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Urban growth in and around European cities affects multiplaspects of the environment
including green spaces. On the one hand, many cities struggl with environmental
problems, overcrowding and overuse resulting from high poplation densities. On the
other hand, high densities result in better access to publiggreen spaces, effective
public transport, or less demand for resources. Consequerty, nding a balance between

density and high liveability in a green and sustainable urbaenvironment is a major
challenge for urban planning. Although many studies repodnd discuss the provision of
green spaces in European cities, they fail to relate green sge provision to the potential
demand by urban dwellers, and to the extent differences can & detected between types

of green. Against this background, this paper develops a syiematic understanding of
green space supply and its relation to the residential dentyi of cities. In so doing, it
detects turning points of green space supply in 905 Europeartities. The results show
that green space supply is sensitive to the type of green spag, population size and
location of cities. Particularly the relation between redéntial density and the supply
with urban green spaces covering parks, public gardens or ceneteries, indicate turning
points: at certain residential densities the urban green se supply is decreasing. At a
certain residential density, the urban green space supplsg ihighest and cities have a high
potential to optimize the balance between sustainabilityrad liveability. However, there is
no single optimal residential density. Rather, turning pois are different between cities of
different density and location in Europe and between diffent types of neighborhoods
within cities. Therefore, different optimum values need tbe de ned sensitive to these

characteristics. For most of the European cities, a decreas of population or built-area
cannot be expected in the future. In this situation, the apmrach to identifying the turning
points for green space supply as presented in this paper can ® used as a comparative
method. This informs green space policies for de ning accefable densities of urban
development and corresponding standards for the provisiorof urban green space.
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INTRODUCTION for infrastructure networks and facilities such as roadsjmage
and sewerage, electricity, telecommunication run moreiergly
The draft action plan of the Urban Agenda for the EU and economically\(/esterink et al., 20)3However, if residential
acknowledges that Europe is one of the most urbanizedensity exceeds a certain limit, these systems can be adedo
areas of the world with more than 70% of Europe's citizengCheng, 200p
being urbanites, and with an expected increase to 80% by Many cities struggle with social, economic, and environtaén
2050 (Netherlands Presidency, 2Q1@rti cial areas, with the  problems resulting from high densities. The increasing
exception of urban green and sport/leisure areas, are expectegncentration of people, activities and facilities is assedia
to increase from 3.6 to 4.3% of the entire land surfacyith the overuse of infrastructure, social inequity due teet
[own calculation based on 2000 to 2018 trend followis§A  higher cost of land, privatization of some urban spaces, tra c
(2017) Copernicus (2019) This 0.7%-point increase until 2050 congestion, and air pollutionf/eber et al., 2014; Haase, 2116
corresponds to an area almost the size of the Netherlands afrticular, land sealing and the extension of the urban fabrito
is Commonly related to urbanization. This also raises emino open land or brown elds increasing|y pu[s green and open space
social and environmental challenges as land is a scarceroeso in cities under pressureHaase, 2008; Herrmann et al., 216
(McPhearson et al., 2016; Elmqvist et al., 2017 Consequently, low densities o er multiple bene ts such astires
In order to make cities more environmentally sustainableajr, oxygen supply, tree shade, habitats for species, and als® mak
and improve liveability, the European Commission promotes thesities more liveableNeumann, 2005<abisch and Haase, 2013
Compact City Model Commission of European Communities,  Cities seek to nd a compromise between high and low
1990. In this model, which is widely used among scholars andjensities because the number of people within a given area
planners, density is seen as a critical characteristic ierd@hing  “becomes su cient to generate the interactions needed tckena
sustainable and liveable urban fornis(ton, 2000; Duany etal., yrpan functions viable” Jabareen, 200¢. 41). This is related
2001; Hall, 2001 However, the degree of density, de ned as theyo the concept of turning points, which indicate an optimal
ratio of people, jobs or dwellings to a speci ed reference aregompromise between high and low densiti€ggre 1). In this
indicates a dilemma between high and low densiti&s(singa, paper we will apply the concept of turning points to the relation
1993 Residential density is, for instance, the ratio of restden between residential density and green space Supp]y, f0||owing
per residential area. “For a city to be sustainable, the aEgdm up on previous research which just studied green space supply
goes, functions and population must be concentrated at high&jut not potential demand by urban dwellersi(ller and Gaston,
densities. Yet for a city to be liveable, functions and popotati 2009: Kabisch and Haase, 2)113
must be dispersed at lower densitie§leimann, 2005p. 16, Green spaces in cities contribute to the mitigation of and
seeFigure 1). adaptation to climate change, minimize the risks of natural
Scholars underline that high residential densities inesiti disaster, and support biodiversity conservation by coolings@o
mean shorter journeys to work and services, more walkingeduction and air ltration of pollutants Kabisch et al., 20)5
cycling or use of public transport, better access to green spacghey are places of recreation, encounter or sport, improve the
and other faC”itieS, or enCOUraged social interactidal:(areen, qua“ty of the neighborhood, and promote phys|ca||y active
2006; Masnavi, 200.7Lower fuel emissions, less ground spacsifestyles and healthy behavioRé¢yer et al., 2014; Wiistemann
per capita and reduced energy costs due to apartments in multit 5|, 201y, Di erent types of green space have di erent qualities
family houses or blocks that require less heating are addeghd functions. While public urban parks play a major role as
environmental benets that conserve resources and are segBcreational spaces, all vegetated areas are crucial asthabi
as tackling the problem of unsustainabilityapareen, 2006; for urban ora and fauna or physical functions such as carbon
Westerink et al., 20)3Cities need a certain residential densitysequestration and storagédqwarik, 2011; Beninde et al., 2015
The higher the green space provision in a city, the higher are
the potential ecological functions of the green spaces. Regtle
density indicates the demand for green spaces—the lowetligs
lower is the corresponding pressure on green spaces. In contras
the higher the residential density, the more people bene t from
ming green space functions. Consequently, cities have to bathece
point natural environment with human development—the sustaieabl
and the liveable city Neumann, 2005; Pauleit et al., 2005
Certainly, a constant equilibrium in cities is not realistis they
are open and dynamic systems that are “subject to human will
and caprice as well as the furies and salves of natiielifann,
2005 p. 19). However, the balance concept is useful in order
4 , o to measure to what extent the green space provision in cities
fow Residential density high does meet the green user demand following the ecology ekciti
concept Grimm et al., 2008; Herrmann et al., 2016; Reyers and
Selomane, 20)8Green spaces do not just supply population but
also experience pressure at a certain demand level. If re¢gten

