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Climate change-related impacts such as heat stress, extreme weather events, and their consequences are
particularly felt within densely built-up urban areas. Urban re-naturalisation is recognised as a promising cost-
effective strategy for improving urban resilience to these environmental and societal issues. In this respect, the
present contribution focuses on a comprehensive city-wide assessment of street-level urban tree canopy to detect
the existing vegetation gaps and identify re-naturalisation potentials within the urban fabric for the three largest
cities in Austria (Vienna, Graz, and Linz). The study relies on QGIS and R software environments to carry out
spatial data analytics on georeferenced tree cadastre data and the global map of Local Climate Zones (LCZ) to
compute spatial density maps and urban structure parameters. The results suggest a rather random distribution
of tree clusters and highly fragmented instances within the city. This fragmentation is predominantly observed
within central densely built urban fabric for all three cities, with the absence of street trees in peripheral
urbanised areas being more prominent in Graz and Linz. The computed percentage of potentially disconnected
areas in terms of the tree canopy for Vienna, Graz, and Linz amounts to 45%, 54%, and 37%, respectively. The
analysis of urban structure revealed a homogeneous densely built-up character over central districts and a
dominantly heterogeneous character across non-central and peripheral districts with a more openly built fabric
(this heterogeneity is, generally more prominent in the case of Graz and Linz). In general, there are numerous
opportunities for urban re-naturalisation, focusing on urban trees within such openly arranged buildings. Due to
the evident physical constraints of the urban space within central districts, the consideration of building-level
greening (e.g. green roofs, green facades) may be a better approach to urban re-naturalisation in these cases.
Given the further constraints imposed by the abundance of historic buildings, such measures may not be feasible
in every event. Hence, this calls for consideration of novel, innovative and emerging greening systems with the
proposition of movable vertical green screens and vertical gardens.

1. Introduction anthropogenic warming and distinct geographical locations [3] but also

to individual adaptive capacities of these systems [4] and different levels

1.1. Background

Presently, the majority of metropolitan areas are being confronted by
numerous extreme meteorological events that are expected to worsen in
the coming decades, as stressed by the latest report of the World Mete-
orological Organization [1]. Some of these events relate to heavy rain
and snow, hail, droughts, and heat waves, which may initiate other
high-impact events such as flooding, landslides, or wildfires [2]. How-
ever, the degree of vulnerability and resilience of urban systems and
their natural counterparts to such events varies considerably across the
globe. This is namely due to a different rate and magnitude of local
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of urban and economic development [5]. Nevertheless, the resulting
degradation and destruction of the built infrastructure and its natural
ecosystem is felt worldwide.

In Europe, 70% of the largest cities are particularly vulnerable to
rising sea levels and flooding events due to their natural geographic
position near rivers, seas, and oceans [6]. With over 90% of all urban
areas being coastal, cities worldwide are at equal risk of flooding from
rising sea levels and heavy storms [7]. This also holds true for
non-coastal countries like Austria, where the occurrence of natural
hazards like heat waves or severe storm events driven by climate change
is becoming more frequent. For instance, heavy rainfall and flooding
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events observed in the Alpine region may trigger mass movements such
as landslides, rockfalls, or torrential flows [8], and thus can critically
affect urban and rural settlements as well as transport infrastructure [9].
In other rural regions, severe droughts are observed with major impli-
cations for the cultural landscape and agriculture. Austrian cities are
equally under great stress from extreme meteorological events caused by
climate change with observed rising temperatures and increased heat
load [10], more frequent heat waves, and the more likely occurrence of
sudden precipitation events (i.e. heavy rain events) [11]. With around
60% of the Austrian population being currently settled in cities [12], the
livelihood and well-being of local communities are critically affected by
such developments.

At the same time, cities are regarded as key contributors to climate
change, affecting, first and foremost, their local atmospheres, while
further extending a profound influence on regional and global climate
systems [13,14]. The main adverse effects of urban development relate
to air pollution, waste heat, and greenhouse gases, whose concentrations
vary according to human activity cycles with respect to the time of day,
day of week, and seasonal cycles [15]. Hoseinzadeh et al. [16] discussed
at length the critical aspects that cause environmental pollution. They
equally outlined a convincing approach that may facilitate the transition
towards low-carbon and high-renewable energy systems. Similarly to
Hoseinzadeh et al., Mi et al. [17] stressed the fact that cities play an
important role in low-carbon transition. Cortekar et al. [18] further
discussed the role of cities in climate change adaptation and mitigation
and how cities should be supported in such processes in the future.
Currently, many efforts are directed towards gathering a vast scientific
body of knowledge and practical, real-world experiences regarding both
strategic and operational approaches to deal with climate-related chal-
lenges [19,20]. One of the related economically viable and technically
feasible strategies is the re-naturalisation of urban areas achieved by
applying the so-called Nature-Based Solutions (NBS) [21]. In principle,
NBS are defined as living solutions that are inspired and supported by
nature, offering a constant provision of environmental, social, and
economic benefits towards improved urban resilience [22]. By
embracing NBS, specifically the urban green infrastructure (i.e. urban
trees, urban parks, green roofs, and green walls/facades), cities are
presented with an opportunity to recover their physical connectedness
of the urban vegetation layer and gain new nature-driven functions, such
as, for example, filtering of polluted urban runoff, retention of urban
stormwater, and radiation shielding [23]. Thus, through NBS imple-
mentations, cities are given a context-specific medium to alleviate
pressures related to climate change and urbanisation.

