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1 ABSTRACT

Climate change adaptation and the need to impraesoralimates in cities bring urban forestry intactis.
Street trees are important nature-based solutitdBS) with multiple functions. But only large, well-
developed trees that are at least a few decadesnlgrovide the necessary range of ecosystencesrand
perform the tasks required. There are two essetritakia for trees to grow old: (1) the qualitiefsthe site,

in particular the adequate supply of water, aid antrients to the root zone, and (2) the choicéred
species. This links tree planting in the urban emrent to the improvement of the urban water gycle
which is a goal of NBS in its own right.

In this paper, we explore how tree planting and uhigan water cycle can be combined by means of
integrated design solutions in different types pém spaces in cities. Based on a qualitative aisatyduilt
design projects using NBS in Austria and scholbityature, we explore the requirements for andrérge
and combinations of different design solutionsN&S.

In the design of urban rainwater management basdten“sponge city” principle, NBS can be usedtfa
“collection of water”, “retention of water”, “puiigation of water”, and “discharge of water to the
atmosphere or water bodies”. Three different desagproaches for water management are possible:
“concealment” (diverting rainwater rapidly from tearface to underground systems), “integrationd\{ieg

the water visible, but unobtrusive, and integratinopto the overall design of the site), and ,slasing”
(transforming stormwater measures into water-baseehities).

The analysis of 24 projects showed that implemgnliBS by using the sponge city principle for tréas
become an important element in stormwater managerastades and has been applied in a range of
different types of urban open spaces. The sportggnciple for trees is primarily a NBS with logesign
impact: strategies of “concealment” and “integnatiggredominate. “Showcasing” has only occurred in
conjunction with sunken planters for purificatidncorporating NBS into the overall design of an ope
space has untapped potential.

The projects under analysis also show that white water conditions for trees are being improved, th
choice of species is also changing. The focus rsowni species that are able to cope with hotterdaied
conditions. Native species are being replaced tréths from appropriate climatic regions.

The conclusion is that finding synergies betweenl$aape design and engineering provides a ricltsair
innovation for new urban open spaces. The oversigih goal is to achieve an integrative solutiawiag
technical, ecological, social, and economic ne@signing nature-based solutions means takingea sit
specific, integrative approach and connecting waittitywide network of green infrastructure.

keywords: street tree, urban water cycle, urbaigdesponge city, nature-based solutions

2 INTRODUCTION

2.1 NBS connecting stormwater management and street tes

Stormwater management in urban planning and saenghg is increasingly becoming an issue (Kruse
2014). On the one hand, quantitative changes imwtter cycle caused by surface sealing — in comjpmc
with a climate change-related increase in heavyfallievents —have brought existing sewer systenthd
limits of their capacity. On the other, urban hé&dands created by enlarged structures and surfaces
increased waste heat, and reduced evaporativengooili connection with the climate change-induced
aggravation of heat periods are becoming a pulelath problem. This problem can be counteractealitiiv
shading by vegetation and adiabatic cooling calbryeidcreased evaporation (Schmidt 2010). This regui
many strong, healthy, and well-irrigated trees jatiog evapotranspiration in built-up areas.

Summarizing the two EU Commission strategies (ECergyy Climate Change, Environment n.d.&
European Research Executive Agency n.d.), greaasimbicture is the strategically planned network of
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green structures, while nature-based solutionghereconcrete measures to address specific chafighge
can be integrated into a strategic network. NBSthar be seen as modules of green infrastructuaayNf
them address water management or at least havdlagnice on the water balance (Fig. 1).
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Fig. 1: Nature-Based Solutions —Modules of Greerabifucture (source: Karl Grimm)

Seen from a climate and water-management perspedtioreasing the evaporation of stormwater has the
highest priority, ahead of infiltration for groundter recharge. Stormwater management in combination
with urban greening measures can also support wgslty, offer an experience of nature, and enhance
recreational value in urban areas. Accordinglyrmstater management implemented on roofs and facades
and in open space is increasingly interlinked wéhdscape architecture. The transformation of urban
drainage systems includes opportunities to enhdreeguality of open space in existing urban stmesuas
well as in new urban developments in terms of avoek of green infrastructure (Grimm 2018). The rigi
elements of open-space design — trees, plantingygable surfaces — are themselves NBS. To effégtive
deploy the multiple functions and services of NBSirecise development and integration of NBS ingt-h
quality designs is a major task for the future.sTihiplies a paradigm shift in planning for infrastiure and

in designing open space, moving towards integratbletions that are also customized for specifiessi

2.2 Research question and aim of the paper

The focus of this paper is on NBS in the contextreés and water. We investigated which NBS haws be
implemented in public space in Austria and how watas integrated in the design of the open space.