FIGURE 1 | Balance between sustainability and liveability dependingn
residential density.
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densities exceed a certain limit, overuse and overcrowding includes 17 urban classes with a minimum mapping unit
green spaces can lead to a decline in the provision of ecosystémMMU) of 0.25 ha and 10 rural classes with a MMU of 1 ha.
servicesBurkhard et al., 2012 Villamagna et al., 213 Figure 2 shows that we only considered land uses within the

Despite all the success stories about greening citiesife  administrative core cities which have been de ned using the
and Bunster-Ossa, 2013; Mell, 2015; Hansen et al.,)2ti& Urban Audit delineation and OSM boundaries for the Western
question as to what extent cities balance the population demari8lalkans EG, 2018; OSM, 20).9n order to contrast the results
for recreation with the provision of green spaces remainsvith the aforementioned previous studieBu(ler and Gaston,
unanswered. In their analysis of urban green spaces in mare th 2009; Kabisch et al., 201&nd to make the results more robust,
300 European cities for the year 2060)ler and Gaston (2009) we calculated two green space types: urban green spaces are
suggested that density and green space share are uncoupldd.ned using class 141 (green urban areas which basicallgrco
In contrast, Kabisch and Haase (2013in their analysis of parks, public gardens or cemeteridsgure 2), whereas total
urban green spaces in 202 European cities for 2006, foundgreen space was de ned by the classes 141 and 310 (forest).
signi cant positive relation between higher green space sharn keeping with other studies, we only considered green spaces
and an increased density in cities. Whiteabisch and Haase within 300 meters of residential areas that have been ailedl
(2013)found that population density and per capita green spacéy creating bu ers around residential areassndley et al., 2003;
supply is not correlatedr-uller and Gaston (200%9aw a drop Kabisch et al., 2016; Poelman, 2016; Wistemann et al.).2017
in per capita green with increasing density. These ndings are The following four indicators have been calculated:
not contradictory as di erent density concepts have been used In order to estimate the green space demand of a city,
Kabisch and Haase (2018glated density to total area (within we calculated Residential Density (RD), de ned as the ratio
the administrative boundaries, gross density) wiiildler and  between residents and their residential area. Using RD allow
Gaston (2009)elated density to built-up area (net density). conclusions to be drawn about the built-up structufeéy, 1999;
Both studies detect di erences between European regions aridasnavi, 2000; Kasanko et al., 2006; Westerink et al. ) 203
concluded that the green space share is not associated wiitr green space demandriller and Gaston, 2009The 2012
population size of a city. Similar, in his analysis of foresgarand  population numbers have been obtained from the Urban Audit
urban green spaces for 2012 in almost 400 citfese(man, 2016  database KUROSTAT, 2018 In the case of gaps, data from
concluded that the overall population size of a city is uncodple national statistics have been used and carefully countekette
from the green space supply. for comparability and correctness.

Although these studies e ectively report and discuss the The green space provision, usually calculated as the green
provision of green spaces in European cities, they lack space share of total area, is related to the residential asghijs
systematic answer to the question of to what extent the prowis indicator is not sensitive to the total area of a cifyu(ler and
of green spaces meets the potential population demand, and aston, 200Pand corresponds with the other indicators used
what extent di erences between types of green can be detectdérigure 2). Consequently, we de ned the Green Space Quotient
Against this background, we will develop an understandifig oas the area in ha which is available for one ha residentia are
green space supply and its relation to the residential densitflyGq for urban green spaces, TGq for total green spaces). The
of cities. Therefore, we conceptualize green space supply @seen Space per capita UGpC and TGpC is expressing the supply
an indicator that measures how green space provision andf green spaces per resident. Additionally, we calculated the
residential densities are related. Variations in the grepace Capita per Green Space as the number of residents per 100 m?2
supply indicate how low and high densities are mediated andreen spaces (CpUG, CpTG) in order to mirror the population
where potential turning points are. The analysis of 905 Europeapressure on green spaces.
is conducted around the following three questions: The analysis involves three steps that structure the
- . . . - .. results Figure 2).