With regards to their environmental benefits, a number of studies
have documented a positive effect of NBS on biodiversity and the cre-
ation of new habitats [24], improved air quality [25], reduction of flood
risks [26], and improvement of mental and physical health [27]. For
instance, Tomson et al. [25] collected relevant contributions investi-
gating the benefits of green infrastructure (green walls, vertical green
screens, trees, green roofs, hedges) for decreasing air pollutant con-
centrations in street canyons. They have found corresponding re-
ductions for particulate matter (PM) and nitrogen dioxide (NO3) to reach
up to 60% and 53%, respectively. Building on these observations, the
work of Redondo-Bermiidez et al. [28] further documented multiple
social, environmental, and economic co-benefits of green infrastructure
that went beyond air quality improvements, such as the connectivity for
wildlife, environmental awareness, and mental well-being, to name a
few. For these reasons, increasing attention is currently being given to
the restoration and improvement of urban vegetation systems [29-31].
Specifically, Connop et al. [29] stressed that by incorporating the
context-aware urban green infrastructure design into planning and
policy-making spheres, improved resilience of the city and better
adaptability to respond to locally contextualised challenges may be
achieved. Additionally, Bush [30] analysed the role of local government
policies on the provision of urban green spaces and noted that con-
flicting and competing framings between different policy priorities are
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the main factors impeding the transition to nature-based cities. Klaus
and Kiehl [31] discussed the importance of urban ecological restoration
and rehabilitation and how to best facilitate such a process.

1.2. Urban tree canopy

The urban tree canopy denotes a layer of branching structures (e.g.
leaves, branches, and stems) that covers the surface of an urban area.
The urban canopy network refers to a system of interconnected urban
green spaces, such as parks, green roofs, and street trees, that collec-
tively form a larger network of vegetation in urban areas. Oftentimes,
this interconnectedness may be interrupted by the very configuration of
urban areas that accommodate a complex matrix of densely built
infrastructure [32]. Such a dense landscape structure often leaves little
room for vegetated areas resulting in poor vegetation connectedness,
further affecting ecosystem functioning. Hence, many related studies
stressed that restoring the vegetation connectedness of a landscape is
seen as a necessary approach to ensure the provision of ecosystem ser-
vices and to promote biodiversity conservation [33-35]. In this context,
an exemplary study carried out by LaPoint et al. [33] gathered vast
scientific evidence on ecological connectivity research in urban areas,
further stressing its potential for biodiversity conservation and the
provision of ecosystem services. Additionally, Huang et al. [35] dis-
cussed the importance of constructing and optimising the urban
ecological network for protecting ecological diversity and providing
ecological service functions.

One important aspect belonging to this research domain relates to
the reconstruction of the urban tree canopy network in order to achieve
a mending of structural gaps in the existing vegetation layer. In practice,
however, such a targeted coupling of the built structure and vegetation
elements may be hindered by the inherently restricted physical space of
the urban fabric. The term "urban fabric" is commonly understood as the
physical texture of an urban area encompassing buildings, the street
network, impervious and pervious surfaces, and urban furniture. Thus,
investigating the integrity of the existing urban tree canopy as the
overall connectedness of vegetation governed by such structural com-
ponents of the urban fabric may be seen as an essential prerequisite to
any ecological conservation efforts. In general, identifying re-
naturalisation potentials to achieve interconnected urban vegetation
will not only improve ecological connectedness but may be understood
as a critical step towards creating sustainable cities and should thus be
an integral part of any related urban strategic action plans.

1.3. Relevant initiatives in Austria

Given this background, it is unsurprising that respective initiatives
are taking their shape all over Europe [see, for example, 36-39]. In part,
this is triggered by the Covenant of Mayors for Climate and Energy, the
world’s largest movement supporting local climate and energy actions
[40]. Altogether 11.077 signatories have joined the Covenant so far,
representing 55 countries. In Austria, 14 municipalities and 3 cities
(Vienna, Bregenz, and Klagenfurt) joined as signatories until today.
However, only one large city may be recognised from the list: the capital
of Austria, the city of Vienna. Although the majority of other larger cities
in Austria already recognised and felt the threat of climate change to
their infrastructure and communities, they are still lagging behind
Vienna when it comes to implementing or even drafting their local
climate strategies aligned with the Paris Agreement [41].

