility an

Ewing (1997, p.108

S p r a wlbw-density, @utomobilelependent development beyond
edge of service and employment ateas

Sierra Clu(1998 para.5)

Spr awl i S count etde sabsrbai margn, the spread
development onto sensitive greenfields and agricultural soils, increa
highway congestion, the proliferation of new subdivisions of homogen
and low density, single ami | y housi ngo.

Bourne(2001, p. 26)

Sprawli s conceptually explained d
land use patterns: density, continuity, concentration, clustering, cent
nuclearity, mixed uses, and proximity. Sprawl is defined as a conditir
land use that is represented by lowlues on one or more of the
di mensi onso.

Galster et al(2001, p. 1)

Spr awl is fAthe process in whi
landscape far outpaces population growth. The landscape sprawl ¢
has four dimensions: a population that isl@ly dispersed in lowlensity
development; rigidly separated homes, shops, and workplaces; a ne
of roads marked by huge blocks and poor access; and a lack ef
defined, thriving activity centers, such as downtowns and town cel
Most of the othefeatures usually associated with sprawthe lack of
transportation choices, relative uniformity of housing options or
difficulty of walkingiar e a result of these

Ewing et al.(2002 p. 3

Sprawl i s 0 ascgereal estesiavelaprmentiresultiggen lev
density, scattered, discontinuous-dapendent construction, usually
the periphery of declining ol d:

Hayden, 2004p. 8

Spr awl i s At he pdeyskyiexpansionfdaage urban
areas, under market conditions, mainly into the surrounding agricu
areas?o.

European Environment
Agency & European
Commission(2006 p. §

AUrban sprawl is charact er igaosvi,
driven by multitude ofprocesses and leading to inefficient resoL
utilizationo.

Sudhira & Ramachandra
(2007, p. 2

AUrban sprawl is visually perc
sprawl if it is permeated by urban development or solitary buildings. |
given total arount of buildup area, the degree of urban sprawl will dep
on how strongly clumped or dispersed the patches of urban are
buildings are; the lowest degree of sprawl corresponds to the sitt
when all urban area is clumped together into the sbégpecircle. The
highest possible degree of sprawl is assumed in an area that is com
built over. Therefore, the more urban area present in a landscape &
more di spersed the urban patchi

Jaeger et al.
(20104, p. 400)




Table 1 Continued

Definition Source

AUrban sprawl is a phenomenon
landscape. The more heavily permeated a landscape by buildings, th
sprawled the landscape. Urban sprawl therefore denotes tmt ekthe
area that is buHtip and its dispersion in the landscape in relation tc
utilization of builtup land for living and work. The more area built o)
and the more dispersed the buildings, and the less the utilization, the
the degreeofuban spr awl 0.

Schwick et al.
(2012 p. 115

Swiss Fedral Office for

AThe term urban sprawl refers .
villages into undevel oped area: the Environment

(2017 para. }
Urban sprawl i's fAan urdotarised dyelon

population density that can be manifested in multiple ways. That i
urban area may be sprawled because the population density is, on a
low. Furthermore, urban areas characterised by high average dens
be considered spraed if density varies widely across their footpri
leaving a substantial portion of urban land exposed to very low de
levels. Urban sprawl can also be manifested in development tt
discontinuous, strongly scattered and decentralised, wheresaniangper
of unconnected fragments are separated by large parts ertifosial

surfaces. 0

OECD(2018§ p. 29

One of the best definitions that differentiates the causes and consequences of urban sprawl
from the main phenomenon is twee proposetly Scwick et al. (2012)This definition & derived
from theoneinitially proposed by Jaeger et al. (201@ad has addegopulation densityo the

dimensions of urban spraa$ an important componeriiig. 2)



2a 2b

3a 3b

Figure 2 Three dimensionef sprawl.Urban sprawl is higher when 1) the buifh areas (red) in a
landscape (white) increase, 2) the bujtareabecomeamore dispersednd 3) the utilization density
becomedower (i.e. the uptake of buiip area per inhabitant or jecomesigher)
(Schwick et al., 20120.117).

2.2 Drivers of urban sprawl

Various factors contribute to what we know as urban sprawl today. According to the joint
report ofEEA and FOEN2016) AUrban Sprawl in Eurofig a sequence of most important drivers
of urban sprawlderived from classifications bierspergeandBurgi (2009) Christiansen and

Loftsgarden(2011) andHabibiand Asadi(2011) are as follows:

2.2.1 Demographic drivers

The size andemographistructure of the population is an influential fadtmrthe proportion
of built-up areas. If all the other factors are eqcialarly more space is needed for accommodating
alarger populatiofEEA & FOEN 2016) Accordingly, migratiorhas an effect onrban sprawl

in different regions since it contributes to the changes in the populatio(Bsiage, 2001) In



addition, the deee of living in singlefamily houses results in people moving from city centers to
more favorable areas. This occurrence is more evident in regions whose population is mostly

formed by elderly peopléEEA & FOEN, 2016)

2.2.2 Socieeconomic drivers

The saeial advertisements in societies promoting higher consumption levels impose the
lifestyles demanding singt@amily houses and personal automobi({@&EA & FOEN, 2016)
Accordingly, the resuihg increaseof the gross domestic product (GDP) is often assediatith
the increase in urban sprafiresson et al., 2004jlowever, car ownership and GDP as separate
factors are salosely relatedo urban sprawl that it isften hard to distinguish which one is the

cause or the effect of the other dBEA & FOEN, 2016; Torres et al., 2016)

2.2.3 Political drivers

Politics has a significant role in preventing or promoting urban sprawl by applying specific
regulations, planning frameworks, subsidiasd taxeEEA & FOEN, 2016) As an example,
subsidies allocated faurchasing automobiles contribute to urban sp(&ul & DeSalvo, 2008)
while constraints regarding the expansion of designated building zones lead to an increase in the
density of the existing builip areas andonsequently, control the extent of urlsgmawl(Bertaud

& Brueckner, 2005)

2.2.4 Technological drivers

After industrialization irthe20th century, the need for workforce by large factories emerged,
that induced people to migrate from where they lived to urban @ge&#s& FOEN, 2016) Later,

the possibility of commuting by personal cars eliminated the necessity of living close to the



workplaces(Knowles, 2006) This occasion as well as high costs of residing in urban cores
encouraged people to move to the suburbs and resultbd eneation & more dispersed urban
areas(Anas et al., 1998)Today, as technological developments continue, working remotely is
feasible as well(Hardill & Green, 2003) which can contribute to further dispersion and

consequently, increased sprq®EA & FOEN,2016)

2.2.5 Geophysicatonditions

The geophysical situation is one of the prominent factors that contribute toattern of
development of builup areas in a given land. The lands which are not physically suitable for
buil di ng, known as Aiirmridcltaniemapd s iabrielaist y of
preventfurther urban spraw(EEA & FOEN,2016) On the contrary, valleys and lowlanitist
are mostly allocated to agriculture are likely to be used as construction idheyg are situated
in the proximity of urban areassince they are inexpensive and are more exposed to the

transformatiompressuréMann, 2009)

2.3 Consequences of urban sprawl

Consequences of urban sprawl! include both negative and paiidetsaccording to the
literature. Sme of the positive impacts, stated (Bhatta, 2010Q)include the extension of more
efficient fundamental services such as transportation, improvement of the quality of lifmgesult
from better and more frequent opportunities, improved educational attth lcare facilitiesand

greater economic production.

Negative impacts, however, have always outweighed positive ones. Understanding the
negative effects of urban sprawl on different facets of life is essential for taking steps against this

phenomenon ancbntrolling the permeation of urban characteristics into the unspoiled landscape.
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According to the literature, the most important consequences of urban sprawl are collected in four

categories:

2.3.1 Environmental impacts

Urban sprawl causes energy inagiiedes While automobiles consume more fuel in places
with higher densities due to traffic congestion, the consumption of fuel is remarkably less in dense
areas since the vehicles commute shorter distgNewgman & Kenworthy, 1988 Consequently,
the cardependent lifestyle imposed by greater distances leads to more greenhouse gas emissions
and a higher contribution to both climate warming and air pollu¢itoel, 1999) Another
example is electricity. In addition to the higher expenditures associatetheextension of the
delivery system anids maintenancedistributing electricityoverfarther distances results in more

power losgBhatta, 201Q)

Another form of environmental impact is the disruption of ecosystems and habitat
fragmentation by seizqnopen spaces, forestnd farmlands. Urban development requirements
including roads and pipelines permeate natural landscapes, break up the wildlife llealolit,
changes in the patterns of animal moversgntd result in the loss wofildlife populatons(Bhatta,

2010)

2.3.2 Economic impacts

While some scholars have listed several positive impacts of urban sprawl on the economy
including higher economic productigBhatta, 201Q)negative implications of this phenomenon
are considerably more and seiso Higher costs of extending and maintaining infrastructure and

public services arsubstantial In places with dispersed buip areas and longer distances,
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providing infrastructure and services includipgblic transportroads, electricity, water, etes

strikingly costly and requires greater investmegaising, 1997)

2.3.3 Social impacts

To highlight the importance of social consequences associated with urban &pwavg,
(1997 p. 11) statelt hat it hese costs ar eareianreahas gavebdoss, t o
and wetland | osseso. Different soci al i mpact s
Two main types of these impactsave beeni dent i fi ed as ndeprivat.

Aenvironment @dpendeel®FRs citedtiniEwingp1997

i Bprivation of accessrefers to having limited access to services, facilities and even job
positions due to the restrictions imposed byagpendency, which is most eviddat the poor
population, young childremmnd the elddy. On the other hand, environmental deprivation implies
Athe absence of el ements that pr,aswitedneEwiagct i vi t
1997,p. 117). The lack of variety in the physical forms of sprawled areas as well as shortage of

scial interaction leaslto environmental deprivation (Ewing, 1997).

2.3.4 Impacts on public health

One of the most controversial consequences of urban sprawtlieeits and indireceffects
on public health. The recent study by Hamidi et al. (2018) hasap that urban sprawl has a
significant negativerelationship with life expectancyCities with dense buHtp areas have
remarkably higher life expectancy than sprawled areas. Factors including lack of proper
accessibility to health centers, longer coatimg durations in urgent situatignand lower

availability of healthy food directly contribute to mortality rates; And factors suatistance

12



traveled, which iselated to densitgndcan lead to trafficasualies, have indirect effec{slamidi

et al, 2018).

2.4 Methods used for measuring urban sprawl

In this section, a brief overview of the most common methodthémeasurement of urban

sprawl is given.

TYeh and Li (2001) introduced Shannonbés Ent:
They clamed that this method can be used to quantify how spatially concentrated or dispersed
urban areas are amongzones or wards. The zones are defined using remote sensing data and

GlI'S, and the value of Shannondés Entropy is <ca
'O i TPG h
wherepi is the proportion of urban areas in thiezone.

Moreover, since the Entropy depends on the size of the zones, by partzogelk® smaller

areas, the value of the Entropy and consequently urbawlspcaeases:
O ni TRy N B lTley

In this equationj presentghejth zone at the region scale, the total number of zones at the
region scales displayed bym, andp; is the proportiorof urban areas ithejth zone at the region

scale

A recent study by Nazarnia et al. (2019) examined this method regarding the 13 suitability

criteria for measuring urban sprawl introduced by Jaeger et al. (20108)The 13 <cri ter
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(1) intuitive interpretation, (2) mathematical simplicity, (3) modest data requirements, (4) low
sensitivity to very small patches of urban area, (5) monotonous response to increases in urban area,
(6) monotonous response to ieasing distance between two urban patches when within the scale

of analysis, (7) monotonous response to increased spreading of three urban patches, (8) same
direction of the metricbébs responses to ethe pr
to the merging of two urban patches, (10) independence of the metric from the location of the
pattern of urban patches within the reporting unit, (11) continuous response to increasing distance
between two urban patches when they move beyond the scalelykis, (12) mathematical
homogeneity (i.e., intensive or extensive measure) and (13) additivity (i.e., additive -or area

proportionately additivye39Measure)o (Jaeger et

The study proved that Entropy ete only 5 criteria and is notsalitable metridor measuring

the degree of urban sprawl.

1 Galster et al. (2001) defined urban sprawl with eight different indicators of land use pattern
including density, concentration, clustering, centrality, nuclearity, proximity, continuity, and
mixeduses. The first six dimensions were used to measure urban sprawl in 13 different American
urbanized areas, and low values of one or more of these indices represented sprawl in the intended

locations. In this study, however, the degree of urban sprawt iIm@asurable independently.

'DensiThew:eriage number of residential wunits or. employees
Concentration: fAThe degree to which housing units or |jc
Clustering: i The de g iththany bremilevdguae lareadiseclusgdred witie oné of the four

onehalfmi | e squares contained within.(as opposed to sprea
Centrality: AThe degree to which observations of a gi v«
Nuclea i ty: AThe extent to which a UA is characterized by
Proximity: fAThe degree to which diffderent | and uses ar
Continuity: AThe degree to whichnttev&kleopdlalsdiloandhhas gl
Mi xed uses: fAThe degree to which substantial numbers of
exi st within the same area and this pat#oen3d. i s typical
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TEwing et al. (2002) proposed the fAiFour FacH
sprawl and used it to measure this phenomenon in 83 American metropolitan areas. This index is
compounded by four measurable factordudimg (1) Residential density; (2) neighborhood mix
of homes, jobs, and services; (3) strength of activity centers and downtowns, and (4) accessibility
of the street network. Each of the aforesaid factors is made up of multiple indicators, 22 in total,
ard the value of the ultimate Four Factor Sprawl Index is procured by combining the values of
factors. In this method, the abundance of indices for calculating the Four Factor Sprawl Index is a
genuine difficulty.

1 Angel et al. (2007) used five metrits ddine and measure what they presenteé &se y
mani festations of s p rnaainmurban cofehsecendaryradan icarecwsbarc o mp
fringe, ribbon development, and scatter development and were applied to two cities, Bamkok
Minneapolis. Usingtis method, the geographic patterns and changes in the cities were tracked in
time. This method is appropriate for making comparisons between cities or different time slices
regarding the five facets of sprawl. However, urban sprawl itself is not measdega:ndently
using a single coherent metric.

1 Jaeger et al. (2010b) introduced four new metrics including the degree of urban dispersion
(DIS), total sprawl TS, degree of urban permeation of the landscbify,(and sprawl! per capita
(SPQ for the measuraent of urban sprawl. In this method, urban sprawl is portrayed from a

geometric perspective, and the metrics are calculated using the following equations:

0'0Y—" 2 : 20 W W R
B T O ol PP
) b % N
Sb =B

"YY '0O'0YOOAAD ARA
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1 Siedentop and Fina (2012) used 8 indicators to provide a comparative evaluation of urban
landuse change among 26 European countries. The indicators are collected in three categories of
composition, pattern, and détys and they include land consumption, normalized urban land
consumption, growth of urban land, sealing degree of urban land, effective open space, decline of
effective open space, Gini index, and urban denkityhis study, however, the degree of urban
sprawl is not measurable independently.

1 Schwick et al. (2012) proposed the Weighted Urban ProliferafitsR) method, which is
derived from the method developed by Jaeger et al. (2010b) and integrates three main components
in one metric. These componeatse the percentage of builp areaPBA), the dispersion of built
up areasdlS), and land uptake per pers&rUP). This method is based on the understanding that
the overall degree of urban sprawl is higher when the-bpilireas in a landscape increabe
built-up areas become more dispersed, and uptake ofupudltea per inhabitant or job is higher.

The degree of urban sprawl in this method is calculated with the following equation:
®@YO0 0606 00Y0OL OOYUO 07YD
In this equation, dispersion and land uptake per person are weighted using two functions,
w1(DIS) andw.(LUP), respectively. Values fow:(DIS) vary between 0.5 and 1.5, with lower
values allocated to ane compact buitip areas, highlighting the differences between compact and
dispersed buitup areas more evidently. Likewise, valueswafLUP) range from 0 to 1, with

higher values assigned to greater land occupation by each individual, i.e. lowatiotildensity

(UD) (Schwick et al., 2012).
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Weighted Urban Proliferation is expressed in urban permeation unit$ pétamd (UPU/m)
and has been used in several studies including measuring urban sprawl in Switzerland (Schwick et
al., 2012),multiple Euopean countriesHEA & FOEN, 2016 Hennig et al., 200)5as well as

Montreal and Quebec City (Nazarnia et al., 216

Following WUP, Weighted Sprawl Per Capita WSPG has been establishedhichis an
intensive measuneegarding thgopulation rather thrathe area of the reporting unit, and it can be
used on a petapita basislt indicates how much each perscontributes to urban sprawl on

average (Behnisch et al., subm.).

ru’;’uo M, T
WYL O 0 Yo

2.5 Measurement of urban sprawl in Europe

Low interest in urban research at the European level has left us with very limited studies in
this context. Among the few existing studies about urban sprawinopg, most have compared
several areas qualitatively or measured various urban aspects separately rather than quantifying
urban sprawl as a specific phenomenon. An example of such studies is the res&arefickyet
al. (2019), which has compared theapt of four European functional urban areas with greenbelts
based on theillandscape conditions, spatial planning traditions, landscape protesgitiement
hierarchy, etc.Among the studies that quantitatively measured urban sprawl is the one by
Siedenbp and Fina (2012) whickuggested that Ireland, Portugal, and Spain have been the most

sprawling European countries between 1990 and 2005 (Siederiom, 2012).

One remarkable quantitative study on urban sprawl in Europe is the one by Hennig et al.

(2015), which used th&vUP method to measure urban sprawl consistently across Europe at three
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scalesaccording to the Nomenclature of Territorial Units of Statisfd8TS). More detailed

results of this study are provided in the joint report of EBAFOEN (2016).
1. Sprawl at the country levellUTS-0)

The study by Hennig et al. (2015) illustrated that a vast area in Europe is affected by urban
sprawl. The average value for all of Eurd@@ countries considered) 2006 was calculated as
1.56UPU/N? (Fig. 3). However, the values for each country differ greatly. Ice(@itl UPU/n)
and Scandinavian countriesave experienced the lowest degrees of urban sprawl, while the
Benelux countrieare the most sprawled countries within Eur@pith 6.48 UPU/m in Belgium).