It is the aim of the research to identify the sdatdi NBS realizations in Austrian projects and tolda
knowledge base on tree planting and the urban wgtte. It was important to identify the scope amhds
of implementation.

3 MATERIAL AND METHODS

A literature analysis covered the topics urbanwater management and design, the sponge city pkenci
for trees, and the tree species suitable for udranronments, so-called climate-fit trees. Therditare
review set out to identify criteria for the anakysif the built projects taking into account theioas
functions of the realized NBS in connection wittlesign approach for rainwater.
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Based on lists from AK Schwammstadt (the spongeweitrking group), we conducted a survey in May and
June 2023 and identified 60 sponge city projectdustria focusing on tree planting and the urbanewa
cycle, which varied in terms of their stage of cbstipn, size, and complexity. All the projects aither in a
public space or publicly accessible. The list doetsclaim to be complete. We excluded projects dnatstill

in preparation or planning or in which constructisnnot yet complete. We also excluded built prigec
where no information was available that could balysed. We included projects focusing on rainwater
management to cover a broader scope of NBS. Thidteel in a list of 24 projects (Tab. 1) for funthe
analyses. We conducted a qualitative analysis ef 24 cases aiming at complementary rather than
comparable information (Yin 2010) to get an ovenw the range and state of implementation.

Type of open Year of

Name / Location space Planning and Design Consultancy realization
8020, Graz, — Freiland ZT Stefan Schmidt, Erwin 2018
Eggenberger Allee Murer
2103, Freeh 30 Stefan Schmidt, Erwin 2019
Langenzersdorf Landschaftsarchitekten | Murer
1220, Wien, — 3:0 Landschaftsarch., Stefan Schmidt, Erwin from 2020
Quartier am Seebogen Stoik ZT Murer

NO . :
740, Eggenhung, street StraRenbauabteilung 1, g il 2021
Pulkauer StralRe Murer

Hollabrunn
2011, Sierndorf, Karl Grimm 5
Wiener Strale Sinel Landschaftsarchitekten EonliManer raal
3340, Waidhofen/Ybbs, Karl Grimm i
Freisinger Berg shieal Landschaftsarchitekten Ersdecdurer duzl
4020, Linz, 3:0
Kroatengasse R Landschaftsarchitektur R
6020, Innshruck, — Stadtgartenverwaltung | Stefan Sch'rmdt, Erwin 2021
Ing.-Etzelstralle Innshruck, Murer, Grimm
1160, Wien D\D . .

i ’ t Ad42 Z
Thaliastrale s Landschaftsplanung Lip aF ViR, M —
8010, Graz, e 3:0 Stefan Schmidt, Erwin 2022
Leonhardglirtel Landschaftsarchitektur | Murer
8742, . lichtblauwagner Karl Grimm
Obdach Halistog R architekten Landschaftsarchitekten apal
3580, . Karl Grimm
Horn parking ares | Held&Franke Landschaftsarchitekten A
6020, Innsbruck
Wallndferplatz urban plaza | LAAC 2010
8020, Graz, : ?

Gendital urban plaza Studio Baden / LAM Freiland ZT 2018
4880, . . i

. urban plaza | Arch. Peter Gilhofer studioblaugriin 2020
Attnang-Puchheim
1180, Wien, i briass Karl Grimm Erwin Murer 2020
Johann-N.-Vog|-Platz P Landschaftsarchitekten | (substrate)
2821, e 3:0 Stefan Schmidt, Erwin 2020
Lanzenkirchen P Landschaftsarchitektur | Murer
1020, Wien b | D\D Stefan Schmidt, Erwin 2022
Praterstern e s Landschaftsplanung Murer
1190, Wien N - FCP Fritsch, Chiari & Karl Grimm 2022
Leopold-Ungar-Platz P Partner ZT GmbH Landschaftsarchitekten
1100, Wien o : Karl Grimm
Neues Landgut urbnplaze | ArgrAlmaln Grimm Landschaftsarchitekten Az
1220, Wien, , . Jakob Fina Karl Grimm
Slissenbrunnerstralle PesielE e Landschaftsarchitekt Landschaftsarchitekten s
1,100’ WI?"' residential UGS | Knallconsult 2019
Biotope City
1220, Wien . . N , Karl Grimm
fhenanlangsnibels residential UGS | Arge SimZim Grimm Innifsdhatisandiiickien 2019 -2022
6020, Innshruck, Campus p— Karl Grimm 2018
TechnikerstralRe P Landschaftsarchitekten