In this context, the reflection here is on relevant strategic action
plans from the three largest cities in Austria: Vienna (population of
1920.949), Graz (population of 295.424), and Linz (population of
208.690) [42]. The city of Vienna established its Urban Heat Island
Strategic Plan in 2015, outlining the actions to mitigate the effects of
urban warming [43], and later the Smart City Wien framework strategy
was launched in 2019 [44]. The initial guidelines, goals, and objectives
of the Smart City Wien framework strategy were drafted already in
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2014, however, the updated document from 2019 strongly reaffirms the
city’s commitment to combating the consequences of the global climate
crisis. The city of Graz started working on its climate action plan in 2018
but drafted a fully formulated strategy only four years later, in 2022
[45]. Similarly, the Linz City Council adopted a climate action blueprint
in November 2019, which contained a declaration of principles and an
overview of actions for its climate strategy [46]. However, the blueprint
was largely criticised by the local auditors due to the fact that it only
contained an overview of measures but not yet a specific nor a timely
concept for adapting to climate change [47].

Nevertheless, within their strategies, all cities have put an emphasis
on preserving their green ecosystems, establishing fresh air corridors
and pools of cool air, minimising environmental pollution, and
improving rainwater management. This is to be achieved by a city-wide
re-naturalisation towards an adequate provision of green infrastructure,
particularly street trees and building-level greening (e.g. green roofs,
green facades, vertical gardens). However, given the recent publication
of Graz and Linz strategies, it can be assumed that little has been done to
help these cities tackle the consequences of climate change and build
resilience through restored green ecosystems. In this respect, a starting
point would be to identify those segments of the urban fabric where the
proportion of green spaces is critically low, which would serve as a
foundation for drafting tangible re-naturalisation potentials. This ne-
cessity is especially evident in the case of the city of Linz, where the
proportion of green spaces in 2018 amounted to about 36%, which is the
lowest amongst the provincial capitals.

On a national level, Austria is also committed to protecting biodi-
versity and promoting sustainable development. The Austrian Biodi-
versity Strategy 2020+ elaborates on this commitment by describing
actions to conserve and promote biodiversity and its ecosystem services
over the long term [48]. Some of the considerations relevant to this
study relate to aspirations to incorporate biodiversity goals in spatial
planning. This specifically considers the need for identification of areas
with an increased need for green infrastructure, along a necessity to
promote biodiversity in newly established green areas.

1.4. Motivation

A common approach to planning and implementing urban green
infrastructure relates to a meticulous analysis of local urban planning
documents, policies, and adopted strategies on the regional and national
levels. These documents serve to provide guidance on the way urban
green infrastructure should be perceived, considered, and tackled to
meet national targets of ecological conservation. A brief reflection on
respective legislative urban planning documents in the context of
selected Austrian cities has been given in the previous section.

Such conceptual approaches are essential for gaining a fundamental
understanding of the underlying urban planning concepts and strategies.
However, they do not provide information on the individual positioning
of cities in relation to the practical implementation of those concepts
and principles. To the best of our knowledge, very little quantitative
evidence, if any, exists on the extent of urban green infrastructure in
Austrian cities, which may be seen as a necessary first step to achieve
any tangible results in ecological conservation. This especially concerns
the application of analytical methods for quantifying these aspects,
which is equally not as prominent. Hence, these aspects and related
needs have motivated the following investigation.

1.5. Overview

The present contribution discusses the outcomes of an analytical
assessment study done for the three largest cities in Austria (Vienna,
Graz, and Linz) towards a critical evaluation of the existing street-level
urban tree canopy within their urban fabrics. Firstly, a city-wide geo-
spatial analysis of urban street vegetation is carried out with a focus on
tree placement and its spatial density. This serves as a starting point in
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identifying existing vegetation gaps within the city. Secondly, using the
well-established Local Climate Zone (LCZ) classification system [49],
relevant urban structure profiles that are known to regulate atmospheric
responses to urbanisation are extracted. This helps us to investigate the
physical constraints of the urban space and further highlight potentials
for re-naturalisation (e.g. street trees, green facades, and green roofs).
The study relies on the open-source software R [50] and QGIS [51].
These tools are further supported by the freely available georeferenced
datasets obtained from respective open data portals [52], along with the
global map of LCZs [53] specifically generated to support the research
efforts on assessing the climate risks at urban scales.

It should be noted, however, that the presented analytical assessment
has not been applied to any real case study yet. Our intention here was to
address the research gaps in the existing body of knowledge on urban
green infrastructure in Austrian cities and to further initiate a discussion
in this regard.