This is mainly due to muchigherpopulation densiésin the Benelux counies and much lower
population densieésin the Scanshaviancountriesthanthe Europeamverage. Moreover, due to
the remoteness of Scandinavian countrileere is not muctraffic through them, where as there
is asubstantial amourdf transit across the Benelux countries from other courgte®unding

them(Hennig et al., 2015)

K AT Austria IS Iceland
BE Belgium IT Italy
BG Bulgaria LI Liechtenstein
Br CH Switzerland LT  Lithuania
CY Cyprus LU  Luxemburg
Ccz Czech Republic LV  Latvia
5t DE Germany MT  Malta
DK Denmark NL  Netherlands
EE Estonia NO Norway
i ES Spain PL Poland
E FI Finland PT  Portugal
S5 FR France RO Romania
= GR  Greece SE  Sweden
HR Croatia Sl Slovenia
HU Hungary SK  Slovakia
5 IE Ireland UK  United Kingdom
1+
0

BE NL LI MT LU DE UK DK CY CH FR PT CZ IT HU HR IE LT AT PLEU32SI SK BG LV RO EE GR ES FI SE NO IS

Figure 3 WUP values for eacmember of the European Union (EU) or the Euroge=e Trade
Association (EFTA)n 2006 (Hennig et al., 2015, p. 485).
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2. Sprawl at the NUT2 level

The NUTS2 | ev el rbasit regioss fahe applitaton ¢f regional policies ( Henni g
et al., 2015p. 484). At this scale, the highest values of sprawl were found in the industrialized
regions adjacent to the urban cores and along the main transportation passages. Highly sprawled
clusters at th&lUTS-2 level were located inorth-eastern France, Belgium, Netherlangestern

Germany anda large part of Englan@Fig. 4).
3. Sprawl at the-km? grid level

The1-km? grid level is the finest scale considered in the nadéile analysis by Hennig @it
(2015). The maps at this scale provide more visible patterns of transportation corridors, city
centers, and coastlines where the highest values of sprawl are mostly found. An example of a

highly sprawled area at thisscale€Ci§ t e d 6 Az ur a)@léng thencoast. Ri vi er

Figure 4illustrates the degrees of urbgr e 2 . WUP 2006
e =
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sprawl in 2006 in NUTS regions, while f{nﬁ
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Figure 3provides an overview of th&/UP

values in European countries in 2006.
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Figure 4 Map of WUPin NUTS-2 regions of Europt
in 2006 (Hennig et al., 2015, p. 486).
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2.6 Greenbels: Definition, history, and efficacy

The ter n tigdgrs te & physieal perpetual open land such as a forest, farmland, or
other types of greenspace, surroundingitg or a region, that is planned to restrict urban
expansion, and development on it is illegal or rigidly regulaBsh@ston& Youn, 2006. A
greenbelt can be a narrow strip, or it can cover a broad area of the countryside (Freestone, 2002),
and its extension is defined by the governméhtHan & Xu, 2017). The activities within this
land arerigorouslylimited and aligned with the sustainility of the city or regionH. Han& Xu,

2017).

Freestone (2002, 6. 7 ) s Toaelink af greefibelts is to think inescapably of Ebenezer
Howard, British towrand country planning, and the London Green®eltp oi nt i ng out t
thatthe greenbel i ni ti ati ve originated from Ebenezer
1898), and that the first implementation of this initiative dates back to the establishment of London
greenbelt (Ha& Xu, 2017) inthe1930s (Amati& Yokohari, 2007)Greenbeltsvereconsidered
as an important spatial planning tool in the (lovéacs et al.2019) and gained considerable
global popularity in the 20century as a potential technique to limit urban growth (Hack, 2012).
Regarding the importance of greenbelt stratdgging (2010) emphasized the effectiveness of
centralized planning policy and the application of greenbelts that have been more beneficial in
preventing urban sprawl in Germany than other German planning tools (Baing, 2010). By carrying
out empirical resgrch on four regions in Germany, Siedentop et al. (2016) have also suggested
that greenbelts are effective in preserving landscapes. Canada, Australia, South Korea, and the
United States are additional examples of countries that have incorporated greaidyeit their

spatial planning syster\( T. Han, 2019).
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The efficacy of greenbelts, however, is subject to controversy since there are shreds of
evidence indicating that limiting development activities and confining lands can cause accelerated
developme n t inside the greenbel't itself or beyon
which both contribute to urban spravil.(T. Han, 2019).Moreover, while greenbelts may be
considered aa meansto improve the local environment by limiting developmentthe entire
metropolitan area, they divert theban growth, which causes environmental costs elsewhere
(Anaset al.,1998).In this regard, a comparative study by Xie et al. (2020) has measured urban
sprawl quantitatively and demonstrated that thegmedion of greenbelts in three metropolitan
areas of Seoul, Frankfurt, and London has failed to curb urban sprawl at both scales of urban
centers and of the wider region. On the other hand, this study points aEgompean cities such
as Barcelona, Berj Cologne, Vienna, and Vitor@asteizas successful examples of cities

adopting greenbelts. This claim, however, has not yet been tested quantitatively.
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2.7 Outlook

Sustainableirbandevelopment as an optimum formwbangrowth is of great impaance
considering he hi gh rates of u Déspita manyarguneents anchstudiesd ay 0
about urban sprawl as a critical issue worldwide, no agreement hasehebedn the way it
should be measured and controlled in ordevimid the suceeding adverse repercussiodsing
greenbelts as a potential means to curb urban sprawl has been incorporated in the planning tools
of some countries in recent decades. However, the efficacy of this policy has not been tested in
comparison with cases \ibut this feature, especially at the scale of cities and controlling for
different characteristics such as population sTtris it is necessary to put more effamto this

subject.

To evaluate the functionality of greenbelts, it is necessary ta sagle coherent metric for
guantifyingurban sprawlwhichmees the suitability criteria that are paramount for measures of
this phenomenon. The new mesraf urban permeation and weighted urban proliferation (Jaeger
et al., 2010b; Schwick et al., 2012)vieaproven to be reliable since thegpply one measure to
guantify the degree of urban sprawl, consider the sgatiahgemenof built-up areasand meet
all 13 suitability criterig(Jaeger et al., 201Qajhese characteristics distinguish this metfroth
many other methods in the literature. Hence, in this study, the weighted urban proliferation method

will be usedfor calculating the level of sprawil.
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3. Paper manuscript: How do greenbelts affect urban sprawl in European cities?

3.1 Disputed effectivenss of greenbelts

Accelerated and unrestrained development of urban areas has always been a controversial
issue due to many adverse consequences, especially in recent decades since WWII. Urban sprawl
refers to dispersed, lodensity development on undeveéa land, which is highly criticized
globally because of current unsustainable tremadd significant environmental repercussions

(EEA & FOEN, 2016; OECD 2018)

The use of greenbelts is one of the measures that some countries have adopted to control urban
sprawl(A. T. Han, 2019Baing, 2010; Hack, 201Xovacs et al., 2019A greenbelt is identified
as a perpetual open space, such as a forest or farmland enclosing a city or a region that is designated
to prevent excessive urban growth by prohibiting aoesibn or strictly controlling the urban
development that may still be allowed (BengsfoiYoun, 2006). Among the countries in which

greenbelts are popular are Germany and the UK (Baing, 2010; Kovacs et al., 2019).

Many planners and scholars have empleakihe significance of greenbel®egarding the
efficacy of greenbelts, Keeble stated: AThe o

|l ocal failures which have,ascitedreAmatin?®@8p.6)ccur r edo

However, wilile greenbelts are believed to be workable means of limiting physical expansion
by their advocates, the effectiveness of this policy has been debated by various opponents. Anas
et al. assertedi Gr eenbel ts are | ikely to 4 phkichmaisesx ur ba

another set of issues for growtha nage ment 0 ( A n4bs whitetHanaatgued that 9 9 8 ,
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Athere is evidence that restricting the | and

development pressures inside the greenbelt iresonc 0 u (At Tr. Hae, 2@ 9p. 307).

To address this dispute between opposing arguments about the genejaff@ativeness of
greenbelts, this research aimauafolding the potency of this ploy in curbing urban sprawl and
providing a comprehensivaew on the functionality of the greenbelts, specifically in European
cities in several population size categories, using Weighted Upbaliferation (Jaeger and

Schwick, 2014) and Weighted Sprawl per Capita (Behnisch et al., subm.) metrics.

There are mtiple reasons for the selection of European cities:

1) Most of the existing literature in the context of urban sprawl focuses on either larger scales
than cities, such as countries and NI &gions (e.g., EEA & FOEN, 2016&iedentop
et al., 2016 Siedentop& Fina, 2012, or on only a small number of cities that illustrate
the condition of urban sprawl in a few specific areas as case studies that do not allow for
generalizations (e.gH. Han and Go, 2019; Xie et al., 2020).

2) The studies available about greetltb have mainly analyzed the cities or regions with
greenbelts without comparing them to their counterparts without this feature, i.e., no
control sites.

3) According to the United Nations, Europe is among the most urbanized geographic regions
in the world wth 74 percent of the population living in urban areas in 2018 (United
Nations, 2019); and it has been shown that an extensive part of Europe is affected by urban
sprawl (Hennig et al., 2015). Moreovenpst of the cities with greenbelts are located

Europe.

24



4) Interest in studying urban issues at the European level has been relatively low according

to Kasanko et al. (2006), which makes focus on cities in this continent worthwhile.

We hypothesized th#te (1) European cities having put greenbelts in plezgenerally less
sprawled than cities without greenbelts; (2) urban sprawl has increased more slowly in European
cities that have greenbelts than in those without greenbelts; (3) and greenbelts are more effective
in controlling urban sprawl in cities witlarger population sizes, i.e., the absolute and relative
differences in the changes in urban sprawl (2R085) between cities with and without greenbelts
will be more pronounced.he analysis covers ay@ar timeframe, from 2006 to 2015, and the start

ard end pointseparately
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3.2Methods

3.2.1 Study areas and delineation of the reporting units

We selected a sample of 60 European cities from 13 countries, 30 of which have greenbelts
and 30 do notThe cities were selected by identifying 30 Eumpeities with greenbeltsnd
dividing them into four populatiesize categories using their populations of 2(00db. 2) so that
they are representative of European cities of differing sizes. The cities were spotted using
information available in the Brature and on the internet as there is no list of cities that have a
greenbelt available that could have served as a sampling frame. According to the four pepulation
size categories, cities without greenbelts were selected correspondiingiythe sameountries,
so that an equal distribution of cities with and without greenbelts would allow for a balanced
compaison (Tab. 2)The minimum population size of cities to be considered was approximately

100,000 people.

The population data at the city level meprocured from the Eurostat City statistic (urb)
dat abase provided by the European Commi ssi on,
unit (LAU) where the majority of the population lives in an urban centre of at least 50,000
i nhabi t aeah GoonmiésHm n.ah)pln some cases in which the greenbelt was established
around the greater city, the population of t
approximation of the urban centre when this stretches far beyond the admimistiayiv

boundariesd (European Commi ssion, n.d. ).

Since it was important for the cities without greenbelts to be in the same popslagon
categories as their counterparts with greenbelts, to be balanced among countries as much as

possible, and to have rfor only very small) changes in their city boundaries throughout the years
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(App. A), simple random sampling and stratified random sampling were not feasible. However,
using four populatiofsize categories made our selection process somewhat similartiftedtra
random sampling regarding the two criteria of population size and country, and we would consider

our sample to be representative.

3.2.2 Measurement of urban sprawl

The method of Weighted Urban Proliferation (Jagg&chwick, 2014) and Weighted Spia

per Capita (Behnisch et al., subm.) served to quantify the degree of urban sprawl.

Weighted urban proliferatiodlNUP) is based on the understanding that the degree of urban
sprawl increases when the amount of budtareas in a landscape increasegy become more
dispersed, or uptake of land per inhabitant or job augments, i.e., lower density &&epevick,

2014). Accordingly, the WUP method is compounded of three components including the
percentage of buitip areas®BA), the dispersion of thbuiltup areaslS), and land uptake per
person LUP). While DIS captures the spatial arrangement of the fugliareas in a landscape,

LUP denotes the area each personupies on average. Jobs are also taken into account to include
highly utilized ofice buildings because they are not considered as sprawled areas. Consequently,
higher numbers of inhabitants and jobs in a certain-bpilarea would manifest in a lower land

uptake per persofdaeger &Schwick, 2014)

While WUP denotes how much sprawtists per square meter of landscape, weighted sprawl
per capita\WSPQ indicates how much each person (inhabitant or job) contributes to urban sprawil
on average (Behnisch et al., subm.). The valug&/8PCrepresents how much urban sprawl is
associated onvarage with each job or individual living in the reporting unit (Behnisch et al.,

subm.). The two metrics are related according to the eqUARRIIC= (Areporting uniNinh-+job) T WUP.
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Both metrics are intensive metrics, meaning that they can be appkeu tcompared between

distinct landscapes regardless of their sizes.

Quantifying the extent of sprawl demands determining a maximum distance up to which the
pattern of buikup areas will be analyzed. This distance is referred to as the horizon of percepti
(HP) or cutoff radius (Nazarnia et al., 2016b). Based on this concept, two points only contribute
to urban sprawl when | ocated within one anot h
higher when they are farther apart (Jaeger at al.,[®00this analysisHP includesa bufferof

2 kmaround the city boundari€¢as done in the European study EEA & FQRN16)
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Table 2 The population sizes and areas of the 60 European cities with and without greenbelts invéstigatstudy, ordered by population
size (source: Eurostat).

. . Inhabitants Are? Inhabitants Are?
Size categories Cities with greenbelt (2015) (km?) Cities without greenbelt (2015) (k)

(based on population) (Eurostat) (Euros_tat (Eurostat) (Euros_tat
shapefiles) shapefiles)
Very large: il Rome, Italy 2,872,021 1283.5 N Berlin, Germany 3,469,849 891.8
more than 2,500,008 Greater Manchester, UK 2,744,508 1277.3 4 Madrid, Spain 3,141,991 6039
£l Vienna, Austria 1,791,803 413.3 Y Hamburg, Germany 1,762,791 747.1
Budapest, Hungary 1,757,618 525.4 8 Warsaw, Poland 1,743,399 516.7
Large: Stockholm Greate€ity, Sweden 1,689,952 1379.7 Bl Valencia, Spain 1,383,908 400.3
more than 1,000,00(l} Munich, Germany 1,429,584 3109 [ Milan, ltaly 1,337,155 1817
Brussels, Belgium 1,196,831 162.2 Lyon, France 1,066,305 219.8
B} Cologne, Germany 1,046,680 407.3 JIEY Naples, ltaly 978,399 118.7
] Tyneside, UK 843434 406.6 N Turin, Italy 896,773 130.6
Zagreb, Coatia 799,999 640.0 fX] Marseille, France 893,431 297.1
Leeds, UK 770,230 551.6 %8 Lodz, Poland 699,453 293.1
Medium-Large: Krakow, Poland 763,272 326.9 Jf¥d Seville, Spain _ 693878 141.7
between 500,000 Frankfurt, Germany 717,624 248.7 [fRY Zaragoza, Spain 664,953 973.3
and 1.000.000 Oslo, Norway 647,676 453.3 Y Bordeaux, France 635,780 245.7
R Stuttgart, Germany 612,441 209.8 Y Glasgow, UK 602,990 1755
Dusseldorf, Germany 604,527 2175 Dortmund, Germany 580,511 2794
Copenhagen, Denmark 583,349 91.1 Leipzig, Gernany 544,479 2985
Bradford, UK 529,666 367.1 JEEY Antwerp, Belgium 515593 202.7
Hanover, Germany 523,642 204.2 Nuremberg, Germam 501,072 184.0
Bristol, UK 445,901 111.4 Bonn, Germany 313,958 142.3
Bilbao, Spain 345,141 41.6 Verona, Italy 260,125 198.7
Coventry, UK 341,407 987 Ghent, Belgium 253,914 157.0
- Nottingham, UK 316585 74.7 &Y Lubeck, Germany 214,420 212.8
betwgﬂeendgénboo an % Munster, Germany 302,178 303.7 Uppsala, Sweden 209,705 22493
500,000 Stokeon-Trent, UK 251,338 92.6 Linz, Austria 196,127 951
' sl Vitoria-Gasteiz, Spain 243,918 277.1 @A) Gyor, Hungary 129,372 1745
48 Rennes, France 215,366 50.1 @44 Bruges, Belgium 118,335 139.2
il York, UK 205,648 271.1 @A Lund, Sweden 113078 443.1
pacll Oxford, UK 158,786 454 Al Osijek, Croatia 106,610 175.0
Cambridge, UK 129,711 40.4 &Y Lincoln, UK 96,634 35.6
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3.2.3Data sources and calculation process

Information about buitup areas was obtained from thigh Resolution Layers (RL)
Imperviousness Density (IMD@ataset provided by the European Copernicus programme for the
reference years of 2006 and 201%ur@ean Environment Agenc@018), the longest period
available at the time of the stu@pp. B). Theimpervious layers prodie imperviousness value
ranging from 0% to 100%. The threshold for separating-bpiland norbuilt-up cells was set at

30% based on the comparative study by Orétetal. (2012).

The population data and total numbers of jobs for each city were cdlfecte the Eurostat
City statistic (urb)databaseEuropean CommissionEurostat 2020a). In order to distinguish the
jobs into partime and fulttime jobs, data about paitne employment as a percentage of the total
employment were obtained from Eur@gt Einployment and unemployment (Labour force survey)
(employ)database at the country lev@lufopean CommissionEurostat 2020b). The average
numbers of usual weekly hours of work for pamie and fulitime workers provided for each
country were usetb calculate a correction factor for converting the{iane jobs into their ful
time equivalent$App. C). For the cities with missing data in the target years, the population sizes
and jobs were estimated using a linear interpolation between othisrwleere possible. In some
cases, they needed to be calculated via extrapolation based on the ratio of increase in the following
or previous years. Job data for the Polish cities was obtained from Local Data Bank from Statistics
Poland, Activity rate datase for Polish Voivodeships (province€eftral Statistical Office of

Poland 2020).

The city boundaries corresponding to the numbers of inhabitants and jobs were procured from

the Eurostatirban auditdatabaseEuropean CommissiorEurostat 2020c), andhe shapefiles or
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maps of the greenbelts were acquired from governmentaldagdanportals or by contacting

planners working for the cities by email.

Quantification of the degree of urban sprawml{P and its components) was performed using
the Urban SpralMetrics (USM) toolset, a GIS tool available from the WSL weBgithich uses
three sets of input data including a binary map of fuglareas, the map of the boundaries of
reporting units, and the numbers of inhabitants and jobs corresponding t@anenge units
(Nazarnia et al., 2016bA)\fter calculating the changes between 2006 and 2015 and between groups
of cities with and without greenbelts, three statistical tests, including Kr\gabik test (or &-
test where appl i cadndabingmiaMestoibigortiong, deareamplementsd |
on the results to determine the effectiveness of greenbelts. Since great changes in some cases
largely affected the mean values, we also studied the mediatest Toehird hypothesis, we first
ran regressions for the changes in urban sprawl as a function of population size, and then compared
the slopes of the regression lines between the two groups of cities. Statistical analysis was also

conducted on each component separately.

Ourresearchconsistsf t wo separate anal yses: exénlings i Temp
the increases or decreases of urban sprawl during-yleardtimeframeand(2)afic ompar i s on
anal ys iwasdonetivicecchmparing the cities with and without greenbelts in twicplar

years (2006 and 2015).

2 Available athttps://www.wsl.ch/de/servicasnd-produkte/softwaravebsitesund-apps/urbarsprawlmetricstool-
usm.html
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3.2.4City size adjustment for comparison of cities of differing sizes

WUP is an intensive metric, and it can be applied to, and compared between, landscapes
irrespective of their sizes. However, in some cases (e.g., Uppaaboundary of the city is
located far from the buitip areas, whereas in other cases (e.g., Glasgow), the boundary runs close
along the builup areas. Such differences convolute a fair comparison of the cities. Even when the
population size and tremount and spatial pattern of the built areas of two cities are the same,
thePBAof the two cities will differ. In a situation in which the status of bujdtareas are similar
in two cities, but the boundaries and area sizes differ, the vaM#J&fwill be lower in the city
whose boundary is located farther away as a result of [BB& Therefore, it is necessary to

rescale the city boundaries to make the cities comparable on an equal footing.