1. How are cities of di erent residential densities performim - . .
In a rst step, we developed a descriptive typology in which

?
terms of green space supply we contrast classes of green supply and residential density. We

2. What are turning points in the relation between green supply . :
and residential density? classify green space supply into below average suppljar UG,

3. How do cities balance green space supply and green spa< 45 m2/capita for TG), average supply (94d.8 for UG, 45 to
’ pressure in Europe? Lo m2/capita for TG) and above average supphl8 for UG,
' 90 m?/capita for TG) referring to the WHO criteria of 9 m2
green/person within 300 meters\(HO, 201). For residential
MATERIALS AND METHODS densities, we created three classes according to quantites o
sample group in order to avoid a normative target value: low
Our analysis is based on a sample of 905 European cities thdgnsity, dense and high residential density66, 65 to< 90,
are covered in the Urban Atlas databaseofpernicus, 2013 90 residents/ha). We analyzed di erence in geographic looatio
The Urban Atlas provides reliable, comparable, high-resotuti using the ESPON WUTS 4 regional classi cati@rSPON, 2014
land use and land cover data for the 2012 reference year amd ANOVA analysis.
36 EEA member and cooperating countries. Cities represent In asecond step, we systematically conceptualized theaelati
local administrative units with a population of at least 5@00 between RD, green space supply (UGpC, TGpC), green space
inhabitants (11 cities were smaller in 2012). The nomencéat provision (UGq, TGq) and green space pressure (CpUG, CpTG)
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Sample: 905 cities in administrative boundaries (EG, 2018; OSM, 2019)
'<_t Land use data: Urban Atlas (Copernicus, 2018) Population
< data
o
'5 Urban Green Spaces UG Total Green Spaces TG Residential Areas RA Residents
% within 300m from RA within 300m from RA Classes 111 and 112 Urban Audit
- Class 141 (green urban areas for Classes 141 (green urban areas) (d's'/CO(‘t'"UOEJS ur?an (EUROSTAT, 2018),
recreational use: gardens, zoos, parks, and 310 (broad leaved, fabric with residential use) National statistical
cemeteries, suburban parks / forests) coniferous, mixed forest) offices (2018)
)
o
=
<<
=
[a]
£
2]
]
et
<
2
<
FIGURE 2 | Work ow of the study.

using correlation analysis (Spearman's rho) and trend curv®@ ESULTS
calculations with LOESS algorithm (Locally weighted scptot . . .
smoothing with 3 polynomial of degree for cities with a RD ofDIﬁerenCeS In Green Space Supply In

200 residents/ha in order to exclude outliegeveland, 1991 European Cities
LOESS was chosen as it provides the lowest residues compared ¢ average green space supply for UG (UGpC) in European
other curve tting algorithms while it has the potential to et~ Cities in 2012 was 14 m?/resident (numeric median). Howgver
potential turning points, since LOESS does not assume line&fere are signi cant regional di erencesFigure 3). Whereas,
relations {falgorn et al., 2018 We detect turning points which Northern European cities show comparably high UGpC values
are de ned as residential density for which the green spapplgu  (median 21 m?/resident), cities in Southern Europe and the
is maximized in line withFigure 1 Balkan show signi cantly lower values with a median of 6

A third step calculates the ratio between green supply anﬂ"lz/YESident. The median UGpC values of Western and Eastern
green pressure (UGpC/CpUG). A ratio of 1 indicates thatEuropean cities range above the European average with 17 and
CpUG D UGpC D 10 m?/resident. This value was derived from 15 m?/resident, respectively. The majority of cities in Narth
the WHO criteria of providing a minimum of 9 m?/resident. Europe show an above average supply, in Western Europe, an
However, this value was rounded in order to simplify theabove or average supply, in Eastern Europe, an average supply
formula symbol for the green space pressure which was de ne@nd, in Southern Europe as well as the Balkans, an below average
as residents/100 m2. Consequently, a ratio of 1 was de neg8upply (Table S). Considering the TGpC, the di erence between
as the cutting point which indicates that the pressure orlNorthernand Southern Europe disappears because Western and
green spaces is so high that the supply becomes insu cienEastern European cites report the highest median values with
Ratios below 1 indicate a green space pressure exceedpfgm?/resident each. The median of 43 m?/resident in Norther
the green space supply. The higher the ratio, the higher thEurope is close to the European average (44 m?resident) while
green space supply (UGpC) and the lower is the green spa€#ies in Southern Europe and the Balkans again show low salue
pressure (CpUG). Based on the ratio, we derived seven clas§ésl9 and 18 m?/resident. There are basically two reasons for
by applying identical thresholds based on quantiles as clagéerences between the supply of the two green types.
breaks. We plotted the seven classes in a graph for which First, intra-regional variations can be observed in almalst
we use (UGpC) as a central indicator for measuring howegions. While cities in the British Isles lack forested areas
much green spaces (UGq) cities provide under di erent RDScandinavian cities usually contain high shares of foresasa
in order to archive a certain green space supply (UGpC)such as in OsloKigure 3). Moreover, cities in Eastern and even
Finally, we contrasted our results with the performance ofSouthern Europe have a comparably higher share of forest areas
Europe's green capitals as they have been awarded not jukigure S). Second, city size plays a very important role for

by quantitative values but also because of successfuliggeenthe green supply. While larger cities report a lower TGpC class
measuresKC, 201). then for UGpC, such as in the Randstad, cities in the Po valley,
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Residential Low density (<65) Population in 2012
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(residents/ha) High density (200) 500,000

b y average supply —average  megdian 2012
capita TGpC (mresident) supply (10 18) supply
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density Dense (65 to 90) [10% | ~ 3,000,000
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FIGURE 3 | Typology of green space supply in different residential desity classes.