Tab. 1: List of analysed projects
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4 BACKGROUND

4.1 Urban rainwater management

Traditional urban drainage was developed in thé tentury (Brombach et al. 2011) and is based droén
pipe solutions (Geiger&Dreiseitl 1995). Water isnmarily regarded as a problem and is rapidly rerdove
into the sewers, into surface waters, or into theuigdwater via dry wells. Green infrastructure seek
integrative solutions, and water is recognized assmurce. It aims to rehabilitate natural watecley,
harvest rainwater, protect against urban floodimgised by stormwater and cloudbursts, and reduce
pollution. Furthermore, rainwater can also be rdgdras an amenity (Grimm 2018). It is necessary to
distinguish between these goals, as there is somféat between them, and they require differerigons.

As a result, water-sustainable urban design cammeteparated from open-space design.

4.1.1 Functions of NBS on site-level

When implementing NBS as design elements in annudg@en-space context, the functioning of green
infrastructure in more natural landscapes may sasva model. The principles of hydrological systemes

well researched. Surface runoff is determined Ipolwgy, geology, and land cover. The extent of tree
canopies plays an important role. In the desigmrbfin rainwater management based on the sponge city
principle, NBS are used for various functions ifiedent stages of the water cycle:

* Reduction of runoff

» Collection of runoff

* Retention of water

e Purification of water

« Discharge of the water to the atmosphere or watdiels (surface water or groundwater).
The systematic arrangement of these elements asredf to as a “management train” (Roehr&Fassmann-
Beck 2015).

4.1.2 Design strategies for rainwater

Water features are a traditional topic in landscamhitecture, but the creation of multifunctiosgktems
based on green infrastructure principles requireswa taken design approaches, incorporating theuwsr
functions and benefits of NBS.

Following an analysis of literature and case stdie Europe and North America, three major design
strategies for designing rainwater-based NBS wagnatified (Grimm 2017):

“Concealment” means that rainwater is removed froew as rapidly and unobtrusively as possible and
diverted to underground systems, e.g. in downpapeisgutters.

“Integration” describes designs in which the wdtew is open, but the system and its componentaate
highlighted. It is an unobtrusive integration oé tinfrastructure in the overall design of the sitel everyday
use of the open space. The elements involved cdudie green roofs, green swales, or sunken planters

“Showcasing“ means that the design not only addsestormwater management but transforms these
measures into stormwater-based amenities. Desigagecsite-specific features and interactions. {Ene
“artful rainwater design” was coined by Stuart Hshand Eliza Pennypacker (2015) to describe this
approach. A major consideration when designingdarwater is that open space is used less whemni,r

so showcasing rainwater should also make a featfirhe system in dry weather. A planting design
approach is called a “rain garden”, when swalesumken planters are designed as herbaceous or mixed
borders. The planting design can be naturalistiexgticitly horticultural. It is a popular desigp@roach in

the USA that originated as a concept for makingtration in front or back yards popular, but treem is

now applied to any infiltration measure using spe@lanting.

On-site, a combination of “integration” and “coniteant” is usually applied, and “showcasing” is the
exception. The overall goal is to achieve an irdggge solution serving social, technical, ecologi@ad
economic needs by combining these three desigragpipes with functions of NBS.
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4.2 From urban greenery to green infrastructure

