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1 ABSTRACT

The effects of climate change are especially felturban areas. Rising temperatures and changing
precipitation patterns are challenging the maimesaof green oases in cities. However, urban taees
becoming increasingly important in mitigating thessyative climatic effects, as they offer positbamling
potential to the surrounding area through the sttpdind evaporation capacity of the vegetationhAtdame
time, they are also susceptible to these weathezrags such as summer heat and drought, resuttihigh
surface runoff and low infiltration rates. This dsato the problem that native urban tree speciesh as
large-leaved lime (Tilia platyphyllos) and sycamanaple (Acer pseudoplatanus), are reaching thesliofi
their adaptability. In contrast, tree species matiy south-eastern Europe are better equippedpe with
changing climatic conditions through various adapte, such as leaf orientation in response to heghls
of solar radiation. One potential adaptation stwates the use of alternate-leaf tree species, whimhid
mitigate the adverse effects of climate changerlramw areas and improve the quality of life for desits. In
particular, the silver lime (Tilia tomentosa) iscbening increasingly important in this context. dincturn the
silvery underside of its leaves upwards when exgphdsestrong sunlight, leading to a change in thedd
and a possible reduction in surface temperaturédeeigrown area.
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2 INTRODUCTION

Urban areas have distinct climatic characteristcsnpared to undeveloped regions. Urban centres
experience increased heating during hot periodsraddced cooling at night, which can adversely ciffe
both plants and humans [Roloff 2013, pp. 168]. Maythe emerging risks of climate change are
concentrated in urban areas [Kumar 2021, p. 1].tr@efuropean cities are especially affected by the
displacement of vegetation, increased storage wéilsie heat fluxes, and additional anthropogeniat he
emissions [Zhang et al. 2020, p. 1]. At the sameetithe majority of the world’'s population lives in
metropolitan areas. In 2022, 78 % of Germany’s [ajmm was urban, equivalent to approximately 69
million people [World Bank 2023]. Climate change psedicted to increase risks to people, assets,
businesses, and ecosystems in cities. These nickgle, for example, increased hazards from heasdsstair
pollution storms, and heavy rainfall [Dodman et2022, pp. 909]. The majority of direct weatheatet!
deaths worldwide were attributed to storms (39 &ughts (34 %), and floods (16 %) [Keim 2020, §8]2

It is important to note that these risks will beearbated for those who lack access to essenftiasiructure
and services, or who live in high-risk areas [Dodratal. 2022, pp. 909].

It is highly likely that global warming will exceetl.5 °C to 2 °C in the 21st century unless sigaific
reductions in carbon dioxide and other emissiomsimplemented in the next decades [Ara Begum et al.
2022, p. 129]. These rising temperatures can daeskh problems such as heat stroke, heat exhapatal
dehydration. The human body can adapt to heatrt® sxtent, but the risks vary dramatically depegdin
exposure, location, and susceptibility [Ebi et2021, p. 298]. A 1 °C increase in perceived tenipeea
above city-specific thresholds temperatures is @asml with a 3.12 % increase in mortality in
Mediterranean cities (such as Athens, Rome, anariyliand a 1.84 % increase in mortality in Northern
European cities (such as Zurich, Stockholm, anagspPHaccini et al. 2008, pp. 716]. Extreme heaves
consisting of several days of hot weather, haveremtgr impact on mortality than just elevated daily
temperatures alone. This is because exceptionaly minimum temperatures prevent recovery from heat
stress during the night, resulting in persistemit Is¢ress throughout the day and night [Kenney. &04.4, p.
1893].
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Adaptation to changing local climate conditionscisicial for maintaining the quality of life of urba
residents and strengthening the resilience ofsctibethe impacts of climate change. A resilieny tias a
high adaptive capacity, which enables it to adjestctively and proactively to changing environmenta
conditions and to recover quickly from negative aoys [Birkmann et al. 2013, p. 18; Kuhlicke et2024,

p. 271].