as well as several capitals all over the continent, smaliesci limited to Southern Europe but characterizes many largesill
are basically in a higher TGpC class then for UGHQy(re 3.  over the continent. This underlines the relationship betweity
Examples in France, Germany, Poland, Romania, Italy, and Spasize and the importance of UG mentioned above.
benet from forest areas. A weak but signi cant correlation  However, several cities show a higher green space supply than
(0.239;Table S2 suggests that the larger a city in population sizethe average constellation between residential density aeengr
the higher the share of UG on TG. An even higher correlatiorspace supply described above suggests. High density cities in
(0.447) can suggest for residential density that the demser Germany, Poland or capitals in Southern Europe and the Balkans
city in Europe is, the higher is its dependency on urban greehave an average supply for UG (13%) while average density cities,
while smaller cities tend to benet more from other greensuch as in Eastern Germany or the UK, show an above average
space types. supply. Even some high density cities show an above average
Figure 3 contrasts three classes of residential density (lowupply of UG (7%), such as in the British Isles, in some capitals
dense, dense, high dense) with the green supply classes of UGpiCScandinavia and the Baltics, or Eastern Europe. For T®, hig
and TGpC (below average, average, above average). Thetynajodensity cities hardly show an above average supply except for a
of cities perform as expected from the preceding analysis fdew small cities in Italy, the Czech Republic, and Poland.
both green types UG and TG. For UG high residential density Finally, cities on the French Mediterranean coast, in Norway
cities usually show below average supply (18%, the percentamed Eastern Europe only have an average supply, even though
value refers to the type of the total sample of cities as displayédeir residential density is low (13%). This is even more
in Figure 3). In particular, in Southern Europe and the Balkans,characteristic in dense (e.g., Cordoba, Wrexham) or even lo
dense cities have average supply (10%). Low residential ylengdensity cities such as Mulhouse, which show a below average
cities have an above average supply (15%) in particular isupply for UG. For TG, such an below average supply can also be
Western and Northern EuropeTéble S). For TG, even more found in dense cities such as in Spain, in the Midlands, Butares
cities follow this tendency (24%, 12%, 22%). In particular, ther Lille as well as in low density cities such as Caen, GerfteElc
below average supply of TG in high residential density areastis or Czestochowa.
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Turning Points in the Relation Between With further increase in residential density the green space

Green Supply and Residential Density pressure (CpUG) exceeds the green space supply (UGpC) as
The classi cation of residential densities allows to explor @ consequence of the increasing population demand and a
the relationship between green space supply and residenti@gcreasing green space provision (UGq)—a cutting point. In high
density. A corresponding correlation coe cient con rms thi density cities, the share of UG on the total area decreaseshwhi
signi cant relation which is, however, stronger for TG then is not fully compensated by the increasing share of other green
for UG (-0.365 for UGpC and 0.643 for TGpC,Table S3.  Spaces such as forests.
This is due to the dierent relation between green space Ihere is a large variation in the green space supply among
provision and residential density. The two correspondingEUfOpea” cities. However, the UGpC values of 77% of all cities
correlation coe cients suggest that the denser a city ise th Fange between 1SD around the LOESS trend curve for UGpC.
lower is its green space provision of TG @.219 for TGq) This close t between the actual and the predicted values is
but the larger is its green space provision of UG (0_3lparticularly visible in Western and Eastern European cities. A
for UGQ). higher positive deviation{ C1SD) indicates that a higher curve
For UG, this means, rstly, that the drop in total green Spacemaximum can be recorded for Northern European cities while,
supply with increasing residential density is compensatedgly h for cities in the Balkans and especially Southern Europe, the
which an increasing residential density (RD) is contrastéth w the number of cities with deviations belowlSD is particularly
a linear increasing green space provision (UGq, the regressiéWge among small cities.
coe C|ent |S used as S|ope) The resu'“ng green Space supply From the I’elatiOI’]S betWeen the |eft tl’end CUI’VGSFigure 5,
for UG (UGpC) drops at a slower rate than the supply fortwo in ection points can be derived, which we demonstrate by
TG (TGpC). calculating the ratio between both indicators (UGpc/CpUG): the
Secondly, it shows that the two green space types ha¢dtting point in which the green space pressure CpUG exceeds
a di erent relationship to residential density. Comparingeth the green space supply UGpC indicated by a ratio below 1, and
LOESS trend curve for the data sample with the schemati®€ turning point in which UGpC is maximized and CpUG is
curve based on the correlation coe cient shows that bothlowest. The larger the ratio, the more balanced is the cigegr
curves are similar for TG Rigure 4 left). In contrast, the Supply and pressure, and the higher is the resulting UGpC. Based
curves dier for UG (Figure 4 right) as the LOESS trend on the ratio, we classi ed the data sample into seven classbs in
curve increases among low densities and decreases amdR#owing section Table 1).
high densities along the gradient of residential densithe T
di erent relation is also mirrored by the correlation betwee .
residential density and green space supply for the residentigalaﬂcIng Green Space Supply and Green
density classes used in the rst result section. At the samePace Pressure for UG
time, for TG, the relation is signi cantly negative througt ~ The way cities in Europe actually balance green space supply and
all residential density classes and a signi cant negatilation ~ Pressure is displayed Figure 6which contrasts the green space
for UG can only be measured for high density citiesProvision withthe residential area for each of the seven etass
(> 90 residents/ha). The majority of cities with green pressure exceeding green
Consequently, we will focus on UG in the next sectionsupply provide a small amount of green spaces withh@q
and contrast the LOESS trend curves of green supply (UGpChelow 0.11 and are located at the Iberian Peninsula, Italythed
green pressure (CpUG), and green provision (UGq) againddalkans. In the case of small cities below 70,000 residefs,
the gradient of residential densities within our sample ofesit are particularly likely to be below 0.05. However, a consinlera
displayed inFigure 5. number of cities with green space pressure exceeding the supply
UGPpC is low on average in low density cities as a result ofould, in relation to their low residential density, provideone
the low UGq values. However, this low green space supply 1$G, for example, in Italy, France, the UK (Ashford), Poland
compensated by TG, e.g., by forest areas as the share of UG (&ielsko-Biala), Norway (Tromsod) or Germany (Siegen). In
TG is very low Figure 5). With increasing residential densities, contrast, high dense cities like Barcelona, Thessalonikiers,
the UGpC value increases, as a consequence of an increased gngaples, Palermo, Tirana or Skopje provide a higher amount of
space provision (UGq). In consequence, the green space pressu@ with UGqvalues of more than 0.1 but the per capita supply is
(CpUG) decreases. However, the green space supply does goinparatively low, nevertheless.
increase limitlessly with increasing residential densityt a There are also cities in Southern Europe and the Balkans
certain point, UGpC reaches a maximum and CpUG bottomsvhere the supply exceeds the pressure. These have a low
out—a turning point. This is due, rst of all, to an increasing residential density, such as in the case of Massa or Santiago
green space demand in terms of a higher residential density, a de Compostela, and/or provide a lot of UG, such as in the
secondly, to the fact that green space provision becomesgatlr case of Podgorica, Bologna, or Vitoria-Gasteiz. Vitoras@iz,
at a high level. With increasing residential density, theegr the European Green Capital of 2013, provides more than one
space pressure increases but can hardly be compensated forthiyd UG for each hectare residential area with an UGq value
other green types such as forests. UG is already very importaof 0.32 {Table 1). Figure 6 shows that the highest green space
for the green supply in these cities and exceeds 30% share on Tggovision for UG in Southern Europe can be found in cities in
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Northern Spain and in the metropolitan area of Madrid. Cities> 28.28 m?/resident due to three reasons. First, these high UGpC
with a high green space supply for UG is characteristic for citiesalues are a result of residential densities below the agergb
north of the line Kosice-Bern-Brest with UGpC values betweemesidents/haTable 1) although the green space provision UGq is
10 and 28 m#resident, lik€&igure 6 displays. This is basically below 0.16, as in the case of Bruges, Aalborg, Knivsta, Abard
due to the high green space provision with UGq values betweefrondheim or the Green Capital of 2014, Nantes. Second, other
0.12 and 0.18 in these cities which mitigates the residentifow density cities such as Tampere, Lund, Siauliai, Frankfur
density {Table ). (Oder) or the Green Capital of 2015, Bristol, show a high green
In particular, cities in which the green space supply exceeds ttgpace provision above 0.22. Third, a high green space provision
pressure by more than 8 times show the highest UGpC values oén also be measured in high density cities such as Tallimhar
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TABLE 1 | Classes derived from the ratio between green space supply ahgreen space pressure (top) and characteristics for Eurogn Green Capitals 2011 to
2021 (down).