4.2.1 Sponge city principle for trees

The use of structural soils (Bassuk et al. 2015)oas space for trees that are mostly under impahbtee
surfaces in combination with the infiltration ofmavater is referred to in Austria as a “sponge piticiple

for trees” (Grimm et al. 2022). This method hasrbdeveloped and successfully applied in Sweden for
about 15years. The pioneer was the city of Stockh@mbrén et al., 2009). A defined grading of the
mineral components of the soil ensures the long-fereservation of pores for the supply of soilaaid soil
water to the tree roots (Zeiser et al. 2023). Aidbasucture of uniformly sized crushed stones raatke
substrate suitable for carrying traffic loads, sacan be used under public traffic areas. The Sstedi
recommendations have been further developed fdicagipn in Austria. The first results were pubkshin
2021 (Grimm et al. 2021;Zeiser et al. 2021). Corapkr systems have also been developed in Germany
(Richter et al. 2021). However, the German soligely more on an impermeable trough in the sulfsoil
water storage and less on plant-available watentien in the substrate through field capacity. réhare
also current developments in Germany to realizavtieenfrastructural functions of the ,improvemaegitthe

root space of trees” and “infiltration of rainwadteonly in separate constructions (GALK 2023; Hedich
2022).

In 2022 the Austrian Standards Institute publishedvised national standard L 1112 “Requirementshi®
Irrigation of Vegetation Areas” (ONORM L 1112202®%)hich includes a definition that reads “3.3 Sponge
city principle for trees — Construction method obt spaces for trees that simultaneously functéena base
layer for vegetation, a water storage and distidiounedium, and a subterranean infiltration systamd, that
can be installed under paved surfaces so that-larigene root space is made available.”

The system is described as a storage medium fgation water as follows: “When the sponge citynpiple

is applied to trees, the use of available surfaatemforms the basis of the water supply, withgilestrate in
the subsoil being the storage medium. A distribuggstem shall be provided under impermeable sesfac
for the introduction of water and air. For surfagater that cannot be absorbed directly by the gwora
medium, infiltration or drainage must be provided.”

Our analysis of the projects is based on the desmniin standard L 1112.

Wia

Pin RS

Fig. 2:Sponge city principle for trees (source:n®ri, Murer, Schmidt 2021)

The method is disseminated in Austria through laags architects and engineers to municipalitiesiand
the larger cities to garden administrations, citgnping, and environmental departments. Non-profit
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organizations such as Climate Alliance and Soilaad Alliance play an important role in informing alhar
municipalities.

The number of design projects using the techniqas estimated at 16 in 2021 (Grimm et al 2021).
Currently there are about 60 projects that are ¢etegh, under construction, or planned.

4.2.2 Tree species

Moisture availability and temperature potentialgvh a significant effect on the growth, developmant
fithess of plants in the urban public landscapezg@sleh&Hitchmough 2020). Plants make species-specif
demands on their environment. If these are not they, will deteriorate, be more susceptible to akes and
pests, and ultimately die. Choosing the right plantthe site becomes more important the longerlithe
span, the greater the investment in the plant, taedmore significant the functions assigned td-iill
ecosystem services are provided by large, wellldpeel trees that are at least a few decades oldee
planted today will reach its full potential in alhd@0 years — if it reaches that age. It is a fhat tn urban
streetscapes our native trees struggle to copeexttieme radiation climates, drought, pollutantitsp and
mechanical damage (Moser et al. 2017). Few natae $pecies survive in these locations. In accaelan
with climate change scenarios, the choice of tpegies and varieties is changing.

For several years, experts have been addressingubstion of which tree species do well in urban
environments. In 1976, the German Conference ofd@uarOfficials (GALK) decided to support
municipalities and planning offices in the selectiof trees for streets and squares with a list dhase
experience and observation. This “GALK Street Tret” has been available as an online tool sinc&220
and has become a sound source of information (GAtit&f3enbaumliste n.d.). The varieties and thaimgsat
are regularly discussed and published in professimurnals. Since 2009, the Bavarian State Instifar
Viticulture and Horticulture (LWG) in Veitshdochheihas investigated 30 tree species at three Bavsities

in the “Stadtgrin 2021” project (Schonfeld 2023).2022, a “climate tree grove” was planted out for
research purposes at the “Hohere Bundeslehr- urstiengsanstalt fur Gartenbau” in Schonbrunn, \aenn
(Grimm et al. 2022). The aim is to identify so-edlifuture trees. These are tree species and eartéat can
not only cope with the current adverse conditionsiiban areas but are also expected to be ablediore
future conditions exacerbated by climate change.