For this purpose, we used the relationship betweendpelation size in 2015 and the city
size (logtransformed) applying linear regression to determine average city size as a function of
popul ation size, whi chFigv®. Inahe calses oh whiich the adjeste@ d c i
city size is greater #n the original area, this corresponds to adding empty space with nagbuilt
areas and no population. Hence, the only component that would be subject to adjusdBént is
while DIS andLUP remain the same. The adjusted city size was larger than thef siee built
up areas in all cases. Consequently, none of the cities in which the area shrank due to the
adjustment lost any builip areas, i.e., the boundaries are simply drawn somewhat closer around
the builtup areas, and population stayed the sanweeisThe adjusted city size was applied for
both reference years, afBA and WUP were recalculated for the comparison analysis of each
year. The corresponding values of the new metrics are referred to as aBBétadd adjusted

WUP.
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City size adjustmat was only developed and applied for the comparison analysis. This
adjustment was not needed for the change analysistbmo#ies were compared to themselves,

and the boundaries stayed the same when we calculated the difference over time.

For comparien, the analysisvasalsoconducted on the resultgthout adjusting city size
We found broadly similar resultsbut the differencesbetween the cities with and without

greenbeltsvere less pronouncdend statistically less significant)

City size adjustment using simple linear regression

95-

y=8.14+3.04x107 x

90-

log10(City Size)

80- .

® Real
L]

values
. e Predicted
75- values

o 1,000,000 2,000,000

3,000,000
Population size (inhabitants)

Figure 5 City size adjustmenfiverage city size as a function of population §R&= 0.35)
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3.3 Results

3.3.1 Temporal changes in urban sprawl between 2006 and 2015

3.3.1.1 Sprawl in relation to the population:WSPC

The absolute and relativehanges ilWSPCbetween 2006 and 2015 revealed significant
differences between the two groups of cities with and without greenbelts, as indicated by the
differences in the means and in the medi@m@b. 3. The absolute average contribution of each
persorto urban sprawl decreased almost three times as strongly in cities with greenbelts than those
without: The mean decreaseWSPQn cities without greenbelts was 97.0 UPU/(inh or job) while
in cities with greenbelts, the mean decrease was 273.0 UPUIf(jjolb)o The average relative
changes iWWSPCin citieswith andwithout greenbelts were in opposite direcioshowing the
average contribution of each person to urban sprawl has increased by 24.2% in cities without
greenbelts, while it decreased by 27.18Pthe cities haing greenbeltgTab. 3. This difference in
directionbetween he average relative changesWwgPCin cities with and without greenbelis
mainly due to great absolute reductiondNi$PCvaluesin few specific cases, as well amall
relative decreases or great relative increas@gSiP Cvaluesn the cities without greenbelts, which
together led to an overall average relative increa¥¢SiPC(seemore detailed explanation in the

Discussion)The relative changes were statistically msignificant than the absolute changes.

The medians of both absolute and relative chang@&iRCwvere positive in the cities without
greenbelts and negative inetltities with greenbelts, i.eWSPCincreased (absolutely and
relatively) between 2006 and 2®in at least half of the cities without greenbelts, but decreased in

more than half of the cities with greenbelts.

These findings weralso supported by the test of proportiofiee proportion of cities in

whichWSPGdecreased differed significantly beden the two groups of cities. The valudMBPC
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decreased in 27 cities, i.e., in 90% of the 30 cities with greenbelts. This proportion is more than
twice that of the cities without greenbelts, for whittsPCdecreasedyhich was43% of the 30

cities. Amongall the cities in whichWSPCdiminished, the relative decrease was significantly
stronger in the cities with greenbelts (35.6%) than in those without (17.6%). However, the absolute
changes in these cities were larger in the cities without greentsd#&s1( UPU/(inh or job)) than

with greenbelts-06.9 UPU/(inh or job)), because very high absolute decreasesein cites
without greenbelts such as Antwerp, Lincoln, and Leipzig, strongly affected thelrg.at). The
difference, however, was not statislly significant(see detailed information and resultpps

D and E)

Such strong decreases in the cities without greentdts due to specific regulations,
policies or other measurethatwere in effecduring the timeperiodstudied. As an exapte, he
Griune Ring LeipzigGreen Ring Leipzig GRL) was founded in 1996 as a "voluntary and equal
working group" of more than 20 municipalities to jointly improve the attractiveness of the region.
With the GRL as an intanunicipal association, the regi has worked out a locational advantage
over other regiongGruner Ring Leipzig, n.d.)Antwerp and Lincoln similarly, demonstrated
remarkable decreaseslanduptake per persomsingtheir settlement areamore efficienly (i.e.

housing more people dremployees)causing strong reductioirs sprawl
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n WSPC : Absolute Changes (2006-2015)
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Figure 6 Absolute (a) and relative changes (bYWSPCin the cities without greenbelts (orange) and

with greenbelts (green), sorted by population size in descending order.
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3.3.1.2 Sprawl in relation to the landscape within the city boundariesWUP

Similar to the changes WSPC WUP decreased in 27 (90%) of the cities with greenbelts.
The corresponding proportion for the cities without greenbelts was remarkably loweambith
36.7% Fig. 7). Among all the cities in whichVUP decreased, the relative reduction was

significantly stronger in cities with greenbelts (30.8%) than in those without (14%).

The differences in the changesWIUP between the two groups of the cities werghiy
significant statistically. Btween 2006 and 201fhe average level afrban sprawl decreased in
both groupsn absolute termdut the average absolute decrease was almost four times stronger in
cities with greenbeltsThe mean inWUP decreased by D09 UPU/nt in the cities without
greenbelts, whereas it was reduced by 0.72 UPithe cities with greenbeltSimilar toWSPG
the average relative changesMuUPIn cities with greenbelts were in the opposite direction of the
average relative changes cities without greenbelts. While urban sprawl per square meter of
landscape increased by 29.2% in cities wittgreenbelts, it was reduced by 22.6% in cities with

greenbeltsTab. 3)

As expected, the medians also followed this patierabsolute andetative terms with
increases in the cities without greenbelts and decreases in the cities with greenbelts. In at least half
of the cities without greenbeltéyUP advanced between 2006 and 2015, whereas it decreased in

more than half of the cities with gnebelts.
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WUP : Absolute Changes (2006-2015)
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Figure 7 Absolute (a) and relative changes (bYWPin the cities without greenbelts (orange) and
with greenbelts (green), sorted by population size in descending order.




Table 3 Results of the statistical analysis on the absolute and relative changes in urban sprawl in the two groups of cities.

Tests

Outputs

Group 1: with greenbelt
Group2: without greenbelt

Changes h Urban Sprawl (20067 2015)

WSPC

Absolute Changes

WSPC

Relative Changes

WUP

Absolute Changes

WUP

Relative Changes

(UPU per inhabitant (%) (UPU per n of (%)
or job) landscape)
. p-value 0.012 0.000a8 0.00019 0.0000049
be':t\‘,’\;e‘zftifrgs;ns Mean in group 1 -273.6 -27.21 -0.72 -22.64
Kruskal -Wallis Mean in group 2 -97.@@ 24.17 -0.19 29.17
test For differences  P-value 0.15 0.029 0.96 0.082
betweerthe means Meanin group 1 -306.90 -35.% -1.08 -30.76
of decreasg values Mean in group 2 -532.15 -17.61 -0.82 -14.00
R . p-value 0.010 0.00C84 0.000042 0.000@12
Mo O_ dos Median _t est Median in group 1 -172.4 -24.03 -0.43 -17.92
For differencedetweerthe medians . i nin group 2 0.44 5.21 0.01 6.03
Binomial test of Proportions p-value 0.00037 0.00@87 0.000G%9 0.000059
For differencedetweerthe proportions Proportion in group 1 0.90 0.90 0.90 0.90
of cities withdecreased values Proportion in group 2 0.43 0.43 0.37 0.37

Legend

Highly Significant

Significant 0.017 0.05

Marginally Significant  0.057 0.1

Not Significant >0.1

NA NA




To test our third hypothesis, we also lookedhatchanges as a function of population size
(Fig. 8. Runninglinear regressios and comparing the differences in slopes relative and
absolute changes WSPCand WUP using ANOVA, we found that the differences in slopes
between the two groups of cities with and without greenbelts were statistically significant for the
relative changes-@.0000076%/inh compared to 0.00004%/inh for WSPC(p = 0.0109 and-

0.000007%%/inh compared to 0.00003&/inh for WUP (p = 0.005)).

Looking more closely into the cities of larger population sizes, in the very large and large city
category, averagd/SPCdecreased by 163.19 UPU/(inh or jobjhe cities with greenbelts, which
was 7 times stronger than the decrease in the cities without greehbedisitive termsWSPC
decreased by 46.4% in the cities with greenbelts, i.e. nearly halved between 2006 and 2015. A
similar pattern was observedrf@/UP with an absolute decrease Byt7 UPU/n andrelative

decrease b¥1.4% in the cities with greenbel&dp. F.
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Relative changes in WSPC (2006-2015) as a function of population size
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Figure 8 Relative changes in (8ySPCand (b)WUPIn the cities without greenbelts (orange) and
with greenbelt§green) as a function of population s{@&range: RWSPC= 0.22 and R-WUP= 0.25;
Green:R>-WSPC= 0.02 and RWUP= 0.02) SeeApp. Gfor absolute changes.
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3.3.1.3 Changes in the three components of sprawlUP, PBA, and DIS

The strongest and highly sidicant results ofLUP divulge the most important cause of
changes in the level of urban spramwkities with greenbeltsT@b. 4)While the average value of
LUP decreased in both groups of cities, the decrease was 17 times higher in cities with greenbelt
(by -5.88 compared te0.35m?/(inh or job)). In terms of relative changed)P decreased on
average by 5.76% in cities with greenbelts, but increased by 0.55% in cities without greenbelts.
Thedifference betweerelative changes ibhUP wasstatisticaly more significant compared to the

absolute changd3ab. 4).

The difference between the median deswas also highly significanth& midvalue of
changes il.lUP was negative in the cities with greenbelts, indicating a reductiodfin at least
half of the cities in this group, while its counterpart in the cities without greenbelfeliVithin

positive range.

In fact, the proportion of cities in whidtUP decreased was considerably greater in the group
of cities with greenbelts. While 90% of thiéies with greenbelts exhibited a reductiorLloP, it

decreased in only 43% of the cities without greenl¢Eits 9.

In contrastPBAandDIS did not show considerable differences between the two g(Bigs
10 and 11)PBAdemonstratednly aslight influence on the differences in the changes in urban
sprawl between the groups. While aver&@fgA increased in all cities regardless of the presence
of agreenbelt, it augmented 1.77 times more strongly in the cities without greenbelts than in those
with greenbeltan terms of relative changeand this differencavas statistically significant.
Average changes iDIS were very low and exhibited modest increases in both groups of cities.
These increments westightly larger in the cities without greenbgl butthe difference wasot

statistically significant.
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H LUP : Absolute Changes (2006-2015)
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Figure 9 Absolute (a) and relative changes (b).WP in the cities without greenbelts (orange) and

with greenbelts (green), sorted by population size in descending order.
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Figure 10 Absolute (a) and relative changes (bPiBAin the cities without greenbelts (orange) and
with greenbelts (green), sorted by population size in descending order.
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Figure 11 Absolute (a) and retve changes (b) iDISin the cities without greenbelts (orange) and

with greenbelts (green), sorted by population size in descending order.
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Table 4 Results of the statistical analysis on absolute and relative changeshrethedmponents of urban sprawl in two groups of cities.

Outputs Changes h the Components ofUrban Sprawl (20061 2015)
Group 1: with PBA PBA DIS DIS LUP LUP
Tests greenbelt Absolute Relative Absolute Relative Absolute Relative
Group 2: without Changes Changes Changes Changes Changes Changes
greenbelt (Percentage (%) (UPU per n of (%) (n? per (%)
Point) built-up ared inhabitant or job)
Kruskal -Wallis test/ t-test p—valuc_e 0.21 0.014 0.22 0.21 _
) Mean in group 1 0.50 1.83 0.0228 0.0474 -5.8 -5.76
For differences between the means 1o in group 2 0.79 3.25 0.0318 0.0665 -0.38 0.5
X _ p-value 0.61 0.12 0.31 0.31
Moodos Median tes yagianingroup 1 0.42 155 0.0148 0.007 -6.80 -6.30
For differences between the medians —y. jia 1 in group 2 0.48 257 0.0197 0.0403 0.80 1.14
Binomial test of Proportions p-value NA NA 047 047
For differences between the proportio Proportion in group 1 0 0 0.067 0.067 0.90 0.90
of cities with decreased values Proportion in group 2 0 0 0 0 0.43 0.43

Legend

Highly Significant

Significant 0.017 0.05

Marginally Significant 0.057 0.1

Not Significant >0.1

NA NA
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3.3.2 Comparison between the two groups of cities for each yeaparately

3.3.2.1 Urban sprawl in 2006 and 2015 using/SPCand adjusted WUP

We compared the cities with and without greenbelts for each year separately, i.e., for 2006
(App. H) and 2015 Fig. 12) The differences between the means (and between the medglians)
WSPCand adjustedVUP were considerable with much greater values in the cities without
greenbelts than those with a greenlf€tb. 9, but they were not statistically significant fibre
sample sizavailable in this studyThis comparison covered ar¢je range in population size and
exhibited high variability in the valug¢Big. 12) Due to this large variability in thealues, a larger
sample size would be needed to achieve statistical significance of the differences between the

means (and the medgn
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WSPC in cities with and without greenbelts (2015)
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Table 5 Results of the statistical analysis comparing the mean and median level of urban sprawl between the
groups of cities with and without greenbelts in 2006 and 2015.

Urban Sprawl

Outputs
Tests Group 1: with greenbelt WSPC Adjusted WUP
Group 2: without greenbelt (UPU per inhabitanbr job) (UPU per nd of landscape)
2006 2015 2006 2015
Kruskal Wallis test p-valug 0.391 0.165 0.734 0.344
) . Mean in group 1 1288.76 1015.715 4.16 3.54
For differences in the means ;oo in group 2 2504.65 2407.629 5.74 5.66
R ) p-value 0.306 0.1245 1 0.609
Moodos Medi an . i ningroup 1 708.77 620.9881 2.44 2.05
For differences in the mediar—y - o 1in group 2 1617.11 1746.176 2.77 2.97
Legend
Highly Significant
Significant 0.017 0.05
Marginally Significant  0.057 0.1
Not Significant >0.1
NA NA

In contrast, according to the analysis of three populaioe categories of cities, the
differences between the meditsized cities (wh less than 500,000 inhabitants) with and without

greenbelts were statistically significant for both 2006 and 2045b.(6).

Among the mediunrsized cities, the meaWSPCvalue was lower (by 63%) in the cities with
greenbelts in 2006 (1679.8 URInh or jab) compared to 450913PU/(inh or job)). In 2015, the
average value oVSPCin the cities with greenbelts was remarkably lower as well (by 73%), and
the difference was even matatistically significant. The medians support these results as well,

displayng statistically significant differences for both years.

Similarly, the differencebetweenthe means of the adjust®dUP values, in the medium

sized cities were marginally significant in 2006 and significant in 2015atveeerthe medians
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in 2015).In addition, the differencdetweerthe average valsef adjustedVUPin the class of

very large and large cities was marginally significant in 2006 (but not in 2015).

While the means and the mediansVeEPCand adjustedVUP were greater in the cities
without greenbelts than in the ones with greenbelts for the melditge cities in both years, the
results were not statistically significant, likely due to small sample size (10 cities in each group).
Consequently, a bigger sample size in this populatioa céegory would be likely to exhibit

statistically significant results.

In contrast, in the large and very large city categoryatlerage levebf sprawlwashigher
in the cities with greenbelts than those without greenbelts, and the difference in theafunean
of adjustedNVUPIin 2006 was marginally significant. The significance of the difference, however,
vanished in 2015, due to a grefateduction in the mean value of adjusWwt)P in the cities with
greenbelts. Although the average adjudfédP also deceased in the cities without greenbelts,
this decrease was much weaker than in the cities with greenbelts. The same pattern was observed

for the median and mean differences inW8PCvalues §eeDiscussion).
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Table 6 Results of the statistical analysis comparing the level of urban sprawl betwegnoulps of cities with and without greenbelts in

2006 and 2015 for three populatisize categories he sample size for each group was 8 cities in the very large and large category, 10 cities in

the mediurdarge category, and 12 cities in the medium gatyg.

Urban Sprawl in different population size categories

Adjusted WUP

Outputs WSPC
Group 1: with (UPU per inhabitanbr job) (UPU per m of landscape)
Tests greenbelt
Group 2: without 2006 2015 2006 2015
greenbelt Very Medium- Medium Very Medium- Medium Very Medium- Medium Very Medium- Medium
Large Large Large Large Large Large Large Large
and and and and
Large Large Large Large
Kruskal Wallis test / t-test p-value 0.115 0.3%8 0.016 0.248 0.376 0.0053 0.093 0.974 0.087 0.248 0.508 | 0.01975
) ) Meaningroupl 5458 1438.25 1679.83 382.30 1252.19 1239.90 2.40 5.99 3.61 1.81 5.48 2.88
For differences in the mean :
Meaningroup 2 272.83 2123.17 450.26 249.62 1865.77 4518.94 1.34 7.80 6.89 1.27 7.36 7.14
Moodéds Medi a Pp-value 0.33 0.677 0.037 0.33 0.677 0.037 0.333 0.677 0.211 0.338 0.677 0.037
For differences in the Median in group 1 237.65 1325.63 1449.54 11987 932.26 865.11 1.18 5.19 3.59 0.66 4.19 2.35
medians Medianingroup 2 11.40 1791.76 2983.71 1541 1678.30 2626.99 0.06 6.53 5.06 0.09 6.24 5.78
Legend
Highly Significant
Significant 0.017 0.05
Marginally Significant  0.057 0.1
Not Significant >0.1
NA NA
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3.3.2.2 Components of urban sprawl in 2006 and 2015

The mean value of land uptake per person in 2015 was lower in the cities with greenbelts than
in the cities without greenbelts with 94.9/¢mh. or job) and 111.8 fi{inh. or job), respectivgl

(p=10.085) Tab. 7)

The adjustedPBAwas lower in the cities without greenbelts in both years, but it incréased
the cities without greenbeltauch more than in the cities with greenbelts (0.96% compared to
0.64%). At the current rate of increashe tadjustedBA mean value in the cities without
greenbelts would surpass the cities with greenbelts 41 gitar2015in 2056).DIS values were
similar in both years, and while the average increased in the cities without greenbelts, it decreased

in those with a greenbelt.

Table 7 Results of statistical analysis on the components of urban sprawl in 2006 and 2015.