Name Class Ratio UGpC UGpC UGq RD
[Frequency] [UGpC/ [m%/ [m%/ [ha UG/ [residents/
CpUG] residents] residents] resid. area] ha]

CLASSES DERIVED FROM THE RATIO

Pressure exceeds supply CpUG < UGpC by 4 times [112] <0.25 <5 0.05 (mean) 0.05 (mean) 153 (mean)
(CpUG< UGpC) CpUG < UGPC by 2—4 times [88] 0.25 t0<0.5 5t0 <7.07 0.07 (mean) 0.07 (mean) 116 (mean)
CpUG < UGpC by 1-2 times [108] 0.5to<1 7.07to <10 0.10 (mean) 0.10 (mean) 114 (mean)
Supply exceeds UGpC CpUG by 1-2 times [156] 1to<2 10to <14.14 0.12 (mean) 0.12 (mean) 97 (mean)
pressure (CpUG< UGpC) uUGpC CpUG by 2—4 times [184] 2to<4 14.14 to <20 0.13 (mean) 0.13 (mean) 79 (mean)
UGpC CpUG by 4-8 times [148] 41t0<8 20to0 <28.28 0.18 (mean) 0.18 (mean) 74 (mean)
UGpC CpUG by 8times [109] 8 28.28 0.25 (mean) 0.25 (mean) 65 (mean)
CHARACTERISTICS FOR EUROPEAN GREEN CAPITALS 2011 TO 2021 (IN CHRONOLOGICAL ORDER)
Stockholm UGpC> CpUG by 8 times 11.65 34.14 34.14 0.42 124.1
Hamburg UGpC> CpUG by 4-8 times 6.34 25.19 25.19 0.21 84.7
Vitoria-Gasteiz UGpG CpUG by 2—-4 times 2.24 14.98 14.98 0.32 212.8
Nantes UGpC CpUG by 8 times 8.77 29.62 29.62 0.16 53.2
Bristol UGpC> CpUG by 8 times 15.06 38.81 38.81 0.23 59.4
Ljubljana UGpG CpUG by 1-2 times 0.84 9.16 9.16 0.08 88.9
Essen UGpC> CpUG by 8 times 11.78 34.33 34.33 0.30 88.4
Nijmegen UGpC> CpUG by 4-8 times 7.83 27.99 27.99 0.25 89.8
Oslo UGpC> CpUG by 2—4 times 2.08 14.43 14.43 0.12 84.2
Lisbon UGpC> CpUG by 1-2 times 1.35 11.60 11.60 0.20 172.5
Copenhagen UGpC> CpUG by 1-2 times 1.66 12.89 12.89 0.21 163.8