2. Methodology
2.1. Urban case studies

The city of Vienna (longitude 16.36° E, latitude 48.21° N) is
currently home to around 1.9 million people, with an average popula-
tion density of 4656 people per km? and a total urban area of 414.9 km?
[54]. Vienna is divided into 23 districts, whereby central districts, and
especially districts 5-8, are the ones occupying the smallest fraction of
the city but having the highest population and building density. The
total share of green areas in the city is around 49%, with around 36%
being built up or otherwise sealed (15% are occupied by the traffic
network) [54]. Even if perceived as a relatively green city, Vienna still
experienced average monthly temperatures in 2021 above the long-term
average in almost all months, with daily maxima reaching up to 37.1 °C.
The city is also affected by heat waves that are becoming more frequent
and longer in duration.

The city of Graz (longitude 15.43° E, latitude 47.07° N) has almost
0.3 million inhabitants, with an average population density of 2300
people per km? and a total urban area of 127.6 km? [55]. Graz is divided
into 17 districts, with the second-smallest district in Graz (St. Leonhard)
having the highest population density (8238 people per km?). The total
share of green areas in the city is around 68%. Although this percentage
may seem high, the majority of larger green areas are located at the
city’s outskirts and are part of a forested zone bordering the city, which
is not representative of street-level greening. The city recorded the
highest daily air temperature maximum for two consecutive months in
2013 (July and August), reaching up to 38.1 °C [56].

The city of Linz (longitude 14.28° E, latitude 48.30° N) has around
0.2 million inhabitants, with an average population density of 2159
people per km? and a total urban area of 95.98 km? [57]. Linz is divided
into 16 districts, and similar to the other two cities, the central districts
are accommodating the most people per km?. The total share of green
areas is the smallest amongst the observed cities, with only 36% of the
urban fabric being vegetated. The city recorded the highest daily air
temperature maximum in 2011, equalling 36.9 °C [58].

2.2. Data sources

The concerned study focusing on urban tree canopy assessment and
the identification of related gaps relies on the use of open georeferenced
datasets acquired from the official open government data catalogue
(OGD), which is part of the open government data initiative in Austria
[52]. This catalogue contains, amongst other information, a tree
cadastre dataset for each city. The data are represented as georeferenced
data points, also offered in the form of a comma-separated values (CSV)
file, enriched with additional semantic information, for example, district
information where the tree is located, the street name, unique tree ID
number, tree species, planting year, etc. Additionally, the georeferenced
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vector polygons representing the city boundaries and their respective
urban districts may be found in this catalogue.

The overview of the built urban structure additionally relies on the
dataset related to 2D building footprint polygons used to compute the
total amount of built area per each urban district. This information was
in part acquired from the OGD, which was only given for Vienna and
Linz. In the case of Graz, the respective information was derived from an
open-source repository, Open Street Map Buildings [59].

The computation of key urban structure profiles relies on the vali-
dated and freely available global map of Local Climate Zones (LCZ) [53,
60]. The LCZ dataset provides standardised and harmonised data of all
cities while capturing the intra-urban heterogeneity across the whole
surface of the Earth. The map has a spatial resolution of 100 m, derived
from multiple Earth observation datasets and expert LCZ class labels
[61,62]. Altogether, there are 17 classes within the LCZ scheme repre-
senting a distinct combination of physical surface structure, surface
cover, and human activity, the very features that are known to drive
atmospheric changes. Out of these 17 classes, 10 reflect the built envi-
ronment and the remaining 7 the natural land cover (e.g. forest land-
scape, low plants, agricultural soil, water bodies).

2.3. Modelling approach

A city-wide spatial analysis of street-level vegetation is carried out
with the open-source software environment for statistical computing R
[50]. In general, the core functionalities of R can be enriched with
customised packages representing the fundamental units of shareable
code [63]. One of such packages, called spatstat, allows for spatial
sampling, processing, and visualisation of spatial data points using a
predefined syntax [64]. More specifically, the spatstat package is used
for analysing point patterns in two dimensions while fitting parametric
models to spatial point pattern data. In order to deploy the functions
from the spatstat package, the data should first be translated into the
spatstat format. This means the data should be a point pattern, a window,
or a pixel image [65]. A point pattern represents the spatial dataset of all
events under investigation observed in a certain region. A window is a
two-dimensional space that explicitly defines the study area. A pixel
image is a raster layer containing intensity values for each grid cell in a
rectangular grid inside a defined region which may portray certain co-
variate data values (e.g. size of the area, population density, built den-
sity). In our case, the input data was defined as the georeferenced data
points representing street trees. Once this is done, the dataset is con-
verted into a point pattern object — an object class representing a
two-dimensional point pattern - and is further bound to a city’s
boundary polygon, acting as the extent (window) of the area under
study.