Components of Urban Sprawl

Outputs
Group 1: with 2006 2015
Tests greenbelt Adjusted DIS LUP Adjusted DIS LUP
Group 2: without PBA (UPU per  (m?per PBA (UPU per  (m?per
greenbelt (%) m?of built- inhabitant (%) m? of built-  inhabitant
up area or job) up are or job)
Kruskal Wallis test / t-test p-value 0.623 0.953 0.583 0.692 0.976 0.085
) ) Mean in group 1 34.69 48.37 112.11 35.33 48.29 94.93
For differences in the means —\ 5 oroup 2 3294 48.26 100.81 3390 48.40 111.76
R ] p-value 0.3 1 0.3 0.306 1 0.1245
Moodos Medi an e qoningroupl 3385 4852  98.70 3544 48.55 96.75
For differences in the median—y, o 4 in group 2~ 2851 48.54 116.35 2896 48.57 116.3
Legend
Highly Significant
Significant 0.017 0.05
Marginally Significant  0.057 0.1
Not Significant >0.1
NA NA
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Similar to the comparison oW3SC and adjustedWUP, the comparison of the three
component for thethree populationsize categories revealed significagifferencesfor the
mediumsized cities.The average UP values differed significantly between the two groups of
cities in this populabn-size categoryTab. §. Since the differences in adjusteBAandDISwere
not significant for the mediurmized cities, it is fair to conclude that the differences in the overall
sprawl values in 2006 and 2015 in this category were mostly the respotisegreat differences

in LUP, i.e., denser bultip areas in the mediusized cities with greenbelts.

A marginally significant difference was observed &P in the large and very large cities

categoryas wel| which explains the differences betweka sprawl values in 2006.

The analysis did not detect any statistically significant differences in adjp&aadr DIS

between cities with and without greenbelts for neither of the populsizencategories.
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Table 8 Resuls of statistical analysis on the components of urban sprawl in 2006 and 2015 in
different population size categorid$ie sample size for each group was 8 cities in the very large and
large category, 10 cities in the medulenge category, and 12 citiestime medium category.

Outputs Components of Urban Sprawl: AdjustedPBA (%)
Group 1: with 2006 2015
Tests greenbelt : . : :
i Very Large Medium- Medium Very Large Medium- Medium
Group 2: without  and Large Large and Large Large
greenbelt
et p-value 0.245 0.925 0.832 0.272 0.934 0.716
es , - Mean in group 1 39.98 4331 22.22 4075 44.20 2253
For diferences in the means  —y1 1 in group 2 32.96 42.83 2303 34.00 4379 23.95
M 46 Me d i p-value 0.333 0.677 0.677 0.333 0.677 0.677
codos Medl an “vedianingroupl 4213 42.95 24.16 4307 4351 24,58
For differences in the medians-y ) ioningroup 2~ 2832 4237 24.48 2883 42.68 25.94

Outputs Components of Urban Sprawl:DIS (UPU per n of built-up are)
Group 1: with 2006 2015
Tests greenbelt Very Large Medium- Medium Very Large Medium- Medium
Group 2: without  and Large Large and Large Large
greenbelt
t-test p-valu_e 0.318 0.433 0.156 0.299 0402 0.1
] ) Mean in group 1 48.60 48.47 48.11 48.62 48.49 48.14
For differences in the means - 1in goup 2 48.82 4861 4750 48.85 4864 4754
R . p-value 0.333 0.677 0.677 0.333 0.677 0.677
Moodos Median i ingroup 1 48.60 4857  48.12 48.63 48.59 48.12
For differences in the medians-y - ionin group 2 48.85 48.58 47.93 48.90 48.61 47.93

Outputs Components of Urban Sprawl:LUP (m? per inhabitant or job)
Tests Group 1: with 2006 2015
es
greenbej.‘lt Very Large Medium- Medium Very Large Medium- Medium
Group 2: without  and Large Large and Large Large
greenbelt
-value 0.1 0.888 0.0079 0.263 0.7295 0.0026
et p-value | 0.0079 | | 0.0026
diff ih Mean in group 1 88.12 105.05 105.78 81.51 105.42 98.67
For differences ithe means  ~y1o2nin group 2 68.81 107.03  148.67 69.26 100.95  149.00
M 48 Mo p-value 0.3 0.677 0.037 0.33 0.677 0.037
0;-ﬁ s ! eh ! 2_” Median ingroup 1 85.05 109.60  111.20 78.00 103.20  101.70
For differences in the medians—p, - ianin group 2 58.0 11620  133.30 60.65 11470  129.00

Legend

Highly Significant

Significant

0.017 0.05

Marginally Significant

0.057 0.1

Not Significant

>0.1

NA NA

54



34 Discussion

3.4.1 Temporal changes in urban sprawl and its components

Our analysis revealed that the greenbelts have been considerably effective in controlling urban
sprawl in Europe at the city level. Despite the general observation that urbantegsamdreased
unequivocally worldwide (EEA & FOEN, 2016; OECD, 2018}y reflected in our second
hypothesis, our results showed that where greenbelts were put in place, urban sprawl has decreased
substantially. Reductions were observed in the mean vallbbeshWUPandWSPC meaning that
on average, sprawl per square meter of landscape as well as the contribution of each person to
urban sprawl decreased between 2006 and 2015, absolutely and relatively, in the cities with

greenbelts.

In contrast the relaitve changes in the values of averagdSPCand WUP indicated, on
average, an increase unban sprawl irthe cities without greenbelt$he mean absolute changes
in WSPCandWUP, however, displayed onipinor decreases in the cities without greenbelts on

averagej.e.,remarkably weaker than the mean absolute decreases in the cities with greenbelts.

Two main reasons can explain why average sprawl decreased in absolute terms, while it
increased in relative terms in the cities without greenbelts: (1) Grealuthdecreases m few
cities, namely Antwerp, Lincoln, and Leipzig, had a large effect on the mean vaW&Pdland
WUP, propelling the average absolute changes of these two metrics into the negative range;
whereas (2) the relative decreases in spravthese cities andeveralother citieswere small,
while the relative increases in the other citieghis groupwere high, resulting in aoverall
averageincrease.To elaborate,lte high 2006 values aVSPCand WUP in most of the cities

without greebeltsled to low relative decreases even whaiSPCand WUP greatly abated,;
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contrarily, for some cases such as Madrid where the 2006 valvgSBCand WUP were quite
low, even slight absolute increases resulted in large relative increases. In conttastfmeasties
with greenbelts had fairly lowWSPCand WUP values in 2006and most othemdecreased by
2015, hence, division of these changes by the low valuds§SefCand WUP of 2006 resulted in

rather largeaverage relative decreases in these twoiosetr

The effectiveness of greenbelts in curbing urban sprawl is also evident in the proportions of
cities in whichwwSPCandWUP decreased. Not only had both metrics demonstrated decreases in
most of the cities with greenbelts as opposed to the cities wiitireenbelts, but the average

relative reductions in the metrics were twice as strong in the cities with greenbelts.

To discover the reasons behind the success of greenbelts, we investigated the three
components o¥WSPCand WUP, of which onlyand LUP demanstrated strong average absolute
and relative reductions, in the cities with greenbelts, which is a result of stronger densification of
the existing buitup areas that on average had a stronger influence than the expansionug built
areas in these ciie Greater average relative increasBBAalso contributed to higher values of
WSPCandWUP in the cities without greenbeltBlIS is the aerage weighted distance between
every two random points in buitip areasand capturethe spatial arrangement ofiili-up areas
(Jaeger et al., 2010K)egligible changes iDIS, henceseem sensiblasthe existing buildings

cannot be moved aroumasily andtheir spatial arrangemeoannot be simplgltered

When we examinedthree populatiorsize categorieseparatly to find out where the
greenbelts were most effective, the group of very large and kitgs exhibited greater
differencesbetween theaelative changes ithe cities with and without greenbelts. In addition,

regressionof the changes in urban spraag a function of population sizevealedthat the
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greenbelts were more effective in controlling urban sprawl in cities with larger population sizes in
terms of relative changes, meaning that relative differences in the chang&Pi@and WUP
between cites with and without greenbelts were more pronounteities in whichthe population
waslarger. This outcomeconfirmedour hypothesis in terms of relative changes, whitidtnot

support it in terms adibsolute changes.

It is noteworthy that both meéts decreased in all 8 cities of the very large and large category
with greenbelts, but in only 2 of the cities without greenb@86), showing that the greenbelts
were effective in reducing urban sprawlli®0%of the cities with greenbelts in this cgtey. The
cities in the mediunsize category also demonstrated significant results, but the differences
between the cities with and without greenbelts were statistically more significantgrotige of
very large and large cities, meaning that even wigmall sample size in this category, the

differences between the cities with and without greenbelts were strong enougiotditreed

3.4.2 Comparison of uban sprawl and its componentdor each year separately

Unlike the changes between 2006 and 20&8har of theWSPCand adjustedVUP metrics
provided statistically significant results for 2006 nor 20X6r this sample sizeAlthough the
averagd_UP value demonstrateaimarginally significant difference in 2018his difference was
not strong enough taffect the values o'WSPCor adjustedWUP. However there were large
differencesaspredictedby our hypothesi4, i.e., greater values in the cities without greenbelts.
Considering that the variabilitypetween citieswas substantial, a larger sample sizél
presumablybe able to confirnstatistically significant differences between the cities with and

without greenbelts for each year.
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According to apower analysis, the minimum sample size needed for an 80% chance of
detecting differences between thges with and without greenbelts for the tests\id@PCvalues
in 2006 and 2015 (with effect sizes-6t55 and-0.64 standard deviation unitespectively and
adjustedWUP values in 2006 and 2015 (with effect sizes@R9 and-0.41 standard deviation
units), would be54, 39, 187, and 97 cities in each grotgspectively,assuming thesample
distribution wouldbe reasonably normélrhesesample sizewereestimated by first calculating
the effect sizg whichindicaie the magnitude of thdifferences, and applyinga power test using
theseeffect sizs, a significance level of 5%anda power of 80%, foma two-samplet-tes). Since
reaching suchsample sizef cities with greenbeltsiay be challengingithin Europe, addressing

the question irrefutablgnight bedifficult in this continentat this time

While the numbes of cities in each populatiesize categoryvere much lower (i.e. 8 very
large and large, 10 mediularge, and 12 medium), the cities of medium population size displayed
significant differeces between the average sprawl vabfébe groups of cities with and without
greenbelts for both years, which was mainly a response subistantiatiifferences between the
averagd_UP values. Insignificant results for the medilange city categoryhowever,appear to

bemainly a result of small sample size.

In contrast, the large and very large cities exhibited higher average values of sprawl in the
cities with greenbelts. However, the differences in the average valWSkREtand adjustedVUP
betwea the two groupswvere lower in 2015 (difference of 272.7 UPU/(inh or job) in 2006
compared to 132.7 UPU/(inh or job) in 2015 WSPG and 1.08JPU/n? in 2006 compared to
0.54 in 2015 UPU/mfor adjustedWUP), showing that the decrease in the citiéthwgreenbelts
was much strongeUsing the annual linear rate of decrease for each group in this popsiagon
category, we envisioned thiithe current trend continues, the group of large and very large cities
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will evince lowerWSPCand adjusteVUPvalues in the cities with greenbelts than those without
greenbeltsn 2024 and 2025espectivelysimilar to the other populatiesize categories. With the
same reasoning, it is likely that the cities in this category would demonstratd_ldRemalues in

thecities with greenbelts than the ones withou2@31

A similar result would themrmanifestfor the adjusted®BA mean values, regardless of
population size, in nearly four decades, when the amount ofupuidtrea in the cities without

greenbelts will excakthat in the cities with greenbelts, opposite to the current situation.

3.4.3 Examples: Vienna, Coventry, Greater Manchester

Three exampleserve tallustrate the results.

3.4.3.1Vienna

The greenbelt of Vienna dates back to 1905 when the Viennesd-&odddeadow Belt
agreement was reached by the city council as a means of nature conservation @Riliagd,
2008) . Currently, more than 50% C€ityofWiema nads
2015). Vienna has strong autonomy compared tor @ities in Austria, and its status of a federal
state made it possible for Vienna to evolve its own policies and strategies, including plans to
safeguard the green network (Mocca et al.,, 2020). Following the TOmesaneHectare
Programme endorsed in 19@4th the aim of protecting the northeastern landscape of the city and
developing the foresindmeadow belt, the Vienna Greenbelt Masterplan was officially adopted

in 1995 Breiling & Ruland, 2008City of Vienna, 20002015.

The greenbelt of Vienna hasoven to be a successful means for controlling urban sprawl in

this city as demonstrated kthe changes iWWSPCand WUP values between 2006 and 2015.
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Despite aslightincrease irPBA (Fig. 13 anda minorrise inDIS, LUP demonstrated a notable

drop, lealing to significant decreases\MSPCandWUP (Tab. 9)

The most important strategiased toestablishthe greenbelt were the consolidation of green
spots into wider protected areas, the acquisition of new land for extending the green spaces, and
thepronot i on of -ctlhaes sii soepceonn dp acess @rte@ nifriecsgteat i or

and Ruland, 2008).

To continue this positive trend, several major visions and objectives of expansion and
preservation of the greenbelt have been elaborated in thenUWbevelopment Plan (STEP) of
Vienna. The Stadtentwicklungsplan (STEP), i.e., the Urban Development Plan of Vienna, is
updated every 10 years since 1984 (1994, 2005, and 2015). The federal state of Lower Austria
surrounds the federal state of Vienna. Tdweg-term policy for the greenbelt is to maintain the
existing green spaces and secondly to expand it into regions of the state of Lower Austria in order
to more effectively protect these landscapes in a joint effort with the surrounding municipalities
andavoid leapfroggingand to modify the greenbelt policy into a policy at the regional level across
two federal stateQity of Vienng 2015). Moreover, to protect and guarantee the persistence of
farmlands as significant portions of the greenbelt, sulssilie to be allocated to the farmers in
this sector (City of Vienna, 2000). The expenses of these medmwedeen coverday public
funds complemented by grants from sponsors, and pphliate partnerships (City of Vienna,

2000).
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Vienna, Austria

Data Sources:
Furopean Comission (2020), Furostat - Furopean Commission (2020), Open Data Osterreich (2020)

I suilt-up 2006
B it 2015
- Green Belt

- Water Bodies

E City Boundary

Figure 13 Map of Vienna, its greenbelt, and its buift areas in 2006 and 20@Buropean Commission, 2020; Eurost

European Commission, 2020; Open Data Osterrg@))
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3.4.32 Coventy

The greenbelt of Coventry is part of the West Midlands greenbaitd( Use Consultant
2015), which was first introduced in the West Midlands Structure Plan in 1982. It was modified in
1986 under the independent Coventry Green Belt Plan (Coventry Ciincl,o2014). To
accommodate population growth due to increased employment number in Coventry, three small
scaled landscapes of ProLogis Park (Keresley), Whitley Park, and Browns Lane were detached
from the greenbelt in the Unitary Development Plan of 2(Ad. 14), but the extent of the

greenbelt has been untouched ever since (Coventry City Council, 2014).

According to the most recent Coventry Local Development Bfenincrease ipopulation
and job has been managed without permeating the designagedbgjtearea throughout the years
(Coventry City Council, 2014). Accommodating housing needs while keeping the greenbelt area
intact has been effective in controlling urban sprasisupported by our results. The very low
increment iNPBA by less than 0.1%inderlines that the urban development was Vienited
between 2006 and 2015.c4nsiderable reduction IdJP reflects the densification of the existing
developed areas within the city boundary, leading to substantial decrea&&P&and WUP,

respectivly (Tab. 9).

The Coventry Local Development Plan envisions three scenarios to effectively respond to
future population growth and accommodation demands, all of which address certain parts of the
housing needs in locating new homes within the existing wabzas and brownfield land. For the
remai ning housing needs, the scenari os sugges
providing homes in Warwickshire; (2) dbuil din

of the greenbelt, which will@mage the greenbelt and may have negative environmental impacts;
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and (3) fAsustainable growtho through combinat

Al east sensitiveo and Al east valuabl e®B). | ands
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Coventry, UK

I suitt-up 2006
B Buiteup 2015
- Green Belt

- Water Bodies

D City Boundary

Data Sources:

Environment Agency (2020a), Environment Agency (2020b), European Commission (2020),
Eurostat - European Commission (2020), Ministry of Housing, Communities and Local
Government (2020)

Figure 14 Map of Coventry, its greenbelt, and its buwifi areas in 2006 and 20{Bnvironment Agency, 2020b, 202C
European Commission, 2020; EurostBuropean Commission, 2020; Ministry of Housing, Communities andlLoc
Government, 2020)
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3.4.3.3Greater Manchester

The greenbelt of Greater Manchester was first established in 1984 and has been subject to
amendments throughout the years. By 2015, a total area of 59,350 hectares (47% of the area of
Greater Manchester) ag covered by the greenbe@réater Manchester Combined Authority

2019).

Between 2006 and 2018YSPCand WUP decreased by 23.4% and 17 . 18spectivelyin
Greater Manchestelrab. 9).Similar to most of the other cities with greenbelts, the main reason
was a substantial reduction UP which affected the sprawl values more strongly than the

moderate increase PBA part of which happened in the greenbelt zdtig. (15).

While the greenbelt had a considerable influence in curbing immoderate urbampdev@io
in this greater city and helped the neighborhoods maintain their character, some landscapes will
continue to be released from the greenbelt in the next 20 years due to increasing housing needs,
according to the Greater Manchester Spatial Framewdwd&, 2019). However, by adding a
few new sites to the greenbelt, the net loss of the greenbelt will be halved in the next two decades.
This proposal will ensure that no less than 45% of Greater Manchester will be covered by the

greenbelt in the next 20 ysa(GMCA, 2019).
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Greater Manchester, UK

Wl

AY]

B Buitt-up 2006
B cuit-wp 2015
- Green Belt
- Water Bodies
I_I City Boundary

Data Sources:

Environment Agency (2020a), Environment Agency (2020b), European Commission (2020),
Eurostat - European Commission (2020), Minstry of Housing, Communities and Local
Government (2020)

Figure 15 Map of Greater Manchester, its greenbelt, and its-bpilhreas in 2006 and 20(Bnvironment Agency, 2020b, 2020a;
European Commission, 2020; EurostBuropean Commission, 2020; Ministry of Howg Communities and Local Government, 202 .



Table 9 Reslts for three examples of cities with greenbelts: Vienrayedtry, and Greater Manchester

Changes in Urban Sprawl (2006 2015) Changes in the Components of Urban Sprawl (20062015)
WSPC WSPC WUP WUP PBA PBA DIS DIS LUP LUP
Absolute Relative Absolute  Relative  Absolute  Relative Absolute Relative  Absolute Relative
City Changes Changes Changes Changes Changes Changes Changes Changes Changes Changes
(UPU per (%) (UPU per (%) (Percentage (%) (UPU per (%) (m? per (%)
inhabitant m? of Point) m? of built- inhabitant
or job) lands@pe) up area) or job)
Vienna -28.48 -54.87 -0.15 -50.23 0.68 1.69 0.02 0.03 -5.50 -7.74
Coventry -584.43 -40.32 -2.22 -34.72 0.04 0.07 0.00 0.00 -9.50 -8.54
Greater Manchester  -431.03 -23.39 -0.89 -17.10 0.90 2.72 0.04 0.08 -5.90 -5.05
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3.4.4 Comparison with other studies

A similar study by Xie et al. (2020) analyzed urban sprawl in three cities with greenbelts
(Frankfurt, London, and Seoul) betwe&975 and 2015, using thWUP metric. Their results
showed that urban sprawl decreased in the ioitiexs of Frankfurt and London, i.e., theear
surrounded by the greenbelt. Howe\ueincreased in the outer area of the cities, i.e., the area
beyond tle greenbelt boundary within a 40n buffer. In Seoul, th&VUP value increased inside
as well as outside of the greenbelt, but the outside increase was exorbitant. The study provided
evidenceof leapfrogging development beyond the greenbelts and conclhdethé greenbelts

failed to control urban sprawl in these sifie case studies.