New varieties of trees and species that have lmetyrused in the past are in demand. The seafobused

on deciduous tree species from climatic regionsah@warmer and drier than we are currently expeing

but also have cold winters (Schonfeld 2022; Bundtstther Baumschulen n.d.). In forestry, this apgmoa
relies on what are called “climate analogues” (Kleit al. 2021).Such comparable regions, charaeteby

a continental climate, can be found in South-eadierrope and Anatolia, East Asia, and North America
example. Another way is to breed new varieties. é&@mple, Resista® elms are largely immune to Dutch
elm disease and well suited as street trees irr@dfirope.

The adaptation and diversification of tree spectegether with the creation of suitable site candg
through larger root spaces with improved air andewaupply, are the key to future-proof urban ftaes
Therefore, in addition to studying the design apphes, we also looked at whether the selectiomeef t
species in projects applying the sponge city ppilecifor trees was based on traditional urban tiares
whether new tree species and varieties were usg¢@rté considered fit for the future.

5 RESULTS AND DISCUSSION

In the 24 projects selected for further investigatithree groups of projects were identified byngsihe
criteria function of NBS, design approach and tregation:

Group A: 7 projects — the sponge city tree prireifd applied, but there is no integration in anralle
design.

Group B: 4 projects — there is a focus on designamgvater management without sponge city trees.
Group C: 13 projects — the sponge city tree prirdpintegrated in an overall design of the opeecs.

5.1 Group A: 7 projects — the sponge city tree princip is applied but there is no integration in an
overall design.

The projects are realized in three different tyglespen space:
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4 streets
2 parking areas
1 urban plaza

The projects were constructed between 2018 and. 2028| seven cases, the sponge city trees amegées
infrastructure element. The effective part, thectral soil, lies underground and is invisible eTiocus is
on road infrastructure without any further creatiV@ims. All seven projects investigated addresssidme
NBS functions, which are the collection, retentiand discharge of rainwater. The same design apprea
“concealment” — is applied in all the projects. Huairce of irrigation for trees is always rainwatellected
on the surface. In group A, the “purification” fuimn is mostly not applied. This keeps the desigmpte.
The omission of purification is possible becaus® @tormwater from areas without motorized trafiic
collected, which is permissible for undergroundliration. Often trees were added into ongoing @cts.
The trees were either implemented separate fronople® space design or there was no design atoall: f
example, when it involved the replacement of sirigdes, or new rows of trees were planted in &tscape
in the course of road reconstruction.

5.2 Group B: 4 projects — there is a focus on designingainwater management without sponge city
trees.

2 residential open spaces
1 urban plaza
1 university campus

Evaporation

Infiltration

LAKarl Grimm

Fig. 3: Pilot project for rainwater management witthe cost frame of affordable housing, StiRenbeudtrale, Vienna, Austria.
(Open-space planning: Jakob Fina; Rainwater managemarl Grimm; Architecture: Thomas Moosmann).

In these projects, the function as a usable opacesis in the foreground of design decisions, Ineifarojects
also focus on the water cycle and stormwater manage The time of realization spans from 2010 td20
These projects are older than the ones in groumd group C. The focus was on rainwater collection,
retention, and discharge, and to some extent dfiqation too. In this group there are three diffiet types

of open spaces (residential open space, urban, @adacampus). These open spaces have to catavite a
range of uses and provide a variety of open-spaditigs, like shade, light, protection from wind,
ventilation, diversity of use and equipment, anchownicative and aesthetic qualities. There aretreets

in this group.
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Owing to the size of the projects, several NBS wierplemented, and they fulfil various functionsg.e.
green swales for purification or green roofs fortevaretention. The aim in many cases is to develop
“management trains” (Roehr&Fassmann-Beck 2015).

This approach can be best explained with the pr@é&Benbrunner Strale. It was a pilot project ienvia
for rainwater management within the cost frameffafrdable housing.

The design combines NBS in a management trainyandus functions and elements are integrateden th
architecture and open-space design: retentioneofuhoff by green roofs, downpipes on the outsidésy
retention in the planters, runoff in open flumeention and infiltration in infiltration trencheand sunken
planters in the light wells to provide daylightiigthe garage. The project was the winner of thiy Gi
Vienna Environmental Prize 2017.