There is growing recognition that “nature-baseditsamhs” have the potential to mitigate the impacts
climate change, while also delaying further warmipgomoting biodiversity, and securing ecosystem
services. However, there are concerns about tledimbility and cost-effectiveness when compared to
engineered alternatives, as well as their abilitywithstand climate change [Seddon et al. 20201]p.
Nature-based solutions involve the use and enhagmteof natural ecosystems to address societal gmrabl
[Cohen-Shacham et al. 2016, p. 2]. These intergestinclude a variety of strategies, such as tbeeption
and management of natural and semi-natural ecosgsiad the integration of green and blue infrasiirec

in cities. The concept is based on the premiselibtt healthy natural and managed ecosystems @ravid
wide range of services that are critical to humati-lveing, such as carbon storage, flood manageraadt
clean air. Nature-based solutions range from migiimg or restoring diverse natural ecosystems to
developing novel managed or hybrid “grey-green’hteques [Seddon et al. 2020, p. 2]. Hybrid “grey-
green” strategies are systems that combine traditigrey infrastructure with nature-based solutitorsa
variety of applications, including disaster riskluetion and climate change adaptation. Examplesuof
approaches include rain gardens, green roofs, iedt drees planted in pavement tree pits [Depigtri
McPhearson 2017, pp. 101]. While urban greenerypcamide numerous benefits to the urban climate and
human well-being, it is important to acknowledgattiprioritising urban greenery varies from person t
person. Furthermore, aesthetic preferences arectivg and may change over time. For example, sgadi
or a dark crown may be beneficial on hot summersgdauyt unfavourable in cool, humid summers [Roloff
2013, p. 29].

Urban trees improve the quality of life by filteginhe air, providing moisture, and creating a peasirban
microclimate. They also play a crucial role in atifagto climate change by protecting against tHieot$ of
heat and drought. In addition, they can contriltotdiodiversity and perform essential functions floe
urban climate and biodiversity by forming complesogystems [Roloff 2013, pp. 15-22]. However, the
environment in which urban trees grow is very ddfe from their natural habitat, which can affdugit
performance and lifespan [Breuste 2019, p. 151hadrrees often have a life expectancy of only 56f%
their potential age range, while street trees falite expectancy of only 25 % [Roloff 2013, p. 8hese
aggravating conditions include small tree grated, @mpaction, reduced gas and water exchangeaand
lack of rainwater due to sealing and pollutantgshe immediate environment (such as road salt and ca
exhaust). This results in significantly shorteedipans and lower performance, which are often gh hi
demand [Breuste 2019, p. 151]. In addition, highietemperatures due to urban heat islands, maks in
urban areas increasingly vulnerable to weatheemds, especially summer heat and drought. Nativenur
trees, such as the summer lime tree (Tilia platifpsy and sycamore maple (Acer pseudoplatanusk hav
been shown to approach their limits of adaptabiliipwever, continental, non-native species arenofte
characterised by greater stress tolerance, inateatsity, and longer foliage length [Boll et &021, p. 3].

To continue to provide cities with the benefitaudban trees it is therefore essential to seleetgpecies that
are better adapted to changing climatic conditiang to protect and preserve these trees as antanpor
adaptation measure to adapt to climate change fRa0a3, p. 168].

3 TILIA TOMENTOSA

Tilia tomentosa, also known as the silver limehe tUnited Kingdom and the silver linden in the Edit
States, is a drought-tolerant and thermophilic sgecies native to southeastern Europe. It nayuoalturs

in the Balkan Peninsula and north-western Turkewel$ as in Hungary and Romania [Bartha 1995, p. 5;
Heinrichs et al. 2021, p. 1; Kleber et al. 2022, 4. It has been part of horticultural cultivatisince 1767
and has been used as a street tree for many ye@sspecifically important for urban and greerasp
planning because it tolerates heat, air, and diobetier than native lime species. The silver line® was
included in the “Urban Green 2021” project in 2@@zZause of its heat and drought tolerance andrbasmp

to be particularly robust in the hot and dry losatbf Wiirzburg. Research conducted as part of toeg
shows that the silver lime maintains lower leaf penatures during heat waves than the small-leavesl |
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(Tilia cordata). This is probably due to its siNweired leaves (refer to Fig. 1) and the abilityatbively turn
its leaves in hot weather (refer to Fig. 2). Aseautt, the silver lime tree is less likely to exteasitical

temperature thresholds compared to the small-lelire tree [Schonfeld 2022, pp. 2-6]. TherefordjaTi
tomentosa is classified as highly suitable for dhdutolerance and suitable for cold hardiness [R@013,

pp. 176-182].

Figure 1: Photograph depicting the leaves of @&siivne tree located in Kaiserslautern, Buchenlgalfi&, on 22 August 2023. The
photograph shows the contrast between the dark gngger side and the light, silvery underside efltaves [Geib 2023].