Focusing on 30 cities with greenbelts and comparing them to 30 counterparts and applying
the same method(UP), our resultgdo not supporthe debate of leapfrogging developmiat
the city scaldi.e., within the city boundaries)n contrasto the study by Xie et al. (2020). Xie et
al. (2020) consideredwery large buffer for each of the citjashich extended beyond the official
administrativecity boundaies The buffersincluded substantial parts of the territory of the
independent neighboring cities, each of which has its own status and level of sprawl (e.g.,
Darmstadt in the outer area zone of Frankfurt, Oxford at a significant distance from London, and
Incheon in thevicinity of Seoul). Hence, the levels of sprawl in the outer areas of the case studies
(encompassing neighboring provinces or regions) do not signify sprawl at the cityllevsd
outer areasvould clearly need to be controlled by additional measurege velkpecting that

Frankfurtdés greenbelt would control sprawl

In contrast, we have taken into account in our calculations a buffer of Rlown as the

horizon of perceptiorHP; Jaegekt al., 2010b), around the boundarytad city, which considers
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the greenbelt and potential development in it, and the area beyond the city boimadangr
words, the leapfrogging development is examined to some degreekedag the analysit
the city scaleHowever since the leapfigging development beyorible city boundaries is more
of a regional concept, trenalysis of urban sprawl at the city scale witkrlem buffer may not
catch it properlyOur studywasnot designedo allow ananalysisof leapfrogging development
beyond this2-km buffer around the city boundariddence, considering caspecific wider

buffers wouldmore accuratelpddresshis issue.

Siedentop et al . (2016) analyzed greenbelt s
regions oDusseldorf, Hanover, Miglhessen, an8tuttgart, consideringt i ght nesso of g
and their impaaon urban growthas the main indicator§his studysuggestedhat greenbelts
were effective incontrolling urbangrowth atthe regional scaleAmong the seven cities with
greebelts we studied in Germany, Dusseldorf, Hanover, and Stuttgaet amonghe same
regions studied by Siedentop et al. (2016)which sprawl decreased over tin@ur findings
thereforewere consistent with the results of their study in tesfiike dfectiveness of geenbelts,
suggesting that thegre promisingmeans of urban growth managementGermanyat both

regional and city scade

Some studies carried out in other contexts algpport the effectiveness of greenhelts
Daniels (2010) investigatl six American metropolitan counties with greenbiglte. 2Gyear
timeframeand showed that they have been successfahohcontainmensincethe proportion of
farmland preserved wdargerthantheamount of farmland converted other types of landuse
However, due to the abundance of local governments and their low planning capacities,

applicationof greenbelpoliciesis not common in the United States.
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In contrasta study by Nazarnia et al. (201@@mparedMontreal,Quebec Cityand Zurich
metropditan areasusing WUP metric, none of which have greenbel#azarnia et al. (2016a)
indicated that urban sprawicreased in allhree casebetween 1951 and 201fiut theincrease
wasremarkablylowerin Zurich compared tdontreal andQuebec City due ta much stronger
public transportation system amigorousplanning regulations since 1979ence,to alleviate
urban sprawl in Montreal and Quebec City, Nazarnia et al. (2GL@g)estedhe expansion of
public transport andhe increase in utilization dwsity. Since greenbelts help densification
according to our findings, they cae appliedin Montreal and Quebec City, and even Zurias,

a meandor increasing utilization densignd lowering urban sprawl

3.4.5 Strengths, limitations, and future reseech suggestions

To the best of our knowledge, this is the first study that assesses the effectiveness of
greenbelts at curbing urban sprawl by comparing a considerable sample of cities with and without
greenbelts. A wide range of population sizes is camsitl to comprise cities of varied sizes.
Applying a novel method of adjustment to the boundaries of the cities helped compare the cities
more accurately and fairly for each year. Our study used a suitable method for the measurement

of urban sprawl that meethe 13 suitability criteria proposed by Jaeger et al. (2010a).

However, some aspects could be improved in the fuiMiale the cities were selected on a
logical rationale according to population size and country, a future study could try to appky a mor
rigorous stratified sampling procedure. Moreover, to enhance the likelihood of achieving
statistically significant results for the comparison of cities with and without greenbelts for
particular points in time, a future study could use a larger sangdeasd include cities from

other continentsAdditionally, it would be beneficial to consideéhe characteristics of the
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greenbelts such dkdr age (year of implementation), thepatialattributes(e.g, permeable or
impermeablg the area of the grebelt (relative to citysize), and other properties (e.g,
regulations, public transport systems,.)etc more accurately analyze the effectiveness of the

greenbelts

3.5 Conclusion and recommendations

Urban sprawl is of great concern and subject to kdedé&bate in a world of increasing
urbanization, and its serious impacts have evoked attention in recent decades all over the planet.
Multiple growth management strategiesve been proposed to address the issue of sprawl, one
of which is the greenbelt paly that dates back to the 1930s. However, the extent of the
effectiveness of greenbelts has been unknown to datesasubject to controversy. Europe
includes numerous cities with greenbelts, providing a sufficient sample of cities to statistically

assesthe effectiveness of the greenbelt strategy.

This study found that (1) greenbelts have been substantially effective in controlling urban
sprawl and have led to decreases in the level of sprawl in 90% of the cities in which they we
put in place(2) In dties in which urban sprawl was reduced over time, the relative decreases
were much stronger in cities with grébelts(3) Greenbelts were more effective in cities in which
the population size was greatét) The most important reason of why greenbekge effective

was a substantial reduction in land uptake per person as a result of densificationugf brets.

According to the encouraging result of greenbelts in most of the European cities, we
recommend the use of greenbelts as a tool inspnéiw strategies in other parts of the world

where applicableMoreover, municipalities in the surrounding areas need to be supportive of

71



limiting urban sprawl as well to void the issue of leapfrogging. They need to refrain from

undermining the positive effecbf greenbelts in neighboring cities.

Greenbekshould become an essential part of angpi@wling strategy (Hennig et &015)
toward more compact green citigsrtmann et al.2019) In this regard Artmann et al. (2019)
integrated s8mhartogcewt 8o0ofanfl ndgvelepedmn structured a st r v
conceptual frameworfor i s maompactg r e e n , it which geesnbestwouldfit properly.
This framework was mainly proposed to addressdtimegerof losing green spaces in compact
cities as a result of densificatiowhi ch endangers provision of fi
(Artmann et al., 2019Hence, greenbelts not only help achieve more compacsfofmrban
developmenand limit urban sprawkhey also contribute tsupply ofanessentiakhareof urban

services.

Other types of urban growth strategie@mparableto greenbel include urban growth
boundaies (UGB) and urban service boundss (Bengston et al., 2004; Pendall et al., 2002).
While agreenbelt designates a physical el area, urban growth bouniéardelineate a line
surrounding the urban area and allocate separate zones to urban and rural areas. In contrast to
greenbek, they arewielded to contain the projected urban growth and is subject to amendment
and expansio if necessary. Urbaservice boundariesvith even more flexibility, demonstrate
the extent to which infrastructure and public services will be provided. Hence, development
beyond the corresponding boundary will be restricted (Bengston et al., 2004¢. ghérehbett
have been proveto be effective as a growth management strategy in restricting excessive urban
development, further quantitative and qualitative resemrecbquired to provide an insightful
understanding of the similarities, differences, affdctiveness of greenbglih containment of

urban sprawl compared to urban growth bouiedand urban service boundzs:
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4. Qverall Conclusion

Increasing awareness regarding urban sprawl and its negative consequences has brought
great attention and ocern to discovering and employing strategies to stop this unsustainable
trend. Whilemultiple growth management strategies have been proposed in this regard, their
outcomes are still unknown due to the national or subnational nature of the studiekanid lac
proper international comparative evaluation, which makes the findingst their effectiveness

hi ghl y -siipceocnitfeixcto ( Her sperger et al ., 2020).

This study focuses on greenbelts as a-wetiwn growth management strategy and contains
the analysisof temporal changes in urban sprawl in g€ear timeframe, as well as two
independent points in time, employing metrics of Weighted Urban ProliferatittP( and
Weighted Sprawl per CapitsMSPJ. The findings demonstrated significant success of greenbelts
in limiting urban sprawl in European cities over time, and they are highly recommended as an
antisprawl measure whespplicable. In cities in whichpplying greenbelts is not febhke due
to the existing distribution and spatial arrangenadriduilt-up areas, the use of conceptmilar
to greenbelts, such as greenways or green weaiggban developmertoundarieswith linear

character, is adviseds done in the case of Leipzig

To make a fair comparisothis study made an attemptdelect norcoasal cities as much
as possible (with or without greenbelts) since water acts as an obstacle to development and would
prevent observing thactual development patterns. However, future studies @xachinehow
well greenbelts work for coastal cities, hdvey would navigate urban development, and examine

if they arereasonable and affordalpeliciesto enforce while having a natural barrier.
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While some countries provide explicit spatial planning frameworks and records, it is still
unknown how many citiesriEurope do or do not have greenbdhigen by being conscious of
the existence of greenbéitcertain citiesaccessing information about it was challenging. Better
and more detailed documentation of the cities with greenbelts andsiseiciatednformation
and data is suggested to ease the process of inspéaingffect on urban development. This

would also help inform and monitor more cities for itin@actsof greenbelts omrban sprawl.

While the cities with greenbelts clearly demonstrated gtrdecreases in urban sprawl
comparedd the cities without greenbelt® observe the differences between these two groups in
a particular year, future studies should bring togethdrcomparenore cities. With the evolution
of data andvailability ofinformation, recent times should be subject to research to examine the
extent ofthe contribution of greenbelts to more compact urban development patterns. Moreover,
investigatinghe degree of reduction of urban sprawl in relation to the thickness ofetebgilts
and the duration they have been in place would be a necessity in propemenfition of

greenbelt strategias thefuture.

At the local level, growth management policies are noditen applied in municipalities of
larger sizes because tbfeir higher planning capacity, while smaller municipalitieay te less
capable of adequately taking advantage soth policies due to limited financial and
administrative resources (Rudolf et al., 2018). While it is important to make use of growth
managemergtrategies such as greenbelts tiate beemproven to be effective, it is crucial to be
realistic and considehecontext of the target location as well, such as social, political, economic,
and geographical situation, and their capacities in implengeoértainstrategies since not all

measures necessarily comply wiitke circumstances of the context studied.
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According to Hersperger et al. (2020), the most commonly used growth management
approaches derived from classifications by Bengston et al. (a6@4Rudolf et al. (2018hclude
public acquisition, regulation (plannisizased), qualiyoriented measures, incentives (market
based), and social learning (informatibased). While greenbskreone of the most momentous
instruments of the regulatiompproach (planningbased), severabther approaches and
instruments are available that can be effective in land preservation and curtailing urban sprawl if
fully appreciated and correctly implementaad if there is political willln this regard, it would
be helpful toexaminethe reason®f why some cities without greenbelts also appeared less
sprawled through timand to discover what planning regulations and policies or other measures

were in effect during the studied period thavereversed the sprawlend.

Identifying casespecific drivers of urban sprawl would also help propose additional
measuresor each city. Densification, which is happening in the cities with greenbelts, should be
practiced more rigorously, especially within the existing bujltareas, to alleviate the negative

impacts thatrban sprawl is imposing on the environment and on the future generations
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6. Appendices

6.1 Appendix A Changes in the boundaries of the cities

The boundaries of the reporting units were procured fEamrostat administrative units,
urban audit data source corresponding toie$ greater cities and functional urban areas
(European CommissionEurostat, 2020c)Thesedata cover all the cities in our analyaisd are
available forthe reference years of 2001, 2004, 2014, 2018, and 2020, with some shapefiles
missing in particulayears. To ensure the accuracy of the analysis, we examined changes of the
boundaries from 2004 to 2014, the closest years to the years studied, and changes from 2014 to
2020 to observe the most recent charf@ab. 10) In cities in which the boundariebanged over
time, we calculated the differences and includely the citieswith less than 10% changeour
studyto ensure thaccuracy othe analysis Since the data for 2004 seemed to be less accurate,
we mainly appliedthe shapefiles of 2014, expecfew cases for which we used the shapefiles of
2020 (.e., Bordeaux, Bristol, Gyor, Linz, LyonManchester Marseille, RennesStockholm,

Tyneside, Valenciagand Vienna
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Table 10 Changes in the boundaries of the citiesr@iStat administrative unitsiyban audit).

Changes in Changes in
boundaries Boundaries
Country City (Eurostat) Country City (Eurostat)
2004-2014  2014- 2020 2004-2014  2014- 2020
. Linz 2.2% Milan
Austria -
Vienna Naples
Antwerp Italy Rome
Belgium Bruges R Turin
Brussels (GE) R Verona
Ghent R Norway Oslo R
Croatia _OSiiek Krakow ]
Zagreb Poland Lodz ]
Denmark Copenhagen Warsaw ]
Bordeaux NA (2004 and 2014) Bilbao
France  _LYon NA (2004 and 2014) Madrid I
Marseille NA (2004 and 2014) . Seville -1.42%
Rennes NA (2004 and 2014) Spain Valencia (GC) NA (2004 and2014)
Berlin Vitoria-Gasteiz
Bonn Zaragoza -8.34%
Cologne Lund
Dortmund Sweden Stockholm (GC) 1.7%
Dusseldorf Uppsala I
Frankfurt Bradford
Germany Hamburg 1.9% -1.8% Bristol
Hanover Cambridge -2.04%
Leipzig -1.7% Coventry -
Lubeck 8.6% Glasgow City
Munich Manchester (GC)  NA (2004) [N
Munster UK Leeds R
Nuremberg 1.4% 1.8% Lincoln I
Stuttgart Nottingham -0.24%
Hungary Budapest e Oxford
Gyor -0.63 Stokeon-Trent ]
Tyneside (GC) NA (2004)
York
Legend
No change -
Very smallchange
Change

* GC refers to Greater Cities.



6.2 Appendix B: Suitability comparison of available builtup areas datasets for cities in Europe

The dataset selection was made by scoring six potential data sources based on 8 mandatory
or desirablesuitability criteria and obtaining the highest total amahdatory score@ab. 11).In
this comparison, théligh Resolution Layers (HRL) Imperviousness Density (IMBYpset,
provided by the European Copernicus progregrgained a total score of 34 out of 40, covering
29 mandatory scores out of 30, and it wagsen as the best available data source for this context.
These layers provide binary data presenting 4upltand norbuilt-up areas, and their
classification is based on imperviousness degfée. entities included in the builpp area

classification irHRL Imperviousnessataset includéEEA, 2018)

T Housing areas (including scattered houses)

1 Traffic areas (airports, harbours, railway yards, parking lots)

1 Roads

T Railway tracks associated to other impervious surfaces (i.e. inside efipaileas)

T Industial, commercial areas, factories, energy production and distribution facilities

1 Sealed surfaces, which are part of categories, such as allotment gardens, cemeteries, sport
and recreation areas, camp sites, excluding green areas associated with them

T Atrtifi cial grasscovered sport pitches

T Construction sites with discernible evolving buift structures.

T Single (farm) houses (where possible to identify from satellite imagery)

1 Paved borders of water edges

1 Greenhouses

1 Permanent plastic covered soil

1 Solar paneparks
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Table 11 Suitability comparison of available builp areas datasets for cities in Europe.

S Data Suitability Criteria
Data Source 2 8 1. 2. 3. . 3 6. 7. 8.

. = © High Resolution Twopoints Cont ai n-8p Class of Class of Distinguishes Coverageof
(DLRT Earth 2 = . ; X : R o ; R :
Observation e 3 resolution conS|§tent aval!able in areaso c¢cl up areas fAbuuplt bet wee rup f the mtended
Center. 2016 g Py over time time can be_ greated by and can be areas areaso countries
EEA 2018 § 3 g combining other selected consistent iroads«¢

Eur;)p e an’ 5 o 3 classs conS|s§entIy over betwe.en (to remove the
Commission, = 5 = time countries roads outside the
2016) =) ‘g‘ 2 boundary of
o S © cities)
S S 3
(7] © o]
T £ B
e = A&
Importance Mandatory Mandatory Desirable Mandatory Mandatory Mandatory Desirable Mandatory
34 29 5 20mx20m Consistent 4 points Binary data The data hee Classes are Roads are not Covers all
iah (for status presenting buitup ~ been modified for  consistent distinguished intended
Relg(I)gI]ution layers) 2006 and nonbuilt-up all time_ steps throughout the countries
Layers (HRL) 2009 areas, the regaydmg the final product
Impervious 2012 classification is basec consistency of
ness 2015 _ on_the built-up areas
imperviousness
degree
Scores *kkkk *kkkk *kkkk *kkk *kkkk *kkkk - *kkkk
33 24 9 50mx50m Consistent 2 points Providing land use Built-up areas car  Classes are Roads are Does n ot
(for classl) map of urban areas, beidentified and consistent distinguished in Croatia,
2006 contai ni nc¢ selectedfrom throughoutthe subclasses of Norway, and
2012 Sur f dclass §)o multiple final product classl certain cities
Urban Atlas including Urban subclasses of within some
Fabric classl and are countries
consistent in both
time steps
Scores *kkk *kkkk *kkk *kkkk *kkkk *kkkk *kkkk -
25 19 6 12mx12m No 1 poirt Containing 3 classes No temporal data Classes are  The class of urban Global
temporal of urban areas, land available consistent areas only present coverage
data For the surface and water throughout the the vertial
Global available reference final product  structures, meaning
Urban year 2011, that roads are not
Footprint reduced filling the included in it
(GUF) towards the gaps by the
poles in the data 0f2014
only point
in time

*kkkk * *kk*k *kkkk *kkkk *kkkk
Scores - -



Table 11 Continued

5 Data Suitability Criteria
Data Source ® 3 1. 2. 3. 4. 5. 6. 7. 8.
S 5 High Resolution Twopoints Cont ai n-sp Class of Class of Distinguishes Coverage of
(European 5 = . : X X R ~ ; . :
Environment S 3 resolution conS|§tent aval!able in area® cl ass up areas fbuuplt bet wee rup f the mtended
Agency& o g over time time can bg (_:reated by and can be areas areaso countries
European § g 5 combining other selected consistent firoads
Topic Centre = g 2 classes conS|s§entIy over betwe.en (to remove the
b 2 = = time countries roads outside the
on Urban, 5 8 % bound f
Landand Soil & 5 £ oundary o
Systems2017; £ > o cities)
European 3 8 2
Commssion IS 2 =
2019) e g g
Importance Mandatory Mandatory Desirable Mandatory Mandatory Mandatory Desirable Mandatory
34 24 10 100mx100m Consistent 5 points Providing land use Built-up areas car  Classes are Roads are Doesnbd
(for the first 4 for the first map of urban areas, beidentifiedand consistent distinguished in Norway,
time steps) 4 time 1990 cont ai ni n¢ selectedfrom throughoutthe subclasses of Sweden, and
steps out of 2000 Surfacesbo multiple final product classl UK in the first
. 500 m x 500 m 5 2006 including Urban subclasses of time step
Corine (for the last 2012 Fabric class1 and are
Landcover time step) 2018 consistent in all Covers dl
time steps intended
countries in
the last 4 time
steps
33 28 5 3 0mx30m Consistent 4 points Containing 4 classes Built-up areas are  Classs are Roads are not Global
(for multi- of built-up areas available for consistent distinguished coverage
temporal 1975 presenting different  different time throughout the
Global classification) 1990 time steps in multi  steps consistently final product
Human 2000 temporal in a single map
Settlement 250 m x 250 m 2014 classification
Layers (for
(GHS individual (1975 may
BUILT) years) not be so
accurate and
reliable)
S cores *kkkk *kkkk *kkkk *k%k *kkkk *kkkk - *kkkk
19 18 1 20mx20m No 1 point Binary data No temporal data  Classes are Roads are not Global
GHS temporal presenting buitup available consistent distinguished coverage
BUILT data 2016 and nonbuilt-up throughout the
(Sentinetl) available areas final product



6.3 Appendix C Job data

Table 12 Parttime employment as a percentage of the total employment, average weekly heoiis @uropean CommissionEurostat,

2020b), and conversion factasthe country level.