Once the data was pre-processed, the study proceeded with the
analysis and visualisation of the geographic distribution of a variable
towards the quantification of spatial variations in its intensity, in our
case, the spatial variation of street trees. This namely relates to using a
heatmap visualisation that employs univariate kernel density estimation
(KDE) and a diverging colour scheme. In principle, kernel density con-
structs an estimate of the density function from the observed input data
points around each centroid from the output raster cell [66]. Our study
deployed an isotropic kernel intensity estimate of the point pattern — a
multidimensional kernel with the same bandwidth along different di-
rections. To allow for a more precise estimate within the output raster, a
bandwidth of 0.3 km with a Gaussian smoothing function was defined. A
larger bandwidth would result in a larger spread over the region of in-
terest, thus overestimating the spatial coverage of points representing
street trees. KDE will not only carry out the spatial mapping of all given
street trees but correspondingly help identify the gaps in the existing
vegetation network.

Hence, from the KDE, it can be easily observed where events are
more likely to occur and where the respective spatial gaps are. However,
the following step would be to try to answer why this is occurring and
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how this may be remedied. In an effort to address this issue, a number of
urban characteristics as derived from the LCZ map were investigated. As
the map has a global character, one had to first localise the urban case
studies and extract the respective LCZ map pertaining to their spatial
boundaries. This step was done in QGIS using a dedicated algorithm that
allows for clipping the raster layer (LCZ map) by a masque vector layer
(urban boundary polygon). This process retains all the information
about individual band values representing 17 classes of the LCZ scheme.
Following, all individual urban LCZ maps were further clipped for their
respective urban districts. This allowed us to compute a distinct LCZ
representative of each urban district. Given the inherent heterogeneity
of an urban realm, a representative LCZ for a single district was assumed
as the one occupying more than 65% of a given district area, dubbed as
the first-level LCZ class. Whenever there was a lower percentage of
coverage, the second-most representative LCZ as a sub-typology
depicting this heterogeneity was assigned, dubbed as the second-level
LCZ class.

3. Results
3.1. Urban tree canopy assessment

Figs. 1 to 3 illustrate the existing spatial distribution of building
footprints, street trees, KDE, and masking output of regions of higher
density over the urban landscapes of Vienna, Graz, and Linz, respec-
tively. On a global observational scale (i.e. city-wide), Vienna appears to
have a fairly proportional coverage of street trees (Fig. 1, upper right) in
respect to the built urban fabric (Fig. 1, upper left). In contrast, a dual
trend can be observed for both Graz and Linz (Figs. 2 and 3, respec-
tively): in some areas, a higher density and geographic clustering of trees
may be observed, whereby in other areas, trees appear to be more
fragmented or completely omitted. In addition, it seems that trees only
partly cover the built urban fabric of Graz and Linz, emphasising po-
tential gaps in the existing vegetation network. This is also in agreement
with the results from the output kernel density raster resulting from the
applied KDE method (Figs. 1 to 3, lower left). The KDE method more
clearly illustrates the inter-dependencies of data points by spatially
mapping the areas of higher and lower densities. Higher densities are
marked using the yellow and pink colour spectrum. The purple colour
denotes areas where estimates are made, thus implying spatial gaps.
These areas are clearly the regions where the KDE model generated the
continuous replacement of missing data points, indicating a low prob-
ability of seeing a point at that location. In general, such areas are mostly
observed on the peripheral boundary of selected cities but are equally
scattered over the inner segments of districts.

On a finer observational scale (i.e. district-based level), all cities
show a higher level of fragmentation within central urban areas (dis-
tricts with lower numbers). It can be further observed that central urban
areas have rather scattered trees within their domains, with clustering of
points at their boundaries (see the respective KDE output). This may be
due to the dense urban fabric, narrow streets, and, therefore, the lack of
physical space within urban canyons to accommodate trees. Having this
in mind, an additional output was generated where the regions of higher
densities were masked out (Figs. 1 to 3, lower right). Considering the
very nature of KDE, where the density of points in a close neighbourhood
around each single data point is computed, one could clearly visualise
the areas with lower densities (dark grey area in the masking output),
indicating the lower probability of points occurring in the output raster
once the masking of the higher densities was carried out. Subsequently,
a percentage of the area with such low-density points for the given
extent of three target urban areas (i.e. the sum of dark grey pixels in the
masking output) was derived: 86% for Vienna, 94% for Graz, and 83%
for Linz. However, as these cities are equally characterised by a forestry/
meadow area bordering the city (see LCZ maps in Fig. 4), the percentage
of such surrounding greens as defined in the LCZ maps (i.e. LCZ classes
from A to G) was also computed: 38% for Vienna, 40% for Graz, and 41%
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Fig. 1. The spatial distribution of different factors across the districts of Vienna: building footprints (upper left), street trees (upper right), KDE with city district
division (lower left), and masking out the regions of higher density in R where FALSE indicates lower or no values and TRUE indicates high values (lower right).

for Linz. Hence, the actual area that may be understood as disconnected
in terms of a vegetative cover in the existing urban fabric would equal to
the respective difference: 48% for Vienna, 54% for Graz, and 42% for
Linz.