The flowers of the silver lime are grouped in pdods inflorescences. The main axis of the infloesse is
partially united with a silvery-white, smooth-edgeohd elongated subtending leaf. The individualvéics

are almost white. It flowers in July and is pollie@ by bees and other insects. Its fruits are thaisgrow in

an inflorescence with a parchment-like support.l@&fey are pointed and egg-shaped, ripen in Segiemb
and October and are dispersed by the wind [Bacléfdayer 2021, p. 100]. It was previously assunieat t
the silver lime was responsible for the increasadttlebee mortality because its nectar was considerec

to insects. However, recent research has disprakien theory. The actual cause of the widespread
bumblebee mortality under silver lime trees is feothpetition among the insects [Koch & Stevensohi720

p. 8; Roloff 2013, p. 159; Jacquemart et al. 2@E8a. 3.3.2].

The leaves of the silver lime are initially covereith star-shaped hairs on the upper side but diesmome
completely bare later [Binder 2015, p. 23]. Theensdle of the leaves has a dense layer of staedHhzgirs,
giving them a silvery appearance, and sunken seofBdill et al. 2021, p. 5; Binder 2015, p. 23]. §hiairy
layer prevents aphid infestation and honeydew, eriliso protecting against heat and excessive eatamor
[Roloff 2013, p. 159]. When exposed to extreme hibat silver lime tree turns its leaves so thatlidpater
underside faces upwards, reflecting the incomirigrsadiation. The change in albedo reduces thiacir
temperature of the canopy (refer to Fig. 2) as waslthe air temperature under the canopy and arthend
trunk area [Henninger 2020, p. 76].

357

Figure 2: Thermal imaging camera images befordiontgleft), during rotation (centre), and aftetation (right). High surface
temperatures are represented by red-coloured aneblewer surface temperatures by blue areas [lHgan2020, p. 76].
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4 METHODS

This research project aims to investigate the fisead-turning tree species as a possible adaptatiategy

to changing climatic conditions in urban areas. Tdwus will be on analysing the changing albedo and
decreasing surface temperature at the canopy ofither leaf and its potential impact on the imnaeeli
environment, particularly concerning its use asaside greenery [Geib & Henninger 2023, p. 43].

4.1 Study area

The measurements are carried out in the city ofd&talautern (49° 26° 36" N, 7° 46‘ 08" E), Rhirzeld-
Palatinate, Germany. Kaiserslautern is a univeesity industrial city, with an urban area of abot® km2.

In particular, about 62 % of the area is coveredologst, which corresponds to 87 km2 [Geiger 2(il 34].

The city's average annual temperature is 10.2 fD,air temperatures ranging from an average batvie@

°C in January to 19.3 °C in July [Deutscher Weitmmgt 2023a)]. The average annual temperature in
Kaiserslautern has increased significantly by 2.8ikkce the end of the 19th century, especiallyecent
decades [Stadtverwaltung Kaiserslautern 2019,.g=thermore, Kaiserslautern has an annual ptetipn

of 764 mm, with the highest amount of 69 mm beegprded in May [Deutscher Wetterdienst 2023b].

4.2 Site and tree selection

The in-situ measurements are carried out at valmeegions throughout the city, all of which aredside
green spaces. Streets are selected based on é@essystage of development phase, and the presérce
direct comparison tree (refer to Fig. 3).

According to the GALK list of street trees, there differences in the suitability of different sjpecof silver
lime as street trees. Therefore, Tilia tomentossabBnt’ (well suited) and Tilia tomentosa (limited
suitability) will be investigated to verify posséintraspecific differences [GALK 2024]. In additiothe
influence of the development phase is considerethénmeasurements. As trees use different adaptatio
strategies depending on their life stage, the siimee trees are divided into the phases of yoathturity
and old age. This makes it possible to determiedidminant leaf-turning ability within a particulage
group [Geib & Henninger 2023, p. 44].

As the measurements are made in the street andndetr laboratory conditions, a reference tree (of a
species) and a silver lime tree should ideally laeqd directly next to each other. This will all@direct
comparison of the values as the trees are in siggironments.

All studied silver lime trees surveyed are measumdtheir physical characteristics, including Hdig
diameter at breast height, crown base height, eowircradius. The Department of Environmental Prtodec
in Kaiserslautern, Germany, maintains a databastaiting information on all the silver lime treesthe
city, including botanical name, trunk diameter (In3a.g.l.), crown diameter, tree height, estimagd,
vitality, stage of development, and traffic sigo#fince. This data is used to select and identifieisiime
trees.

4.3 Meteorological selection criteria

The aim of this study is to investigate the impafcirees on the microclimate of street canyonsrguwarm
summer conditions and extreme heat, as this is winemrooling benefits of trees are most significait
achieve this, the following meteorological condisohave been defined: data will only be recorded on
summer days with little wind<(1,5 m s-1), clear to almost clear skies (degreelmid cover< 1/8) and a
temperature of at least 25 °C (refer to Fig. 3)ip&& Henninger 2023, p. 44].