2006 | 2015
Part-time Full-time Part-time Conversion factor Part-time Full-time Part-time Conversion factor
Country employment/ hours of work  hours of work _ (part-time employment/ hours of work  hours of work _ (part-time

Total employment into full -time Total employment into full -time

(%) equivalent) (%) equivalent)
Austria 22.2 44.1 20.5 0.46 27.7 42.9 20.5 0.48
Belgium 22.0 41.1 23.3 0.57 24.9 41.7 24.0 0.58
Croatia 6.6 42.0 21.5 0.51 5.9 41.1 18.7 0.45
Denmark 22.3 40.3 18.7 0.46 24.3 38.9 17.5 0.45
France 17.2 41.0 23.1 0.56 185 40.4 22.7 0.56
Germany 25.7 41.6 17.7 0.43 26.8 41.4 18.9 0.46
Hungary 3.7 40.9 23.3 0.57 6.1 40.9 22.6 0.55
ltaly 13.3 41.0 21.2 0.52 18.2 40.5 20.8 0.51
Norway 28.4 39.3 19.2 0.49 26.1 39.0 18.8 0.48
Poland 94 42.5 21.9 0.52 7.1 42.1 21.9 0.52
Spain 121 42.1 190 0.45 16.2 41.4 18.7 0.45
Sweden 24.7 41.0 24.4 0.60 25 40.7 23.2 0.57
UK 24.2 42.9 18.7 0.44 25.3 42.8 19.2 0.45
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Table 13 Total number of jobs, patime jobs, fulltime jobs, and fultime equivalents in the cities with greenbelts.

2006 | 2015
) Total Jobs Part-time Full-time Full-time Total Total Part-time Full-time Full-time Total
City Country equivalent full-time Jobs equivalent  full-time

of part-time  equivalent of part-time  equivalent
Rome IT 1,170,070 155,619 1,014,451 80,922 1,095,373 1,224,196 222,804 1,001,392 113,630 1,115,022
Manchester UK 1,224,962 296,441 928,521 130,434 1,058,955 1,353,200 342,360 1,010,840 154,062 1,164,902
Vienna AT 793,632 176,186 617,446 81,046 698,491 933,093 258,467 674,626 124,064 798,690
Budapet HU 829,175 30,679 798,496 17,487 815,983 909,236 55,463 853,773 30,505 884,277
Stockholm SE 735,593 181,691 553,902 109,015 662,916 870,625 217,656 652,969 124,064 777,033
Munich DE 702,978 180,665 522,313 77,686 599,999 774,775 207,640 567,135 95,514 662,650
Brussels BE 411,005 90,421 320,584 51,540 372,124 475,279 118,344 356,935 68,640 425,574
Cologne DE 486,028 124,909 361,119 53,711 414,830 520,294 139,439 380,855 64,142 444,997
Tyneside UK 414,271 100,254 314,017 44,112 358,129 426,000 107,778 318,222 48,500 366,722
Zagreb HR 367,755 24,272 343,483 12,379 355,862 371,093 21,894 349,199 9,853 359,051
Leeds UK 396,200 95,880 300,320 42,187 342,507 415,400 105,096 310,304 47,293 357,597
Krakow PL 415,947 39,099 376,848 20,331 397,179 423,616 30,077 393,539 15,640 409,179
Frankfurt DE 330,170 84,854 245,316 36,487 281,803 361,346 96,841 264,505 44,547 309,052
Oslo NO 299,478 85,052 214,426 41,675 256,102 383,203 100,016 283,187 48,008 331,195
Stuttgart DE 295,191 75,864 219,327 32,622 251,948 309,851 83,040 226,811 38,198 265,009
Dusseldorf DE 294,615 75,716 218,899 32,558 251,457 295,546 79,206 216,340 36,435 252,775
Copenhagen DK 279,296 62,283 217,013 28,650 245,663 331,095 80,456 250,639 36,205 286,844
Bradford UK 222,500 53,845 168,655 23,692 192,347 247,000 62,491 184,509 28,121 212,630
Hanover DE 255,973 65,785 190,188 28,288 218,476 267,062 71,573 195,489 32,923 228,413
Bristol UK 215,300 52,103 163,197 22,925 186,123 249,400 63,098 186,302 28,394 214,696
Bilbao ES 173,150 20,951 152,199 9,428 161,627 161,381 26,144 135,237 11,765 147,002
Coventry UK 150,400 36,397 114,003 16,015 130,018 155,900 39,443 116,457 17,749 134,207
Nottingham UK 140,300 33,953 106,347 14,939 121,287 153,900 38,937 114,963 17,522 132,485
Munster DE 136,28 35,011 101,217 15,055 116,272 150,437 40,317 110,120 18,546 128,666
Stokeon-Trent UK 109,400 26,475 82,925 11,649 94,574 119,000 30,107 88,893 13,548 102,441
Vitoria-Gasteiz ES 117,400 14,205 103,195 6,392 109,587 118,592 19,212 99,380 8,645 108,025
Rennes FR 97,072 16,696 80,376 9,350 89,726 100,837 18,655 82,182 10,447 92,629
York UK 101,750 24,624 77,127 10,834 87,961 111,000 28,083 82,917 12,637 95,554
Oxford UK 88,867 21,506 67,361 9,463 76,824 101,300 25,629 75,671 11,533 87,204
Cambridge UK 63,100 15,270 47,830 6,719 54,549 78,200 19,785 58,415 8,903 67,318
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Table 14 Total number of jobs, patime jobs, fultltime jobs, and fultime equivalents in the cities without greenbelts.

2006 | 2015
. Total Jobs Part-time Full-time Full-time Total Total Part-time Full-time Full-time Total
City Country equivalent full-time Jobs equivalent  full-time

of part-time  equivalent of part-time  equivalent
Berlin DE 1,773,900 455,892 1,318,008 196,034 1,514,041 1,787,900 479,157 1,308,743 220,412 1,529,155
Madrid ES 1,585,500 191,846 1,393,655 86,330 1,479,985 1,585,500 256,851 1,328,649 115,583 1,444,232
Hamburg DE 905,500 232,714 672,787 100,067 772,853 934,100 250,339 683,761 115,156 798,917
Warsaw PL 968,517 91,041 877,476 47,341 924,818 1,066,960 75,754 991,206 39,392 1,030,598
Valencia ES 674,288 81,589 592,699 36,715 629,414 683,054 110,655 572,399 49,795 622,194
Milan IT 624,749 83,092 541,657 43,208 584,865 589,294 107,252 482,042 54,698 536,741
Lyon FR 472,906 81,340 391,566 45,550 437,116 522,965 96,749 426,216 54,179 480,396
Naples IT 379,913 50,528 329,385 26,275 355,659 338,889 61,678 277,211 31,456 308,667
Turin IT 367,036 48,816 318,220 25,384 343,604 408,734 74,390 334,344 37,939 372,283
Marseille FR 439,309 75,561 363,748 42,314 406,062 384,163 71,070 313,093 39,799 352,892
Lodz PL 413,577 38,876 374,700 20,216 394,916 400,087 28,406 371,681 14,771 386,452
Seville ES 335,650 40,614 295,036 18,276 313,312 333,396 54,010 279,386 24,305 303,690
Zaragoza ES 319,400 38,647 280,753 17,391 298,144 329,834 53,433 276,401 24,045 300,446
Bordeaux FR 339,507 58,395 281,112 32,701 313,813 315,378 58,345 257,033 32,673 289,706
Glasgow UK 269,000 65,098 203,902 28,643 232,545 302,800 76,608 226,192 34,474 260,665
Dortmund DE 268,571 69,023 199,548 29,680 229,228 275,176 73,747 201,429 33,924 235,353
Leipzig DE 256,213 65,847 190,366 28,314 218,680 279,850 75,000 204,850 34,500 239,350
Antwerp BE 190,195 41,843 148,352 23,850 172,203 215,687 53,706 161,981 31,150 193,130
Nuremberg DE 252,521 64,898 187,623 27,906 215,529 266,974 71,549 195,425 32,913 228,338
Bonn DE 147,002 37,780 109,222 16,245 125,468 150,975 40,461 110,514 18,612 129,126
Verona IT 113,824 15,139 98,685 7,872 106,557 114,693 20,874 93,819 10,646 104,465
Ghent BE 107,226 23,590 83,636 13,446 97,082 118,502 29,507 88,995 17,114 106,109
Lubeck DE 101,405 26,061 75,344 11,206 86,550 102,95 27,471 75,034 12,637 87,670
Uppsala SE 93,186 23,017 70,169 13,810 83,979 106,422 26,606 79,817 15,165 94,982
Linz AT 88,500 19,647 68,853 9,038 77,891 102,111 28,285 73,826 13,577 87,403
Gyor HU 59,391 2,197 57,194 1,253 58,446 64,242 3,919 60,323 2,155 62,479
Bruges BE 53,359 11,739 41,620 6,691 48,311 53,424 13,303 40,121 7,715 47,837
Lund SE 50,132 12,383 37,749 7,430 45,179 52,441 13,110 39,331 7,473 46,804
Osijek HR 54,136 3,573 50,563 1,822 52,385 45,330 2,674 42,656 1,204 43,859
Lincoln UK 44,900 10,866 34,034 4,781 38,815 53,400 13,510 39,890 6,080 45,969
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6.4 Appendix D: Metrics for measuremert of urban sprawl

The weighted urban proliferatioWUP) metric developed by Schwick et al. (2012) was
developed based on the method urban permeati® lfy Jaeger et al. (2010b), which was
previously proposed alongside two other metripsawl percapita (SPQ andtotal sprawl (TS.
Table 15provides an overview of the metriosed formeasurement of urban spraarid their

relationships

Table 15 Metricsfor measurement of urban sprawl and tlasisociate@quations.

. . . Mathematical
Acronym  Nameof the metric Equation Unit homogeneity
WUP Weighted Urban (PBAIDIS)iwy(DIS) i UPU per m of Intensive
Proliferation w2(LUP) landscape
Percentage of .
PBA Built-up Agrea Abuilt-up/ Areporting unit % Intensive
DIS Dispersion _ UPF’ per i of Intensive
built-up area
Land Uptake 5 . .
LUP per Person Avuilt-up/Ninh+job m pe(;rlrj:l;abltant Intensive
(per inhabitant or job’ J
Inhabitants or jobs
ubD Utilization Density Ninh+job/Abuilt-up per kn? of built-up Intensive
area
UP Urban Permeation PBAIDIS UPU per mof Intensive
landscape
TS Total Sprawl DIST Abuilt-up MUPU Extensive
Weighted . . .
WTS Total Sprawl wi(DIS) Two(LUP) I TS MUPU Extensive
. o UPU per .
SPC Sprawl per Capita TS Ninh+job inhabitant or job Intensive
wspc ~ Weighted Sprawl b6 L UR) T SPC UPU per Intensive

per Capita inhabitant or job




6.5 Appendix E: Values of metrics andtheir componentsin 2006 and 2015nd changes
Table 16 WSPCWUP, and adjustetiVUPin 2006 in the cities with greenbelts.

Population size City Country  Population Inhabitants Built-up City size Adjusted WSPC WUP Adjusted
category and jobs area (m?) city size (UPU/inh  (UPU/n? of WupP
(m?) (m?) or job) landscape) (UPU/n? of
landscape)
Rome IT 2547677 3643050 288080000 1283475965.9 1030610075.7  130.425 0.370 0.461
Very Large Manchester UK 2553700 3612665 422409200 1277325741.9 942606503.8 1842.773 5.212 7.063
Vienna AT 1652449 2350940 167116000 413266520.9 483847066.1 51.906 0.295 0.252
Budapest HU 1698106 2514089 210145600 525397207.8 472406508.1 212.395 1.016 1.130
Large Stockholm SE 1439402 2102318 181859200 1379706904.4 450552504.3 262.899 0.401 1.227
Munich DE 1259677 1859676 164861200 310933516.6 375485815.9 339.805 2.032 1.683
Brussels BE 1018804 1390928 92855200 162231468.6 319033746.5 28.390 0.243 0.124
Cologne DE 983347 1398177 157080800 407252951.3 287204155.9 1495.406 5.134 7.280
Tyneside UK 806623 1164752 161129200 406561780.9 249117327.4 3735.068 10.700 17.463
Zagreb HR 777633 1133495 109946000 640041251.0 241657176.0 620.089 1.098 2.909
Leeds UK 762500 1105007 142713600 551592092.2 236673656.2 2789.310 5.588 13.023
Krakow PL 756267 1153446 77689600 326874500.0 235523739.4 30.223 0.107 0.148
Frankfurt DE 651899 933702 103715600 248734159.4 228117023.4 1424.829 5.349 5.832
Medium-Large Oslo NO 538411 794513 67250000 453346358.0 217216846.3 234.896 0.412 0.859
Stuttgart DE 592569 844517 79190400 209806207.9 211924937.6 494.395 1.990 1.970
Dusseldorf DE 574514 825971 90510800 217452119.7 210754185.3 1325.633 5.035 5.195
Copenhagen DK 512486 758149 55476400 91073324.5 207652945.6 68.417 0.570 0.250
Bradford UK 491600 683947 82554800 367106717.6 199994689.5 2037.946 3.797 6.969
Hanover DE 515729 734205 95948400 204154285.5 199153144.5 3059.905 11.004 11.281
Bristol UK 413600 599723 66976000 111446757.2 18860584.9 1489.934 8.018 4.738
Bilbao ES 354145 515772 13500800  41591007.7 175761141.3 0.000 0.000 0.000
Coventry UK 304800 434818 48348400 98740617.3 175302346.0 1449.542 6.383 3.595
Nottingham UK 289600 410887 47035600 74713253.0 172282767.7 1697.547 9.336 4.049
Munster DE 270868 387140 56546400 303678353.8 170554079.6 4119.087 5.251 9.350
Medium Stokeon-Trent UK 239500 334074 48714800 92629112.6 164591253.2 4524.856 16.319 9.184
Vitoria-Gasteiz ES 227568 337155 30062400 277141378.3 163738599.7 327.517 0.398 0.674
Rennes FR 200265 289991 29100800 50144036.7 160498605.7 797.446 4.612 1.441
York UK 189900 277861 38507200 271086205.6 159410525.0 3353.309 3.437 5.845
Oxford UK 145800 223424 19534000  45385933.7 154266257.6 278.864 1.373 0.404
Cambridge UK 112900 167449 15482400 40419642.8 151158350.5 440.068 1.823 0.487
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Table 17 LUP, PBA adjusted®BA DIS, and the related metrias 2006 in the cities with greenbelts.

City Country LUP PBA  Adjusted DIS ub wi(DIS)  wz(LUP) UP TS WTS SPC
(mZinh (%) PBA  (UPUIntof  (inhor (UPU/n? (MUPU) (MUPU) (UPU/inh
or job) (%) built-up) job/kn? of of or job)

built-up) landscapg
Rome IT 79.1 0.224 0.280 48.26 12646.0 1.278 0.027 10.83 13902948217.€ 475145200.7 3816.3
Manchester UK 116.9 0.331 0.448 48.45 8552.5 1.288 0.253 16.02 20466646592.1 6657304692.1  5665.3
Vienna AT 71.1 0.404 0.345 48.98 14067.7 1.312 0.011 19.81 8184992407.6 122028938.6 3481.6
Budapest HU 83.6 0.400 0.445 48.73 11963.6 1.301 0.040 19.49 1024129662.6 533980031.7  4073.6
Stockholm SE 86.5 0.132 0.404 47.79 11560.1 1.253 0.051 6.30 8690722002.8 552698176.5 4133.9
Munich DE 88.7 0.530 0.439 48.96 11280.3 1.312 0.060 25.96 8072161582.9 631926289.4  4340.6
Brussels BE 66.8 0.572 0.291 49.22 14979.5 1323 0.007 28.17 4570511226.0 39488499.4 3285.9
Cologne DE 112.3 0.386 0.547 48.38 8902.1 1.284 0.214 18.66  7598194716.5 2090842075.4 5434.4
Tyneside UK 138.3 0.396 0.647 48.48 7228.7 1.289 0.432 19.21  7810913600.8 4350428024.2 6706.1
Zagreb HR 97.0 0.172 0.455 48.33 10309.6 1.282 0.103 8.30 5313730860.0 702868095.7 4687.9
Leeds UK 129.2 0.259 0.603 47.95 7742.8 1.262 0.357 12.41 6842583371.1 3082207422.8 6192.3
Krakow PL 67.4 0.238 0.330 48.72 14846.9 1.301 0.007 11.58 3785359723.8 34860283.2 3281.8
Frankfurt DE 1111 0.417 0.455 48.57 9002.5 1.294 0.204 20.25 5037953118.2 1330365689.8 5395.7
Oslo NO 84.6 0.148 0.310 48.74 11814.3 1.301 0.044 7.23 3277713890.0 186627907.5 4125.4
Stuttgart DE 93.8 0.377 0.374 48.41 10664.4 1.285 0.085 18.27 3833269912 417525150.0 4539.0
Dusseldorf DE 109.6 0.416 0.429 48.61 9125.7 1.295 0.192 20.23  4399600557.6 1094934118.4 5326.6
Copenhagen DK 73.2 0.609 0.267 49.06 13666.2 1.316 0.014 29.89 2721774260.6 51870382.8 3590.0
Bradford UK 120.7 0.225 0.413 47.63 82848 1.244 0.285 10.71  3932253535.8 1393847187.0 5749.4
Hanover DE 130.7 0.470 0.482 48.70 7652.1 1.300 0.370 22.89 4672969168.3 2246597814.2 6364.7
Bristol UK 111.7 0.601 0.355 48.85 8954.3 1.307 0.209 29.36  3272029429.8 893547735.0 5455.9
Bilbao ES 26.2 0.325 0.077 47.96 38203.1 1.262 0.000 15.57 647497963.0 0.0 1255.4
Coventry UK 111.2 0.490 0.276 48.78 89934 1.303 0.205 23.89  2358460093.2 630286750.6 5424.0
Nottingham UK 1145 0.630 0.273 48.88 8735.7 1.308 0.232 30.77  2298907282.0 697499871.9 5595.0
Munster DE 146.1 0.186 0.332 47.19 6846.4 1.219 0.490 8.79 2668316612.4 1594663159.0 6892.4
Stokeon-Trent UK 1458 0.526 0.296 48.76 6857.8 1.302 0.489 25.64 2375403310.2 1511636744.7 7110.4
Vitoria-Gasteiz ES 89.2 0.108 0.184 47.63 11215.2 1.245 0.0&2 5.17 1431976127.9 110423885.8 4247.2
Rennes FR 100.4 0.580 0.181 48.86 9965.1 1.307 0.124 28.35 1421751594.9 231252219.3 4902.7
York UK 138.6 0.142 0.242 46.75 7215.8 1.192 0.434 6.64  1800338288.7 931753923.7 6479.3
Oxford UK 87.4 0.430 0.127 47.44 11437.7 1.234 0.054 20.42 926761915.0 62304973.0 4148.0
Cambridge UK 925 0.383 0.102 48.12 108154  1.271 0.078 18.43  745013707.3 73688916.3  4449.2
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Table 18 WSPCWUP, and adjustedlVUPin 2006 in the cities without greenbelts.