Groningen, and Duisburg. Stockholm, the rst European GreenT he Impact of Green Space Types on the
Capital, provides 0.42 ha UG for each ha of residential areahwhi Supply

results in a high green space supply of 34 m?/resid@able ). The analysis has shown that the measurement of green space
Since the green supply is the result of both green spacgpply by UGPC and TGpC can be used to derive conclusions
provision and residential density, there is no single optimakor yrban green space provision, supply and demand. By
residential density for maximizing the green space supplsystematically mapping the classi cation of green space supply
However, testing for dierences of the meaRD between contrasted by residential density for 905 cities in 2012, e
the seven classes presentedTble 1 we found signicant  photh similarities and di erences to previous studies.
di erences.Table S3suggests that the three classes with a supply First, we detect high green space supply values in Northern
exceeding the pressure by more than 2 times are signi cantlgyropean cities and low values in cities in Southern Europe
di erent from the other classes. Consequently, the corres{iog  hile Western and Eastern European cities share similaeaeer
threshold of residential density is between the means ottags yajyes, con rming previous studies=(ller and Gaston, 2009;
“UGpC  CpUG by 2 to 4 times” and “UGpC CpUG by 110 kapisch and Haase, 2013; Larondelle et al., R(Bven lower
2 times.” Assuming an equal distribution, the threshold Wbu gre the values in cities at the Balkans, a blind spot in hitherto
be 88 residents/haTable 1). Five European Green Capitals comparative analysis on urban green. We found a weak but
have aRD values around this threshold. Essen, for instanceg,igni cant correlation between the green space provision and
managed to achieve a high green supply of 34 m?/residemopulation size of a city. Although, the impact of city size on the
by providing for each ha residential around 0.3 ha urban_.:,upmy of UG is low, as suggested Byelman (2016)it could
green space. be, nevertheless, one indication for successful implentientar
preservation of urban green spaces, especially in larger.dities
is evident that the share of UG on TG is signi cantly higher the
DISCUSSION larger a city is while smaller cities tend to have a higheresio&
forest areas.
This paper has added to previous studies on green spaces inSecondly, there are major dierences in terms of the
Europe. It has extended the view by systematically distsigng  green space type considered for green supply. The ecological
between green space types, contrasting green provision agbaracter of cities varies depending on the diversity of
residential density, and detecting turning points of greergreen space types that provide ecosystem services. The
space supply. parallel study of urban green spaces and forest areas allows
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FIGURE 6 | Seven classes for balancing green supply and pressure undelifferent residential densities (RD) and green space praion (UGQ).