‘&

- = — - & -@®-

————1 & N
Roadside Tree species Development stages Weather conditions
greenery Tilia Tomentosa, Tilia youth, maturity, elderly wind<15ms’

Tomentosa 'Brabant’ cloud cover = 1/8,
temperature = 25 °C

Figure 3: Overview of the objects and conditionshaf investigation [Geib 2023].
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4.4 Data collection

The surface temperature of the tree canopy is meddy using a thermal imaging camera (refer to #g
The study examines three specific perspectivebetree canopy: the side facing the house facauethe
east and west sides of the tree canopy [Geib & gen 2023, p. 44]. These perspectives are chasen t
capture potential temperature variations causesgolar radiation and prevailing winds. By analysthgse
different perspectives, it is possible to inferasgible correlation between the surface temperaiuitee tree
crown and the building facade. However, it is imipot to note that it is not always possible to wbta
measurements from all canopy perspectives. This Imeaglue to several factors, such as private prppert
restricting access, business premises being closedeekends, or varying distances from the building
facade. These limitations can affect the compréalieness of the data collected. Nevertheless, sffant
made to ensure consistency in data collection.

In addition, thermal images of the surrounding dinijs are taken to observe any response of thehdés
due to reflected radiation from the leaf surfacElis step is essential to understand how the tHerma
properties of the canopy can affect nearby strestand contributes to a comprehensive analysis of
microclimatic effects. All photographs are takeonfra fixed position at each site, perpendiculgh&owall,
providing a standardised approach. Care is takensore that canopy foliage has little or no cantéth

the wall surface, which could affect temperatuseliegs.

Building

Tilia Tomentosa

Thermal
imaging
camera

Smart
weather k
sensor
~_ T

SLR 15m
camera

gauge

Temperature I

Soil moisture
sensor A
Figure 4: Outline of the experimental set-up; miediffrom [Geib & Henninger 2023, p. 44].

In addition to measuring the surface temperaturén@ftree canopy, three additional air temperayataes
are collected to analyse the effect of the crowmperature on the immediate environment. The first
component measured is the air temperature justitile tree crown, at a height of 1.5 meters abovergl
level (refer to Fig. 4). This height is chosen hesanit is more representative of the human enviemirthan
the standard measurement height of 2 meters abowmnd) [Souch & Souch 1993, p. 304]. During these
measurements, the temperature sensor is protecteddirect sunlight and placed in the shade to rensu
accurate readings. Additionally, two further aimpgerature measurements are taken from the trunkeof
tree towards the wall of the house (refer to F)g.Téis approach aims to provide an accurate reptaton

of the microclimatic effect in this particular argaeib & Henninger 2023, p. 44]. These measuremeiits
help to understand how the thermal behaviour ofttbe affects its immediate surroundings, espegctak
building facade.

It may be beneficial to consider further environtaéfactors that can influence the surface tempegabf

the tree canopy. For example, weather conditiomt €15 cloud cover, wind speed, and humidity can all
affect the thermal behaviour of the trees. Incaafing these variables into the analysis could g®a more
comprehensive understanding of the relationshipvéen the tree canopy temperature and the building
facade. Thus, the air temperature, air pressurg] gpeed and direction, relative humidity, illunmoa, and

UV index are recorded at all locations during treasurement [Geib & Henninger 2023, p. 44].

To gain a full understanding of the impact of se&adiation, it is important to measure the tempgeadf the
tree canopy at different times of the day. By ailley data during the peak hours of sunlight andhin
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evening, valuable insights can be gained into hailding orientation and shading affect the thermal
behaviour of the trees. To achieve this, measurtgrame taken at specific times throughout the dayty
morning (07:00-09:00 UTC+1), midday/early afternof®:00-15:00 UTC+1), and late afternoon/early
evening (17:00-19:00 UTC+1). These times are chdswause the measurements will be taken in the
presence of the researcher. To avoid overloadiadptilly with heat and to meet human needs, a cantsnu
measurement period is not used.

It is important to note that subsequent analysés @ympare measurements within individual treessT$
due to the uniqueness of each measurement siteesdand the impossibility of replicating exactatesr
conditions. Therefore, comparisons will be madehiwiteach tree to understand its thermal behaviour
throughout the day.

In addition to the field measurements, laboratagtd will be carried out to determine the maximum
absorption of different leaf surfaces of the siliene tree and reference trees. This will be ussdaa
benchmark for optimal absorption performance artalow comparison with measurements taken aestre
level. This approach will provide a detailed untimding of how different factors, such as solaiatah,
building orientation, and leaf surface charactmsst affect the thermal behaviour of trees in urban
environments.