Population size City Country  Population Inhabitants Built-up City size Adjusted WSPC WUP Adjusted
category and jobs area (m?) city size (UPU/inh  (UPU/n? of WupP
(m?) (m?) or job) landscape) (UPU/n? of
landscape)
Very Large Berlin. DE 3395189 4909230 425512000 891073204.5 1566152672.8  286.189 1.577 0.897
Madrid ES 3128600 4608585 178970000 603877865.2 1244988282.5 0.025 0.000 0.000
Hamburg DE 1743627 2516480 276918400 747130046.4 474120205.5 1363.477 4.592 7.237
Warsaw PL 1702139 2626%7 170937600 516663316.0 467727921.1 21.091 0.107 0.118
Large Valencia ES 1359115 1988529 103970000 400301006.5 363670465.1 1.659 0.008 0.009
Milan IT 1308735 1893600 98743600 181742425.4 351961467.6 1.710 0.018 0.009
Lyon FR 965052 1402168 131171200 2197®8032.1 291176767.2 506.851 3.234 2.441
Naples IT 984242 1339901 69719600 118704752.7 273799906.8 1.628 0.018 0.008
Turin IT 900608 1244212 73527600 130647931.7 258594326.3 7.597 0.072 0.037
Marseille FR 870632 1276694 102942000 2971475064 257990090.0 156.409 0.672 0.774
Lodz PL 760251 1155167 73803200 293077494.8 225233876.7 17.463 0.069 0.090
Seville ES 704414 1017726 55103200 141662833.0 224356632.1 2.614 0.019 0.012
Zaragoza ES 649181 947325 87044400 973312990.5 219859741.0 406.%43 0.396 1.752
Medium-Large Bordeaux FR 560806 874619 127936800 245659589.0 215415584.7 4643.398 16.532 18.853
Glasgow UK 580700 813245 101262800 175538764.6 210527561.4 2575.357 11.931 9.948
Dortmund DE 588168 817396 103515600 279379627.1 207240840.0 2671.678 7.817 10.538
Leipzig DE 502651 721331 108544000 298505286.9 202079201.0 4882.055 11.797 17.427
Antwerp BE 461496 633699 103659200 202747750.3 198034233.6 6200.026 19.378 19.840
Nuremberg DE 499237 714766 83069200 184036501.0 196031511.3 1791.761 6.959 6.533
Bonn DE 312818 438286 46766400 142336348.5 171966254.4 1128.894 3.476 2.877
Verona IT 259380 365937 44960400 198723837.6 165606736.9 2291.548 4.220 5.064
Ghent BE 233120 330202 60656000 157003549.7 164888305.9 8056.723 16.944 16.134
Lubeck DE 211825 298375 52443200 212814700.8 160392360.9 7081.607 9.929 13.174
Uppsala SE 185187 269166 35873600 2249339488.5 159863869.2 2752.835 0.329 4.635
Medium Linz AT 187936 265827 41202400 95100707.4 158351655.5 5332.892 14.907 8.952
Gyor HU 128265 186711 29104800 174501959.6 151122485.6 5126.280 5.485 6.333
Bruges BE 117224 165535 36705200 139214291.3 149959450.4 10739.394 12.770 11.855
Lund SE 104173 149352 19665600 443053016.8 149408639.8 2665.565 0.899 2.665
Osijek HR 110297 162682 18955600 174971223.9 148733719.9 1442.467 1.341 1.578
Lincoln UK 88100 126915 16776000 35615048.1 147698721.5 2983.712 10.632 2.564
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Table 19 LUP, PBA adjusted®BA DIS, and the related metrics in 2006 in the cities without greenbelts.

City Country LUP PBA  Adjusted DIS ub wi(DIS)  wz(LUP) UP TS WTS SPC
(mZinh (%) PBA  (UPUmM?Pof  (nhor (UPU/n? (MUPU) (MUPU) (UPU/inh
or job) (%) built-up) job/km? of of or job)

built-up) landscapp
Berlin DE 86.7 0.478 0.272 48.96 115372 1.311 0.051 23.38 20831225053.C 1404968264.7 4243.3
Madrid ES 38.8 0.296 0.144 48.84 25750.6 1.306 0.000 14.47  8740903748.5 114167.6 1896.7
Hamburg DE 110.0 0.371 0.584 48.70 9087.4 1.299 0.196 18.05 13484973480.7 3431161778.5 5358.7
Warsaw PL 65.1 0.331 0.365 48.60 15367.9 1.295 0.005 16.08 8307958807.1 55406142.8  3162.6
Valencia ES 52.3 0.260 0.286 48.09 19126.0 1.269 0.001 12.49  4999572119.6 3299377.6 2514.2
Milan IT 521 0.543 0.281 49.36 19176.9 1.329 0.001 26.82 4874031492.9 3238696.4 2573.9
Lyon FR 93.5 0.597 0.450 49.14 10689.6 1.320 0.084 29.33  6445927225.7 710690878.3 4597.1
Naples IT 52.0 0.587 0.255 48.86 19218.4 1.307 0.000 28.70  3406395773.8 2181524.7 2542.3
Turin IT 59.1 0.563 0.284 49.07 16921.7 1.317 0.002 27.62 3608066242.1 945285.4 2899.9
Marseille FR 80.6 0.346 0.399 48.55 12402.1 1.292 0.031 16.82 4997497479.7 199686494.1 3914.4
Lodz PL 63.9 0.252 0.328 48.65 15652.0 1.297 0.004 12.25 3590826797.1 20172805.0 3108.5
Seville ES 541 0.389 0.246 48.53 18469.5 1.292 0.001 18.88 2674423893.4 2660006.1 2627.8
Zaragoza ES 91.9 0.089 0.396 47.58 10883.2 1.242 0.075 4.26  4141549050.0 385128220.7 4371.8
Bordeaux FR 146.3 0.521 0.594 49.05 6836.3 1.316 0.492 2555 6275536723.1 4061203802.4 7175.2
Glasgow UK 1245 0.577 0.481 49.22 8031.0 1.323 0.318 28.40  4984490195.9 2094396496.8 6129.1
Dortmund DE 126.6 0.371 0.499 48.58 7896.4 1.294 0.336 18.00 5028349977.0 2183818996.2 6151.7
Leipzig DE 150.5 0.364 0.537 48.42 6645.5 1.286 0.521 17.61 5255337943.0 3521577513.0 7285.6
Antwerp BE 163.6 0.511 0.523 48.63 6113.3 1.296 0.601 24.86 5040895066.4 3928950300.9 7954.7
Nuremberg DE 116.2 0.451 0.424 48.48 8604.5 1.289 0.247 21.88 4027572780.9 1280690090.0 5634.8
Bonn DE 106.7 0.329 0.272 48.43 9371.8 1.287 0.170 1591 2264931826.8 494778466.2 5167.7
Verona IT 122.9 0.226 0.271 48.21 8139.1 1.275 0.303 10.91 2167405103.6 838562233.5 5922.9
Ghent BE 183.7 0.386 0.368 48.66 5443.8 1.298 0.695 18.80 2951607091.5 2660346009.6 8938.8
Lubeck DE 175.8 0.246 0.327 48.05 5689.5 1.267 0.662 11.&4 2519996450.9 2112974534.9 8445.7
Uppsala SE 133.3 0.016 0.224 46.04 7503.2 1.146 0.391 0.73  1651770495.6 740969521.9 6136.6
Linz AT 155.0 0.433 0.260 48.48 6451.7 1.289 0.551 21.00 1997393466.2 1417626626.2 7513.9
Gyor HU 1559 0.167 0.193 47.59 64151 1.242 0.556 7.94 1385196097.3 957132856.4 7418.9
Bruges BE 221.7 0.264 0.245 47.94 4509.9 1.261 0.801 12.64  1759464863.2 1777745539.1 10629.0
Lund SE 131.7 0.044 0.132 46.22 7594.6 1.158 0.378 2.05 909039803.5 398107474.1 6086.6
Osijek HR 116.5 0.108 0.127 45.32 8582.3 1.096 0.249 4.91 859131672.4 234663357.3 5281.0
Lincoln UK 132.2 0471 0.114 47.57 7565.3 1.241 0.382 22.41 798025764.2 378677816.9 6287.9
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Table 20WSPCWUP, and adjustedVUPin 2015 in the cities with greente

Population size City Country Population Inhabitants Built-up City size Adjusted WSPC WUP Adjusted
categoly and jobs area (m) city size (UPUfinh  (UPU/n? of WUP
(m?) (m?) or job) landscape) (UPU/n? of
landscape)
Rome IT 2872021 3987043 294462800 1283475965.9 1030610075.7 71.304 0.222 0.276
very Large Manchester UK 2744508 3909410 433911600 1277325741.9 942606503.8 1411.741 4.321 5.855
Vienna AT 1791803 2590493 169934400 413266520.9 483847066.1 23.424 0.147 0.125
Budapest HU 1757618 2641895 214447600 525397207.8 472406508.1  167.541 0.842 0.937
Large Stockholm SE 1689952 2466985 186888800 1379706904.4 450552504.3 87.084 0.156 0.477
Munich DE 1429584 2092234 167730000 310933516.6 375485815.9  152.650 1.027 0.851
Brussels BE 119681 1622405 93249200 162231468.6 319033746.5 5.578 0.056 0.028
Cologne DE 1046680 1491677 159473200 407252951.3 287204155.9 1139.120 4.172 5.916
Tyneside UK 843434 1210156 165243600 406561780.9 249117327.4 3571.602 10.631 17.350
Zagreb HR 799999 1159050 111242000 640041251.0 241657176.0 578.318 1.047 2.774
Leeds UK 770230 1127827 143668800 551592092.2 236673656.2 2638.235 5.394 12.572
Krakow PL 763272 1172451 85839600 326874500.0 235523739.4 67.836 0.243 0.338
Frankfurt DE 717624 1026576 105904000 248734159.4 228117023.4  932.260 3.848 4.196
MediumLarge  Oslo NO 647676 978871 67434000 453345358.0 217216846.3 37.802 0.082 0.170
Stuttgart DE 612441 877450 80437600 209806207.9 211924937.6 421.719 1.764 1.746
Dusseldorf DE 604527 857302 91694000 217452119.7 210754185.3 1157.376 4.563 4.708
Copenhagen DK 583349 870193 56488800 91073324.5 207652945.6 21.119 0.202 0.088
Bradford UK 529666 742296 83819200 367106717.6 199994689.5 1467.925 2.968 5.448
Hanover DE 523642 752055 96800800 204154285.5 1991531445 2879.930 10.609 10.875
Bristol UK 445901 660597 67439200 111446757.2 188605304.9  888.288 5.265 3.111
Bilbao ES 345141 492143 13503600 41591007.7 175761141.3 0.000 0.000 0.000
Coventry UK 341407 475614 48382800 98740617.3 175302346.0 865.108 4.167 2.347
Nottingham UK 316585 449070 47052000 74713253.0 172282767.7 1040.956 6.257 2.713
Munster DE 302178 430844 57992400 303678353.8 170554079.6 3120.520 4.427 7.883
Medium Stokeon-Trent UK 251338 353779 48840400 92629112.6 164591253.2 3769.39 14.397 8.102
Vitoria-Gasteiz ES 243918 351943 32031200 277141378.3 163738599.7  385.148 0.489 0.828
Rennes FR 215366 307995 30031600 50144036.7 160498605.7  663.658 4.076 1.274
York UK 205648 301202 39185600 271086205.6 159410525.0 2654.316 2.949 5.015
Oxford UK 158786 245990 19544800 45385933.7 154266257.6  128.898 0.699 0.206
Cambridge UK 129711 197029 15482400 40419642.8 151158350.5  122.488 0.597 0.160
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Table 21 LUP, PBA adjusted®BA DIS, and the related metrics i025 in the cities with greenbelts.

City Country LUP PBA  Adjusted DIS ub wi(DIS)  wz(LUP) UP TS WTS SPC
(mZinh (%) PBA  (UPUmM?Pof  (nhor (UPU/n? (MUPU) (MUPU) (UPU/inh
or job) (%) built-up) job/km? of of or job)

built-up) landscapp
Rome IT 73.9 0.229 0.286 48.28 13540.1 1.279 0.016 11.08 14217971398.8 284290419.6 3566.0
Manchester UK 111.0 0.340 0.460 48.49 9009.7 1.290 0.203 16.47 21040269345.2 5519074945.6 5382.0
Vienna AT 65.6 0411 0.351 48.99 15244.1 1.313 0.006 20.15 832593528.0 60679737.4 3214.0
Budapest HU 81.2 0.408 0.454 48.78 12319.5 1.303 0.032 19.91 10460121307.€ 442625821.8 3959.3
Stockholm SE 75.8 0.135 0.415 47.80 13200.3 1.254 0.019 6.47 8933454708.8 214834109.4 3621.2
Munich DE 80.2 0.539 0.447 48.97 12473.8 1312 0.030 26.42  8214348637.2 319380301.1 3926.1
Brussels BE 575 0.575 0.292 49.22 17398.6 1.323 0.001 28.29  4590155502.8 9049940.5 2829.2
Cologne DE 106.9 0.392 0.555 48.40 9353.8 1.285 0.171 18.95 7717721461.3 1699198916.8 5173.9
Tyneside UK 136.5 0.406 0.663 48.51 7323.5 1.290 0.418 19.71 8015178824.0 4322195315.2 6623.3
Zagreb HR 96.0 0.174 0.460 48.35 10419.2 1.283 0.097 8.40 5378866627.3 670299403.2 4640.8
Leeds UK 1274 0.260 0.607 47.96 7850.2 1.262 0.342 12.49 6890469146.4 2975473001.2 6109.5
Krakow PL 73.2 0.263 0.364 48.81 13658.6 1.305 0.015 12.82 4189719284.5 79534444.6 3573.5
Frankfurt DE 103.2 0.426 0.464 48.59 9694.4 1.294 0.144 20.69 5145869005.8 957129226.8 5012.2
Oslo NO 68.9 0.149 0.310 48.74 14516.0 1.302 0.009 7.25 3286779015.1 37003044.6 3357.7
Stuttgart DE 91.7 0.383 0.380 48.43 10908.5 1.287 0.074 18.57 3895614686.2 370037432.4 4439.7
Dusseldorf DE 107.0 0.422 0.435 48.62 9349.6 1.296 0.172 20.50 4458504298.6 992220895.9 5200.6
Copenhagen DK 64.9 0.620 0.272 49.06 15404.7 1.316 0.005 30.43 2771069381.8 18377271.0 3184.4
Bradford UK 1129 0.228 0.419 47.64 8855.9 1.245 0.219 10.88 3993555725.7 1089634587.2 5380.0
Hanover DE 128.7 0.474 0.486 48.71 7769.1 1.300 0.353 23.10 4715100175.4 2165865547.8 6269.6
Bristol UK 102.1 0.605 0.358 48.86 9795.4 1.307 0.136 29.57 3295071893.7 586800242.1 4988.0
Bilbao ES 27.4 0.325 0.077 47.96 36445.3 1.262 0.000 15.57 647646564.7 0.0 1316.0
Coventry UK 101.7 0.490 0.276 48.78 9830.2 1.303 0.134 23.90 2360121209.1 411457474.6 4962.3
Nottingham UK 104.8 0.630 0.273 48.88 9544.1 1.308 0.155 30.78 2299773308.0 467462255.0 5121.2
Munster DE 134.6 0.191 0.340 47.22 7429.3 1.221 0.402 9.02 2738278184.1 1344457210.9 6355.6
Stokeon-Trent UK 138.1 0.527 0.297 48.76 7243.6 1.303 0.430 25.71 2381548258.7 1333576702.5 6731.7
Vitoria-Gasteiz ES 91.0 0.116 0.196 47.80 10987.5 1.254 0.071 553 1531247031.6 135550096.5 4350.8
Rennes FR 97.5 0.599 0.187 48.91 10255.7 1.309 0.106 29.29  1468705008.1 204403417.1 4768.6
York UK 130.1 0.145 0.246 46.79 7686.5 1.195 0.365 6.76  1833548692.0 799485268.1 6087.4
Oxford UK 79.5 0431 0.127 47.45 12586.0 1.234 0.028 20.43 927327076.1 31707610.1 3769.8
Cambridge UK 78.6 0.383 0.102 48.12 12726.0 1.271 0.025 18.43 745013707.3 24133759.2 3781.2
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Table 22 WSPCWUP, and adjustedlVUPin 2015 in the cities without greenbelts.