As noted above, fragmentation is also observed in peripheral
urbanised areas before the structural transition to the bordering forest
land, whereby Graz and Linz show a more prominent absence of street
trees. This is further supported by the spatial distribution of LCZ classes
(Fig. 4), where for urbanised areas (as presented using the red-orange
colour scheme) in the eastern and southern segments of Graz and the
eastern segment of Linz, no recorded trees may be observed (Figs. 2 and
3, upper left). In principle, these gaps may be further interpreted as
vulnerable areas of the city due to the higher heat uptake from direct
exposure to the incoming solar radiation resulting in poor outdoor
thermal comfort. This is especially problematic for the occurrences in
central urban areas, considering that densely built areas are prone to
more frequent summer overheating events due to the restricted geom-
etries and lower sky view factor (SVF) affecting urban cooling and
heating regimes [67]. More trees in the urban environment that provide
radiative shading and evapotranspiration could, in principle, contribute
to lowering urban air temperatures and regulating the thermal envi-
ronment more effectively [68]. Additionally, densely built areas may be
prone to a higher risk of flooding during periods of heavy rain due to a
higher amount of impervious surface cover (i.e. asphalt, concrete),
which also leads to increased urban runoff.

3.2. LCZ classification and the urban structure

Looking at the spatial distribution of LCZ classes over the three cities,
a much larger spatial extent of highly-densely built urban fabric (LCZ

classes 1 and 2) for the city of Vienna may be observed, as depicted in
red colour in Fig. 4. Such built structure is mainly attributed to the
central urban districts (i.e. numerical descriptions 1 to 9), which appear
to be rather homogeneous in their structure. On average, the central
urban districts are characterised with around 87% of LCZ 2 (Fig. 5). The
only exception to this trend is district number 3, which may also be
characterised as half-densely built/half-industrial. Similarly, in the case
of Graz and Linz, a highly-densely built urban fabric mostly covers
central district 1, with around 50% of coverage (Fig. 5), whereby Graz
also depicts a larger spatial spread going over the respective surrounding
districts (Fig. 4). In the case of Linz, the central district is the only one
showing a distinct clustering of highly densely built urban fabric over its
entire area (Fig. 4). The total spatial coverage of LCZ classes 1 and 2 (i.e.
characterised by tightly packed high- and mid-rise buildings and little
green space) for each city is as follows: 45 km? for Vienna (11% of total
urban area), 4 km? for Graz (3% of total urban area), and 5 km? for Linz
(5% of total urban area).

In relation to other LCZ classes, a dominant heterogeneous character
across non-central and peripheral districts may be further observed
(Figs. 4 and 5). This heterogeneity is, in general, more prominent in the
case of Graz and Linz, where almost all districts have less than 65% of a
LCZ class that may be characterised as a first-level class (the most
representative). This irregularity in spatial and structural configuration
may have partly influenced the observed fragmented distribution of
street trees over the non-central and peripheral districts of Graz and
Linz, as seen in Figs. 2 and 3. Furthermore, a predominance of classes A
and B (depicted in green colour scheme) may be observed in some pe-
ripheral districts (Fig. 5). These classes denote a heavily wooded land-
scape (class A) and a lightly wooded landscape (class B) of deciduous
and/or evergreen trees. This is not surprising, as these districts are
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Fig. 2. The spatial distribution of different factors across the districts of Graz: building footprints (upper left), street trees (upper right), KDE with city district division
(lower left), and masking out the regions of higher density in R where FALSE indicates lower or no values and TRUE indicates high values (lower right).

located at the very boundary of the cities, and hence, they are the ones
transitioning to the surrounding forestry area, as mentioned before. In
the case of Vienna, such areas are located on the western side of the city.
In the case of Graz, mostly western and northern segments are wooded.
In the case of Linz, a distinct clustering of wooded areas at the southern
and northern segments of the city may be observed. Although these
areas are excluded from our assessment, their urban counterparts (as
seen in Fig. 5, second-level LCZ classes) may still experience vegetation
gaps, which is further supported by the results of the KDE for each city.

4. Discussion
4.1. Comparative assessment of existing urban tree canopies

Spatial connectivity and the overall integrity of existing street-level
urban tree canopy vary between the observed cities. In general, the
presence of continuous intertwined vegetation corridors is more pre-
dominant in the case of Vienna, whereby Graz and Linz show a higher
degree of vegetation fragmentation with abrupt disturbances in the
existing urban tree canopy. The further away from the central urban
districts, the higher level of fragmentation may be observed. Further-
more, a general tree cover imbalance between individual urban districts
in Graz and Linz may be perceived, whereby peripheral districts located
at the very perimeter of the urban boundary often show a complete
absence of street-level vegetation. For some districts, this may be
attributed to the more industrial character of the space, as seen in Figs. 4
and 5 (LCZ class 8). Considering that a related study by Ziter et al. [69]

has shown that a minimum urban canopy cover of 40% is necessary to
provide substantial cooling benefits at the scale of a typical city block
(60-90 m), the noted tree cover omission in peripheral districts of the
study cities is expected to increase the vulnerability of urban residents to
heat waves. The study by Ziter et al. [69] further noted that air tem-
perature tends to decrease nonlinearly with increasing tree canopy
cover, whereby air temperature declined more rapidly when the canopy
cover surpassed the 40% threshold.