conclusion on the dierent ecosystem services these gregitaase etal., 2014; Ma and Haarho , 2)1Parks are maintained
spaces provide such as cultural, recreational or mitigatingi erently as forest areas and therefore have dierent green
services benecial to both human well-being and naturequalities and quantities, play a di erentrole as recreatispEces
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or for biodiversity conservation, or carbon sequestratiamd  values in cities ©zembrowski and Kronenberg, 2016; Liebelt
storage, and have dierent capacities for supporting coolinget al., 2018
noise-reduction and air Itration of pollutants aase, 2016
When taking into account forest (including woody) areas inTurning Points in Green Space Supply
addition to urban green spaces (TG) the clear North-SouthThe combined perspective of green space supply, pressure and
divide mentioned above is partly masked and we nd a muchprovision has shown that the two green spaces types UG and TG
more scattered spatial pattern of the green space supply follow di erent logics when related to residential density. W¢h
Europe. While cities in Southern Europe and the Balkan stilthe supply of TG is monotonous decreasing with increasing
report the lowest average values, cities in these regiorte wdr residential density the supply of UG indicates a turning point
the line Porto (Portugal) and Varna (Bulgaria) report comgaea  and, when contrasted with the indicator green space pressure f
higher supply rates when taking into account forest areadJG, a cutting pointinwhich the pressure exceeds the supply. This
In contrast, congested agglomerations, e.g., in the UK or theutting point was derived from the WHO criteria of 9 m#/resiate
Benelux countries lack of forest areas and subsequently treparhich is widely used as the minimum standard for green space
lower supply values. While in large and dense cities urbanngreesupply (VHO, 2019: at a value of 10 m#/resident the green space
play an increasing role in the green suppl§apisch and Haase, supply and pressure are equal (rounded in order to simplify the
2019, the role of forest areas is more decisive for the greeformula symbol for the green space pressure which was de ned as
space supply the smaller and less dense a city is. This is why tlesidents/100 m?). Consequently, this cutting point indesathat
supply values for TG are higher for countries with a high sharéhe pressure on GSis so high that the supply becomes insu cient,
of small and medium sized cities such as France, Germary, Iltaand at the same time, represent the minimum value of the WHO
and Spain. criteria. It needs to be mentioned that the values scatteoragn
Third, we mapped a large sample of European cities biuropean cities. Thus, the values for the cutting and turning
systematically contrasting classes of residential densith  point refer to the average trend curve of the data sample.
classes of supply for two green space types. In line fitter In order to demonstrate how cities balance green space
and Gaston (2009we nd a lower total green space supply with supply and pressure, the paper has developed a systematic
increasing residential density. Contrary to their studyt buline  perspective, illustrated ifrigure 6, which displays the UGpC
with Kabisch and Haase (2013)owever, we found a weak but value of a given combination of green space provision and
signi cant correlation between the green space provision andesidential density. When residential densities are todhtge
residential density and, even stronger, with population size ogreen space supply signi cantly drops as more people use UG.
a city. Our relation is, however, weaker lasbisch and Haase Around a residential density of 140 residents/ha, this press
(2013) reported as we used residential density comparable texceeds the green space supply and leads to crowded parks and
the approach by Fuller andruller and Gaston (2009)The overuse. A decreasing green space provision due to residential
classi cation for UG and TG con rms the correlation analysis: constructions additionally increase the pressure on the iaing
the majority of high density cities exhibit below averagpmy  green spacesHedblom et al., 2017 This analysis has further
while the majority of low density cities tend to display an abov demonstrated that the pressure on green spaces is higher when
average supply. This relation is even more obvious for T@ city is larger in population size and when green space supply
than for UG. In contrast, in more than one third of cities the cannot be compensated for by additional green such as forest
green space supply is higher than their residential densityldvou areas. Consequently, high residential densities with largas of
suggest. This covers several capitals and larger citiesllaswe impervious surfaces limit the capacity of regulating and unalk
smaller cities in economically advanced or touristic attiee  ecosystem services such as air temperature lowering, aitgaol|
regions. In contrast, one fth of European cities have lower xation or recreation with potential negative impacts on huma
supply values although their residential density is compaedyi health (arondelle et al., 20)4Even more important is the fact
low. The share is almost the same between UG and TG a ectintpat land use conicts or pressures on the land from urban
almost the same cities from the UK toward the Benelux coustrie development will increase when cities grow and become more
Paris, Western Germany to Northern Italy. Additionallyyseal dense \(Vol et al., 2017). This is because competing interests,
other cities along the Mediterranean coastal regions as agell such as residential or greening purposes, need to be balabeed (
cities in Romania and Serbia have the potential to increade theSousa, 2003; Haase, 2008; Herrmann et al.,)2016
green supply considering their residential density. Thefesci Keeping green space supply stable under construction
are paradigmatic for a lack or loss of the green network at theressure in areas of high residential densities stable is@r taak
edge of the city, particularly high-density cities, whichpiacts for planning (Westerink et al., 20)3A high supply of total green
forested areas and is in line with the prevailing discussibie spaces can be achieved in both less dense and high density cities
spatial impacts of urbanizatiorK@sanko et al., 2006; Nilsson andin cities with a high and low green space provision. However,
loannidis, 2014; Hedblom et al., 2Q17The denser a city the the higher the green space provision under a certain residentia
lower is the share and supply of TG. In contrast, urban parkslensity the lower is the green space pressure (CpUG) and the
are less a ected by being built over in contrast to e.g., fanglla higher is the green space supply (UGpC). Findings from this
due to planning regulations and legal protection. Even newlypaper suggest that there is no single optimal residential densit
created urban parks emerge as they have an aesthetic value flmrwhich green supply can be maximized. According to the trend
neighborhoods, and even an impact on real estate and properturve and contrasted with the data sample the urban green space
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supply is in particular high in cities with residential denegi in line with previous studies Handley et al., 2003; Kabisch
between 60 and 90 residents/ha. This residential densitybea et al., 2016; Poelman, 2016; Wustemann et al., 2#Hdwever,
regarded as turning point from which the UGpC value decreasethese areas can be private or not accessible due to othemneaso
A turning point at around 70 residents/ha is comparable lowwhile the database neglects smaller green spaces which bgght
taking into account dense neighborhoods which are typical foaccessible. Still, we use a homogenous and robust data set with
large parts of Europe. Consequently, the turning point showt n a high resolution of 0.25 hectare, which allows us to produce
be taken as a target value or standard as it does aim to ireicatesults that are easy to communicake=A, 201).as Urban Atlas
the environmental situation of certain neighborhoods. Reffig  is the only land-use data that allows a pan-European anatysis,
to the city scale and comparing a sample of 905 European citi@ssessment of di erent green types and, for further studies, t
indicates, however, that in arange between 60 and 80 resithen  detection of changes in land-use over time.
the urban green space supply is decreasing because (a) the supplysecond, this paper used indicators that display the potential
is compensated by forest areas for cities with a lower resmlen use and pressure of green spaces. While per capita green space is
density; and (b) the pressure on urban green space is inciggasia widely accepted indicator green space pressure was designed
in cities with higher residential densities. In particuldre latter ~ for this study in a way that it indicates a cutting point when
need to strike the balance between sustainability andbiliga combined with green space supply and at the same time display
with regards to urban green spacBdgw et al., 2016; Reyers the WHO criteria for a minimum green space supplwO,
and Selomane, 20).8However, it is up to further investigations 2012. This follows previous conceptual and empirical studies on
to what extent these high densities indicate a decreasedn tipressure on green spaces and ecosystéitisiagna et al., 2013;
environmental quality—the indicators presented here sease Tan and Samsudin, 20L.However, as the conceptualization of
proxies in this regard. the cutting point is rather explorative and has been designed
Our results clearly indicate that turning points are di erent for a larger sample, case studies need to re-question that the
between cities of dierent density and location in Europepressure on green spaces is really getting so high that supply
and between dierent types of neighborhoods within cities.becomes insu cient.
Therefore, instead of overall urban standards of green supply Third, the study uses quantitative indicators which measur
across the whole city including core and periphery areashe performance on the city level in line with previous studies
di erent optimum values need to be de ned sensitive to theseon green spaces in Europ&u(ler and Gaston, 2009; Kabisch
characteristics.. Using the European Green Capitals as sis@sC and Haase, 2013; Kabisch et al., 2016; Poelman).2dawever,
we have demonstrated that a high green space supply can #ie study did not analyse the underlying green space strategie
archived in cities with a low green space provision as long agnd planning approaches nor does it re ect trends and structure
residential density is low, like in Nantes, France. Sto@kiio within the cities. Instead, we analyzed the variation ofegre
Sweden, is a contrasting example with a high residentialiyens space supply in Europe and contrasted the results with the
but also with a high green space provision. The two upcomingalues of European Green Capitals. European Green Capitals are
Green Capitals Lisboa (Portugal) and Copenhagen (Denmarigwarded based on twelve common quantitative and qualitative
also show comparable high residential densities—howefeer, tenvironmental indicators, including the provision with unba
green spaces they provide is almost half of what Stockholgreen space. Using them as benchmark provides linkages to the
(Sweden) provides. Of course we nd green spaces in densg Citigigh quality of life in these cities and the underlying grepace
better accessible compared to those in low residential densistrategies. This, in turn, can add to the prevailing discussif
cities due to shorter commuting distances and a higher numbepalancing sustainability and liveability in citiegiiamagna et al.,
of residents who are able to reach large central public pats. B2013: Daw et al., 20).6
dense cities need to nd answers for an increasing pressure on |n following studies, our ndings may be further corroborate