Population size City Country Population Inhabitants Built-up City size Adjusted WSPC WUP Adjusted
categoly and jobs area (m) city size (UPUfinh  (UPU/n? of WUP
(m?) (m?) or job) landscape) (UPU/n? of
landscape)
Very Large Berlir? DE 3469849 4999004 430930800 891073204.5 1566152672.8  274.532 1.540 0.876
Madrid ES 3141991 4586223 198177600 603877865.2 1244988282.5 0.111 0.001 0.000
Hamburg DE 176279 2561708 283387200 747130046.4 474120205.5 1404.798 4.817 7.590
Warsaw PL 1743399 2773997 185547200 516663316.0 467727921.1 28.013 0.150 0.166
Large Valencia ES 1383908 2006102 106927600 400301006.5 363670465.1 2.118 0.011 0.012
Milan IT 1337155 1873896 99447200 181742425.4 351961467.6 2.124 0.022 0.011
Lyon FR 1066305 1546701 133645600 219778032.1 291176767.2 282.483 1.988 1.501
Naples IT 978399 1287066 69962400 118704752.7 273799906.8 2.812 0.030 0.013
Turin IT 896773 1269056 73774800 130647931.7 258594326.3 6.312 0.061 0.031
Marseille FR 893431 1246323 104728400 297147506.4 257990090.0 219.463 0.920 1.060
Lodz PL 699453 1085905 76730000 293077494.8 225233876.7 48.225 0.179 0.233
Seville ES 693878 997568 56720000 141662833.0 22435632.1 4.752 0.033 0.021
Zaragoza ES 664953 965399 90728800 973312990.5 219859741.0  480.101 0.476 2.108
MediumLarge  Bordeaux FR 635780 925486 132976400 245659589.0 215415584.7 4390.760 16.541 18.864
Glasgow UK 602990 863655 104282000 175538764.6 210527561.4 2244928 11.045 9.209
Dortmund DE 580511 815864 105065600 279379627.1 207240840.0 2868.913 8.378 11.294
Leipzig DE 544479 783829 110053200 298505286.9 202079201.0 3918.174 10.289 15.198
Antwerp BE 515593 708723 104587200 202747750.3 198034233.6 4663.543 16.302 16.690
Nuremberg DE 501072 729410 83673600 184036501.0 196031511.3 1678.303 6.652 6.245
Bonn DE 313958 443084 48391600 142336348.5 171966254.4 1289.708 4.015 3.323
Verona IT 260125 364590 46198400 198723837.6 165606736.9 2626.988 4.820 5.783
Ghent BE 253914 360023 63554000 157003549.7 164888305.9 7429.244 17.036 16.221
Lubeck DE 214420 302090 53248000 212814700.8 160392360.9 7131.508 10.123 13.432
Uppsala SE 209705 304687 37863200 2249339488.5 159863869.2 2075.768 0.281 3.956
Medium Linz AT 196127 283530 41603200 95100707.4 158351655.5 4540.627 13.537 8.130
Gyor HU 129372 191851 32506400 174501959.6 151122485.6 6394.438 7.030 8.118
Bruges BE 118335 166172 38904000 139214291.3 149959450.4 11654.687 13.911 12.915
Lund SE 113078 159882 20604800 443053016.8 149408639.8 2448.285 0.883 2.620
Osijek HR 106610 150469 19410000 174971223.9 148733719.9 2303.088 1.981 2.330
Lincoln UK 96634 142603 16809600 35615048.1 147698721.5 1814.049 7.263 1.751
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Table 23 LUP, PBA adjusted®BA DIS, and the related metrics in 2015 in the cities without greenbelts.

City Country LUP PBA  Adjusted DIS ub wi(DIS)  wz(LUP) UP TS WTS SPC
(mZinh (%) PBA  (UPUmM?Pof  (nhor (UPU/n? (MUPU) (MUPU) (UPU/inh
or job) (%) built-up) job/km? of of or job)

built-up) landscap)
Berlin DE 86.2 0.484 0.275 48.97 11600.5 1.312 0.050 23.68 21102198633.5 1372388753.6 4221.3
Madrid ES 43.2 0.328 0.159 48.93 23142.0 1.310 0.000 16.06 9697277849.4 508269.2 2114.4
Hamburg DE 1106 0.3°® 0.598 48.72 9039.6 1.300 0.200 18.48 13805505004.€ 3598683275.7 5389.2
Warsaw PL 66.9 0.359 0.397 48.64 14950.4 1.297 0.007 17.47 9024887780.4 77706875.7 3253.4
Valencia ES 53.3 0.267 0.294 48.12 18761.3 1.271 0.001 12.85 5144866383.6 4249093.7 2564.6
Milan IT 53.1 0.547 0.283 49.37 18843.1 1.329 0.001 27.01  4909573015.8 3981040.2 2620.0
Lyon FR 86.4 0.608 0.459 49.16 11573.2 1.320 0.050 29.89 6570190098.8 436916829.5 4247.9
Naples IT 54.4 0.589 0.256 48.86 18396.5 1.307 0.001 28.80 3418594439.5 3619717.2 2656.1
Turin IT 58.1 0.565 0.285 49.08 17201.8 1.317 0.002 27.71 3620679796.0 8009876.4 2853.0
Marseille FR 84.0 0.352 0.406 48.56 11900.5 1.293 0.042 17.12 5085974511.5 273521741.5 4080.8
Lodz PL 70.7 0.262 0.341 48.69 14152.3 1.299 0.011 12.75  3735931523.6 52367631.9 3440.4
Seville ES 56.9 0.400 0.253 48.58 17587.6 1.294 0.001 19.45 2755177970.4 4740433.9 2761.9
Zaragoza ES 94.0 0.093 0.413 47.69 10640.5 1.247 0.086 4.45  4326408271.7 463488755.0 4481.5
Bordeaux FR 143.7 0.541 0.617 49.07 69598 1.317 0.473 26.56 6525525611.7 4063586803.0 7050.9
Glasgow UK 120.7 0.594 0.495 49.24 8281.9 1.324 0.285 29.25 5134996888.9 1938843618.9 5945.7
Dortmund DE 128.8 0.376 0.507 48.61 7765.3 1.295 0.354 18.28 5106973000.0 2340643240.4 6259.6
Leipzig DE 140.4  0.369 0.545 48.42 7122.3 1.286 0.448 17.85 5328436980.1 3071178196.9 6798.0
Antwerp BE 147.6 0.516 0.528 48.64 6776.4 1.297 0.501 25.09 5087040875.9 3305160113.3 7177.8
Nuremberg DE 114.7 0.455 0.427 48.49 8717.3 1.289 0.234 22.05 4057140414.7 1224171095.8 5562.2
Bonn DE 109.2 0.340 0.281 48.45 9156.2 1.288 0.189 16.47 2344786910.9 571449126.0 5292.0
Verona IT 126.7 0.232 0.279 48.25 7891.8 1.278 0.336 11.22  2229051086.8 957773574.0 6113.9
Ghent BE 176.5 0.405 0.385 48.70 5664.8 1.300 0.665 19.71  3094952692.0 2674698769.6 8596.5
Lubeck DE 176.3 0.250 0.332 48.06 5673.3 1.268 0.664 12.03  2559365120.0 2154357271.2 8472.2
Uppsala SE 124.3 0.017 0.237 46.09 8047.0 1.149 0.315 0.78 1745017579.6 632459644.3 5727.2
Linz AT 146.7 0.437 0.263 48.48 6815.1 1.289 0.495 21.21 2017008006.5 1287403860.3 7113.9
Gyor HU 169.4 0.186 0.215 47.75 5901.9 1.251 0.632 8.89  1552075604.3 1226779361.0 8090.0
Bruges BE 2341 0.279 0.259 47.94 4271.3 1.261 0.823 13.40 1864878801.6 1936682675.8 11222.6
Lund SE 128.9 0.047 0.138 46.23 7759.5 1.159 0.355 2.15 952582363.2 391436676.1 5958.0
Osijek HR 129.0 0.111 0.131 45.44 7752.1 1.105 0.356 5.04 882014468.4 346543356.2 5861.8
Lincoln UK 1179 0.472 0.114 47.57 8483.4 1.241 0.261 22.45 799628805.8 258688775.5 5607.4
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Table 24 Absolute and relativehanges iWWSPC WUP, and their components between 2006 and 2015 in the cities with greenbelts.

City Country WSPC WSPC WUP WUP LUP LUP PBA PBA DIS DIS

Absolute  Relative Absolute Relative  Absolute Relative  Absolute  Relative Absolute Relative

Changes Changes Changes Changes Changes Changes Changes Changes Changes Changes

(UPUlinh (%) (UPU/ m? of (%) (m?/inh or (%) (Percentage (%) (UPU/m? of (%)

or job) landscape) job) Point) built-up)

Rome IT -59.12 -45.33 -0.15 -40.16 -5.20 -6.57 0.50 2.22 0.024 0.049
Manchester UK -431.03 -23.39 -0.89 -17.10 -5.90 -5.05 0.90 2.72 0.038 0.078
Vienna AT -28.48 -54.87 -0.15 -50.23 -5.50 -7.74 0.68 1.69 0.017 0.035
Budapest HU -44.85 -21.12 -0.17 -17.11 -2.40 -2.87 0.82 2.05 0.043 0.088
Stockholm SE -175.82 -66.88 -0.24 -61.13 -10.70 -12.37 0.36 2.77 0.013 0.027
Munich DE -187.15 -55.08 -1.01 -49.46 -8.50 -9.58 0.92 1.74 0.010 0.021
Brussels BE -22.81 -80.35 -0.19 -77.09 -9.30 -13.92 0.24 0.42 0.003 0.005
Cologne DE -356.29 -23.83 -0.96 -18.73 -5.40 -4.81 0.59 1.54 0.018 0.037
Tyneside UK -163.47 -4.38 -0.07 -0.65 -1.80 -1.30 1.01 2.55 0.029 0.060
Zagreb HR -41.77 -6.74 -0.05 -4.63 -1.00 -1.03 0.20 1.18 0.022 0.046
Leeds UK -151.08 -5.42 -0.19 -3.46 -1.80 -1.39 0.17 0.67 0.015 0.030
Krakow PL 37.61 124.45 0.14 128.32 5.80 8.61 2.49 10.49 0.085 0.174
Frankfurt DE -492.57 -34.57 -1.50 -28.06 -7.90 -7.11 0.88 211 0.015 0.031
Oslo NO -197.09 -83.91 -0.33 -80.16 -15.70 -18.56 0.04 0.28 0.001 0.003
Stuttgart DE -72.68 -14.70 -0.23 -11.37 -2.10 -2.24 0.59 1.57 0.025 0.051
Dusseldorf DE -168.26 -12.69 -0.47 -9.38 -2.60 -2.37 0.54 1.31 0.015 0.031
Copenhagen DK -47.30 -69.13 -0.37 -64.61 -8.30 -11.34 1.11 1.83 -0.007 -0.014
Bradford UK -570.02 -27.97 -0.83 -21.82 -7.80 -6.46 0.34 1.53 0.013 0.027
Hanover DE -179.98 -5.88 -0.40 -3.59 -2.00 -1.53 0.42 0.89 0.006 0.013
Bristol UK -601.65 -40.38 -2.75 -34.33 -9.60 -8.59 0.41 0.69 0.006 0.013
Bilbao ES 0.00 0.00 0.00 0.00 1.20 4.58 0.01 0.02 0.001 0.002
Coventry UK -584.43 -40.32 -2.22 -34.72 -9.50 -8.54 0.04 0.07 0.000 -0.001
Nottingham UK -656.59 -38.68 -3.08 -32.98 -9.70 -8.47 0.02 0.03 0.001 0.003
Munster DE -998.57 -24.24 -0.82 -15.69 -11.50 -7.87 0.48 2.56 0.030 0.063
Stokeon-Trent UK -755.34 -16.69 -1.92 -11.78 -7.70 -5.28 0.14 0.26 0.000 0.001
Vitoria-Gasteiz ES 57.63 17.60 0.09 22.75 1.80 2.02 0.71 6.55 0.171 0.360
Rennes FR -133.79 -16.78 -0.54 -11.61 -2.90 -2.89 0.02 3.20 0.049 0.101
York UK -698.99 -20.84 -0.49 -14.20 -8.50 -6.13 0.25 1.76 0.038 0.081
Oxford UK -149.97 -53.78 -0.67 -49.10 -7.90 -9.04 0.02 0.06 0.003 0.006
Cambridge UK -317.58 -72.17 -1.23 -67.25 -13.90 -15.03 0.00 0.00 0.000 0.000

99



Table 25 Absolute and relative changesWSPC WUP, and their omponents betweerd@6 and 2015 in the cities withogiteenbelts.

City Country WSPC WSPC WUP WUP LUP LUP PBA PBA DIS DIS

Absolute  Relative Absolute Relative  Absolute Relative  Absolute  Relative Absolute Relative

Changes Changes Changes Changes Changes Changes Changes Changes Changes Changes

(UPUlinh (%) (UPU/ m? of (%) (m?/inh or (%) (Percentage (%) (UPU/m? of (%)

or job) landscape) job) Point) built-up)

Berlin DE -11.66 -4.07 -0.04 -2.32 -0.50 -0.58 0.61 1.27 0.013 0.027
Madrid ES 0.09 347.37 0.00 447.06 4.40 11.34 3.18 10.73 0.092 0.189
Hamburg DE 41.32 3.03 0.22 4.89 0.60 0.55 0.87 2.34 0.019 0.040
Warsaw PL 6.92 32.82 0.04 40.31 1.80 2.76 2.83 8.55 0.037 0.076
Valencia ES 0.46 27.66 0.00 28.82 1.00 191 0.74 2.85 0.029 0.060
Milan IT 0.41 24.21 0.00 23.59 1.00 1.92 0.39 0.71 0.008 0.017
Lyon FR -224.37 -44.27 -1.25 -38.52 -7.10 -7.59 0.01 1.89 0.020 0.041
Naples IT 1.18 72.74 0.01 66.08 2.40 4.62 0.20 0.35 0.005 0.010
Turin IT -1.29 -16.92 -0.01 -15.44 -1.00 -1.69 0.19 0.34 0.007 0.013
Marseille FR 63.05 40.31 0.25 36.98 3.40 4.22 0.01 1.74 0.017 0.034
Lodz PL 30.76 176.15 0.11 159.56 6.80 10.64 1.00 3.97 0.035 0.072
Seville ES 2.14 81.81 0.01 77.07 2.80 5.18 1.14 2.94 0.040 0.083
Zaragoza ES 73.56 18.09 0.08 20.35 2.10 2.29 0.38 4.24 0.105 0.221
Bordeaux FR -252.64 -5.44 0.01 0.06 -2.60 -1.78 0.02 3.94 0.021 0.043
Glasgow UK -330.43 -12.83 -0.89 -7.43 -3.80 -3.05 1.72 2.98 0.018 0.037
Dortmund DE 197.24 7.38 0.56 7.18 2.20 1.74 0.56 1.50 0.032 0.065
Leipzig DE -963.88 -19.74 -1.51 -12.79 -10.10 -6.71 0.51 1.39 0.000 0.001
Antwerp BE -1536.48 -24.78 -3.08 -15.88 -16.00 -9.78 0.46 0.90 0.010 0.020
Nuremberg DE -113.46 -6.33 -0.31 -4.41 -1.50 -1.29 0.33 0.73 0.003 0.006
Bonn DE 160.81 14.25 0.54 15.49 2.50 2.34 1.14 3.48 0.024 0.049
Verona IT 335.44 14.64 0.60 14.21 3.80 3.09 0.62 2.75 0.043 0.088
Ghent BE -627.48 -7.79 0.09 0.54 -7.20 -3.92 1.85 4.78 0.037 0.075
Lubeck DE 49.90 0.70 0.19 1.96 0.50 0.28 0.38 1.53 0.013 0.027
Uppsala SE -677.07 -24.60 -0.05 -14.65 -9.00 -6.75 0.09 5.52 0.043 0.094
Linz AT -792.27 -14.86 -1.37 -9.19 -8.30 -5.35 0.42 0.97 0.004 0.009
Gyor HU 1268.16 24.74 1.55 28.17 13.50 8.66 1.95 11.69 0.153 0.322
Bruges BE 915.29 8.52 1.14 8.94 12.40 5.59 1.58 5.99 0.000 0.001
Lund SE -217.28 -8.15 -0.02 -1.68 -2.80 -2.13 0.21 4.78 0.006 0.013
Osijek HR 860.62 59.66 0.64 47.67 12.50 10.73 0.26 2.39 0.118 0.260
Lincoln UK -1169.66 -39.20 -3.37 -31.69 -14.30 -10.82 0.09 0.20 0.000 0.001
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6.6 Appendix F Changes isWSPCand WUP in different population size categories

Table 26 Results of statistical analysis on absolute and relative changes in urban sprawl in different population size categories.

Outputs

Changes isWSRC in different population size categories (2006 2015)

WSPCAbsolute Changes

WSPCRelative Changes

Tests G?JS;F’Z}WYYSQU?;ZE,%LH (UPU per inhabitant or job) (%)
\;/;3/ I':::gg Medium-Large Medium \;?Bl I':::g: Medium-Large Medium
_ ~ pvalue 0.37 0.11 0.14 0.012
For tﬂ'”erences N ~Mean in group 1 -163.19 -186.05 -439.934 -46.35 1281 27.84
Kruskal Wallis test / € means Mean in group 2 -23.20 -257.40 9.68 57.43 21.61 2.54
t-test For differences in P-value 0.60 0.33 0.42 0.19 0.83 0.072
the means of Mean in group 1 -163.19 -208.42 -544.10 -46.35 -26.54 -35.99
decreased values Mean in group 2 -118.01 -533.03 -696.75 -24.17 -14.342 -18.92
R , p-value 0.21 0.21 0.0037 0.21 0.0035
Moodo6s Median test -~y i ooupl -117.47 -163.47 -584.43 -50.10 -12.69 -24.24
For differences in the medians Median in group 2 0.44 -1.29 49.90 25.93 -5.44 0.70
Binomial test of Proportions p-value 0.15 0.18 0.15 0.18
For differences in the proportions Proport?m ih group 1 1.00 0.91 0.82 1.00 0.91 0.82
of decreased values Proportion in group 2 0.25 0.54 0.45 0.25 0.54 0.45

Outputs

Changes inWUP in different population size categories (2006 2015)

WUP Absolute Charges

WUP Relative Changes

Tests Group 2 without greenbelt (UPU per f of landscape) (%)
Very Large Medium-Large Medium Very Large Medium-Large Medium
and Large and Large
_ ~ p-value 0.018 0.22 0.011 0.0023 0.094 0.0098
Fortﬂ'ﬁerences N “Meanin group 1 -0.47 -0.39 -1.24 -41.38 -9.038 -22.63
Kruskal Wallis test / € means Mean in group 2 -0.12 -0.43 -0.0046 71.24 22.30 5.44
t-test For differences in P-value 1 0.33 0.72 0.19 1 0.11
the means of  Mean in group 1 -0.47 -0.44 -1.52 -41.38 -22.77 -30.18
decreased values Mean in group 2 -0.64 -1.158 -1.20 -20.42 -11.19 -14.30
: . pvalue 0.21 0.21
Moodos Median test -~y o ingroupl -0.22 -0.33 -0.82 -44.81 -9.38 -15.69
For differences in the medians Median in group 2 0.0033 0.0095 0.19 26.20 0.057 1.96
Binomial test of Proportions p-value 0.067 0.083 0.0098 0.067 0.083
For differences in the proportions Proportion in group 1 1.00 0.91 0.82 1.00 0.91 0.82
of decreased values Proportion in group 2 0.25 0.54 0.45 0.25 0.54 0.45

Legend
Highly Significant
Significant 0.017 0.05
Marginally Significant 0.0571 0.1
Not Significant >0.1
NA NA
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6.7 Appendix G:Diagrams of ésolute dhhanges n WSPCand WUP as a function of population size

Figure 16 Absolute changes in (&¥SPCand (b)WUPIn the cities without greenbelts (orange) and
with greenbelts (green) as a function of population @range: RWSPC< 0.01 and RWUP< 0.01;
Green:R>>WSPC= 0.08 and RWUP= 0.07)
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