On a finer observational level, however, a common trait across the
study cities may be drawn, which relates to the intra-district fragmen-
tation and absence of street-level vegetation. Such a trait is character-
istic for central urban districts, which are driven by the physically
confined features of the space resulting in limited space for planting
vegetation. By disposition and further supported by the LCZ classifica-
tion [62], highly-densely built urban fabric is characterised by closely
spaced buildings separated by narrow streets with the SVF significantly
reduced (i.e. LCZ 1 and 2). In the case of the study urban areas, it may be
observed that these districts are notably smaller in size compared to
their peripheral counterparts, further emphasising their quite dense
physical structure with fewer open spaces available (Figs. 1 to 3).
Indeed, having in mind a spatial placement of street trees in related
central urban districts in all three cities (Figs. 1 to 3), a notable absence
of vegetation comes to the foreground. In general, it may appear that the
likelihood of having a tree in such narrow street canyons is rather low.
These kinds of deliberations, however, should be taken as a more general
indication of expected trends and occurrences.
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Fig. 3. The spatial distribution of different factors across the districts of Linz: building footprints (upper left), street trees (upper right), KDE with city district division
(lower left), and masking out the regions of higher density in R where FALSE indicates lower or no values and TRUE indicates high values (lower right).

4.2. Vegetation gap remediation driven by the urban structure

Reflecting on the potential remediation measures within central
urban districts, due to the evident physical constraints of the urban
space within these districts, the consideration of building-level greening
(e.g. green roofs, green facades) may be a better approach to urban re-
naturalisation in these cases. Such measures should be well-tailored to
the location, preferably with specific planting designs achieving topo-
graphic heterogeneity (e.g. a mix of short and tall plants), which may, in
turn, increase their functional benefits, as documented in Weerakkody
et al. [70]. Moreover, such measures should preserve the structural
integrity of the buildings. However, given the further constraints
imposed by the abundance of historic buildings, where these cities may
be understood as exemplary models of the living heritage, such measures
may not be feasible in every event. This especially holds true for the
urban core in its unity in the case of all three cities. Hence, this calls for
consideration of emerging innovative greening systems with a potential

proposition of movable vertical green screens and vertical gardens.
Their inexpensive construction consisting of a steel or plastic mesh on
which climber vegetation grows is quite unobtrusive and may also be
used in those instances where planting space is limited. These solutions
may provide various benefits, such as air pollutant capture, biodiversity
support, noise reduction, and rainfall attenuation [26].

Within non-central and peripheral areas, which are generally iden-
tified as the less densely packed with more openly arranged buildings
where the SVF is only slightly reduced, implying wider street canyons (i.
e. LCZ 5 and 6), the potentials for urban re-naturalisation are more
diverse. For instance, the strategic positioning of trees within the wider
street canyons where the spatial gaps are identified would be assumed as
the most cost-effective measure. The strategic aspect in this regard does
not only relate to the aim of remedying the spatial vegetation gaps.
Rather, such a carefully planned implementation may further help to
mitigate heat stress and improve the overall thermal perception of pe-
destrians in outdoor spaces under hot summer conditions. On the other
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Graz (middle), and Linz (right).

hand, if strategically positioned relative to the building front, trees may
affect the heat exchange between the building envelope and its sur-
rounding environment by preventing the excessive heat-up of the
building envelope [71]. In turn, this would have a major impact on
cooling energy requirements in buildings. Additionally, building-level
greening may be considered wherever possible, further contributing to
the formation of fresh air corridors (by green walls/facades), reduction
of energy demand for the cooling of buildings (by both green roofs and
green walls/facades), improved rainwater management (by green
roofs), and would also support the creation of habitats for birds and
pollinators [72,73].

4.3. Limitations of the study and implications for further applications

The presented study is subject to potential limitations. Specifically,
the analytical assessment is based on street-level urban vegetation only,
whereby the urban parks and smaller intra-city vegetation patches are
not regarded. One may argue that such a limited consideration may not
provide a very detailed estimation of the overall tree canopy connect-
edness within observed cities. Although this reasoning is regarded as
valid, this study followed a specific objective where the aim was to
investigate the urban vegetation connectedness following a pedestrian
street network. The reasoning behind such considerations is that these
areas are regarded as the most frequented areas of the city by pedes-
trians and the ones where the provision of favourable thermal, air
quality, walking, sensory, and living conditions is of utmost importance.
Additionally, it could be expected that the often confined street canyon
geometry of densely built-up cities may be a critical aspect conditioning
the presence of vegetation, as it was demonstrated in this study.
Nevertheless, future research efforts should consider the urban

vegetated network in its entirety while also extending the scope of
research to other aspects, such as, for example, social welfare and equity
related to the accessibility to green spaces, environmental awareness
fostering pro-environmental behaviours, location-specific provision of
multifunctional ecosystem services, etc. Moreover, the present study
mainly considered assessments on a 2D plane. However, the assessment
of greening potentials observed in a 3D space where the potential
planting area is estimated based on the effective area of the building
facade or presence of building balconies, for instance, would be a
promising additional direction of related research.