existing green spaces in order not to go beyond the turning poinor disproved by applying a more nuanced analysis to:

after which urban green space declines. ) )
Analyse changes of green space supply with changing

) residential density over time and population growth in order
Re ection of the Approach and Avenues to detect long terms e ects.
for Further Research Focus on green spaces and using certain parameters such as the
The paper was designed as a comparative study systematicallydistance independent of administrative boundaries in order
mapping the relation between residential density and greeoespa  to detect the role of the city's hinterland for the green space
supply for a large sample of cities. Although it has di erentthte ~ supply in cities.
between types of green, the analysis only displays the greenApply the concept of turning and cutting points to a more
space classes available in the European Urban Atlas databaséli erentiated dataset of green spaces in order to develop a
(Copernicus, 20J)dacing three limitations. better understanding of accessible green spaces and apply it to

First, the green space database does not distinguish betweerdi erent spatial scales such as neighborhoods.

green of dierent ownership, maintenance, accessibility. etc Question to what extend a high provision with UG in
Accessible green spaces have been de ned by geographicaprosperous cities is a result of the ability and nancial
distance of 300m and are assumed to be potentially accessiblgesources to priorities green infrastructures and the
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result of successful or failed green space planninthat a given green space provision does not necessarily lead
(Herrmann et al., 2016 to a similar green space supply what requires contextualized
Further conceptualize turning points to be used in greenstrategies. Therefore, contextualized strategies foerngepace
space researctrReyers and Selomane, 2)irBorder to de ne  planning should take into account turning and cutting points

di erent optimum values. in green space supply of the regional green infrastructure and
their implications. The assessment of robust and comparative
CONCLUSIONS data on green spaces for a large sample of European cities

in this paper can be used as a comparative information in
For most of the European cities a decrease of urban populatiothhis regard UN, 2015. Therefore, this paper argues that the
or built-up area in the future cannot be expectedN, 2018; compact city model should not be applied without considering
Wol et al.,, 2019. Consequently, nding a balance betweendi erent needs of density variations, and aligning these dse
residential density, a high liveability in a green and simsthle ~ with the quantity, quality and ecosystem service capacities of
urban environment is a major challenge for urban planning. Bygreen spaces.
systematically understanding the quantitative linkagesveen
green spaces in cities and densities, this paper helps to respondAUTHOR CONTRIBUTIONS
the growing need for better urban land management at citgllev
and to secure scarce open land and natural resources witliésci MW and DH conceived and designed the study. MW collected
(Herrmann et al., 20106 1In particular, we claim for two points.  and processed data and performed statistical and spatial analys

First, we need a perspective which does not just take thieoth authors contributed to writing.
green provision into account but allows a combined perspective
of pressure and supply. The policies of the EU promoteACKNOWLEDGMENTS
multifunctional green spaces as green infrastructure ouret
based solutions in order to foster the sustainable developme This research was carried out as part of the project ENABLE,
of cities (Biodiversity Strategy:C, 2011 whereas the demand funded through the 2015-2016 BiodivERSA COFUND call
perspective in terms of densities was largely neglected. i#mwe for research proposals, with the national funders The
itis important that the provision of green spaces and the plagnin Swedish Research Council for Environment, Agricultural
of and for high residential densities go hand in hafduleitetal., Sciences, and Spatial Planning, Swedish Environmental
2005 Cheng, 200p Thereby, indicators of green space supplyProtection Agency, German Aeronautics and Space Research
and pressure can be used in order to re ect one quantitativeCenter, National Science Center (Poland), The Research
facet of human-environmental relations addressing the tinul Council of Norway and the Spanish Ministry of Economy
functionality of green spaces in cities. and Competitiveness.
Second, planners and scholars are asked to increasingly

account for the complexity of green space accessibility tSUPPLEMENTARY MATERIAL
existing green spaces, the green space potential of the linterl
(Westerink et al., 2013; Larondelle et al., 2014; Herrmaral.et The Supplementary Material for this article can be found
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