5.3 Group C: 13 projects —the sponge city tree princig@ is integrated in an overall design of the open
space.

6 plazas
6 streets
1 residential open space

All 13 projects were constructed between 2018 a@#32 Two projects were in the course of urban
expansion, but most of the projects were realinettié context of redevelopments in the existing. &l of
them are design projects integrating diverse opace needs and multiple functions. Trees are irapbrt
design elements and NBS, and long-term tree haaltiithe water supply of trees are key topics. DRuifiis
period, climate-change adaptation became an impuioidaue (BMNT 2017) and was considered in design
projects. In one project, the financing was supabwith an EU programme aimed at supporting thatire

of micro open spaces, cooling measures, and teggipl) to improve the quality of the open space.

Quality improvement of open space was achievedmost all projects by redistributing the availabjece.

The implementation of NBS is closely connected with design of open spaces, although even in these
projects the sponge city principle for trees is netessarily a basic design approach but a subseque
functional addition.

The attitude towards the urban water cycle hasgddifrom primarily integrating rainwater by infdtion to
evaporation and the provision of water to urbamdrdn all projects, the sponge city tree principles
applied. The water is collected from streets, peadiaces, and roofs. In five projects, water fesgtuvere
integrated as a new design element for play anddoling the surroundings. The runoff is used fateving
the trees.

Even in these projects, the design approachesdiegawater are restrained. Purification of rainwate
often necessary in connection with street run@hdwcasing” and “integration” are only applied $oinken
planters in connection with purification. Spongsy tiees, whether they are fed by unpolluted stoatewor
by a water feature, practically always follow thesigin approach “concealment” (Fig. 4).

The applied NBS are almost invisible, and the uséthie open spaces cannot experience and comgrehen
the complex interplay of the NBS and the qualiaéthe open space.

&
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Fig. 4: Using rainwater and a water feature to wmprthe site conditions for urban trees and craatepen space for the
neighbourhood. Example: Johann-Nepomuk-Vogl-PMignna. Design: Karl Grimm Landscape Architects

The 13 projects in this group incorporate the figgi of research on climate-fit trees. In some gasesis
made of traditional tree species (i.e. those ayreaskd in recent decades) whose suitability foramrb
climates has been confirmed. Alternatively, “newéet species or varieties are planted that have been
identified as climate-fit and have never or seldman planted in the past. Classic street tree epéuat are

not considered climate-fit were not used in thesgepts.

6 CONCLUSION

Until the mid-2010s, it was the aim of rainwatermagement to close the water cycle by infiltratiord a
groundwater recharge. Subsequently transpiratiooutih trees became important as part of urban heat
island measures for improving the microclimate. Nbe focus is moving to water retention in the $oil
supplying water to vegetation in increasingly londey periods. Following the shift in targets thspbnge
city principle for trees” emerged as a design sofutlts main characteristic is the use of struatsoils to
improve site conditions for urban trees, includimgter storage. It can reasonably be assumed tkat th
sponge city principle for trees will play an impaont role in tapping and storing different on-siteirges of
water (stormwater, water features) for the irrigatof trees. This helps close the local water cyaild
increased evapotranspiration and improve heatiaffemicroclimates through adiabatic cooling. Inéition

to the aquifer is also strengthened as a sidetefiecause surplus water from the supply of vegetateeps
into the groundwater.

The sponge city principle for trees has the podérit become an essential NBS in future urban green
infrastructure systems and stormwater managementdas. The systems implemented so far have ancerta
experimental character and serve to gather experidiwo projects are being monitored.

Investigation shows that the sponge city princfpletrees is a NBS with low design impact: “conceaht”

and “integration” strategies predominate. “Showogsihas only occurred in conjunction with sunken
planters for purification. This powerful NBS witleeklopment potential deserves to be made mordeiisib
order to have a public presence. Although stormwatgnagement is integrated in the design of several
projects, incorporating NBS into the overall desojran open space has untapped potential, in phatiéor
raising awareness of the connectedness of the whar cycle and urban vegetation, especially trees

Landscape architecture merges rainwater manageplanting design, and irrigation planning. This mea
optimizing an NBS system for various functions,arporating these in a design concept, and — usually
working within a tight cost frame. However, it istra stand-alone challenge but rather a task fadsieape
architects, urban designers, architects and engine@bo can combine to mobilize the full potenG&NBS.
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