Looking at the general applicability of the analytical approach pre-
sented in this study, the approach highly depends on the availability of
required input data sources. This mainly pertains to tree cadastre data,
building footprints, and city boundaries, as not all the cities will have
these sources readily available. When faced with an absence of these
datasets, a number of alternative methods may be applied. However,
these methods may require additional knowledge, skills, and are asso-
ciated with greater computational complexity, which may affect the
immediate transferability of the presented methodology.

Some suggestions for alternative methodological approaches relate
to the following: In part, spatial vector data may be alternatively derived
from remote sensing imagery, whereby a satisfactory modelling method
involves computation using 3D point clouds of the Earth’s surface that
originate from LiDAR (Light Detection and Ranging) data sources. Such
an approach is well-documented when retrieving building footprint data
[74,75]. There are some recent applications where LiDAR data was used
to retrieve tree point data, however, substantial differences in detection
accuracies are noted for trees along streets (72%) and structurally more
complex trees located in green areas (31%) [76]. Lastly, a Corine land
cover derivative dataset called Urban Morphological Zones (UMZ)
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published by the European Environmental Agency (EEA) may be used to
inform on the boundaries of European cities [77].

5. Conclusion

This paper presented the results of an analytical study that in-
vestigates the degree of spatial tree canopy connectedness in three large
cities in Austria (Vienna, Graz, and Linz). As a starting point, distinct
city-wide heatmaps were generated, using a KDE approach to visually
depict the trends and patterns in existing urban tree canopy networks.
Our focus was on mapping the urban street-level vegetation in order to
identify the existing vegetation gaps pointing to the vulnerable areas of
the cities prone to overheating, flooding, and urban runoff, amongst
other things. In general, using a KDE technique, the interdependencies
of street tree data points were clearly illustrated while also dis-
tinguishing between the areas of high and low densities. Out of the three
cities, Vienna appears to have the highest proportional coverage of
street trees in relation to the built urban fabric. However, there are
plenty of occurrences where a random distribution of tree clusters and
highly fragmented instances are noted, which was more prominent in
the case of Graz and Linz. The lack of trees was especially visible in
densely built-up, central urban areas.

The second focal point of our study was on the LCZ classification and
the related spatial distribution of highly-dense and more openly ar-
ranged built fabric. In this regard, a rather homogeneous character in
central urban areas was noted, where highly-densely built structure
covered around 87% of a district’s surface. This was consistent across all
study areas. As such, a structural arrangement often denotes closely
spaced buildings separated by narrow streets, as per LCZ classification,
this may, in part, explain the noted lack of vegetation due to the lack of a
physical space to accommodate trees. In contrast, a prominent hetero-
geneous character could be observed across non-central and peripheral
districts, which was more prominent in the case of Graz and Linz. This
irregularity of spatial and structural configuration may have partly
influenced the noted vegetation fragmentation resulting in unbalanced
clustering.

Potential recommendations for urban re-naturalisation are mainly
driven by the observed physical and structural characteristics of inves-
tigated urban areas. In general, there are numerous opportunities for
urban re-naturalisation within more openly arranged buildings identi-
fied in the non-central and peripheral areas. Here, more conventional
measures may be considered, such as street- and building-level greening.
However, due to the evident physical constraints of the urban space
within central districts, a more favourable approach to urban re-
naturalisation may be the implementation of building-level greening.
In those cases where further constraints are introduced by buildings of
historical importance, alternatively, emerging innovative greening sys-
tems should be considered with the proposition of movable vertical
green screens and vertical gardens.

In conclusion, urban re-naturalisation may be understood as an
essential prerequisite to more resilient and liveable cities. Tackling the
documented vegetation gaps in the urban fabric has the potential to
improve the ecosystem services provided by the green infrastructure,
improve physical and social connectivity and well-being, reduce energy
consumption, and restore, maintain, and foster biodiversity and natural
habitats in cities.

NBS impacts and implications

This study explores city-wide spatial gaps in existing street-level tree
canopy to identify potentials for urban re-naturalization. Subsequently,
relevant nature-based solutions and strategies are considered and sug-
gested as suitable measures to mitigate and close the identified vege-
tation gaps towards more resilient and liveable cities. Specifically, the
street level and building level greening. These recommendations are
mainly driven by the observed physical and structural characteristics

Nature-Based Solutions 3 (2023) 100062

and constraints of investigated urban areas.
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