A soil moisture sensor is used to measure the weatgent of the soil surrounding each silver limeet The
moisture level is determined daily by measuringtivally through the soil profile to a depth of 30
centimetres (refer to Fig. 4). The sensor is plaoed shaded area, furthest away from the mairkirtm
minimise the effects of direct sunlight and ensairepresentative location for water uptake. As nirbaes
are increasingly planted in small tree discs, thehEst distance from the main trunk is limitedhe size of
that particular area [Geib & Henninger 2023, p. 44]

Close-ups of the leaves in the canopy are also wesagtord the rate and duration of leaf rotatimiclassify
the temporal dimension [Geib & Henninger 2023,4. 4
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Figure 5: Insights into the setup at one of thations; BuchenlochstralRe, Kaiserslautern on 11 s12023 [Geib 2023].

4.5 Spatial analysis and microclimate simulation

ENVI-met is a powerful tool for modelling microclates at fine spatial scales. It provides visuabsaiols

to explain spatial patterns. Integration with Alda@IS platforms merges simulated microclimate dath
spatial information about the study region [Mayg&rak 2024, pp. 1]. The TreePass module provides a
comprehensive analysis of microclimate conditiomgptomote optimal tree growth and sustainability. |
considers factors such as wind, light, and meclfdcces that affect trees, providing valuabléghts for
landscape architects, urban planners, and arhofists information facilitates informed decisions tree
selection, location and maintenance strategiesiawpg the health, stability, and longevity of unbgreen
spaces [ENVI-met 2024].

This study analyses the climatic effects of silliare trees at different sites in Kaiserslautermgsihe
ENVI-met software. The software assesses potemi@ioclimate changes within a street resulting fram
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increase in the presence of silver lime trees eir #xclusive planting. Furthermore, this study panes the
climatic differences between a newly planted streigh young silver lime trees and a street with dhéd

aged or older reference trees. The aim is to asgksther small silver lime trees have a greatelfingo
capacity than older comparator trees, which coeldde to their ability to rotate leaves. With tledphof the
simulations, it can also be calculated how longilt take for newly planted silver lime trees tcach the
same cooling capacity as the existing street trieBl/I-met’s research provides valuable insight® itiie

impact of silver lime trees on local microclimatesntributing to a broader comprehensive undersatgnof

their potential cooling effects in urban areas.

5 OUTLOOK

If the assessments indicate that the silver lime tras a significant local or microclimatic impact its
immediate surroundings, recommendations for urbéamning measures will be developed. These
recommendations will be particularly useful in sek$ing the need for green or green-blue infrastreah
the context of urban redevelopment, with a focughenuse of public space, the selection of appatgri
urban vegetation, and related design issues [GditeBninger 2023, p. 44]. In addition, these findimgise
other issues such as financial considerations la@adrpact on the use of other tree species. Additiy, it
is important to consider how trees and other veigetanteract with elements of the public realm avitht
measures can be taken to replace existing treeaghrreplacement planting, even if this means dtggep
small saplings for an extended period. These isapesrucial for informing practical decisions irban
planning and landscape architecture, and hightiglhimportance of understanding the precise mioradic
impact of silver lime trees in shaping future urkevironments. Although this study focuses on ihers
lime tree for urban greening measures due to tkeifsp research objectives and questions, extenttiag
investigations to other tree species in futureistidould help to gain a more comprehensive uretedsig
of tree species selection in urban environmentspssibly provide new insights into the ecologiaat
economic impacts of different tree species. Ihevéfore recommended that further research is taider to
explore the diversity of possible tree speciesifban interventions and to make informed decisions.

The spatial arrangement of streets can signifigaimipact the relationship between green spaces and
buildings, as it influences the area availablegi@ening measures. In narrow or busy street artecear) be
difficult to find sufficient space to plant trees create green strips. This can lead to an imbalamdhe
relationship between green spaces and buildingdienitdthe development of green structures. In &ddi
urban planning factors such as the alignment ofstheet, the density of the buildings, and the tads
infrastructure play a crucial role [Ali-Toudert & &yer 2006, pp. 751]. An unfavourable location of th
street in terms of solar radiation, wind conditiasrsair quality may affect the suitability of cdrtaree
species or greening measures. It is therefore apbto consider the specific conditions of theeestr
location in urban planning and greening projectertable the effective integration of green spacasglian
areas and to ensure a balanced distribution ohgsractures. Furthermore, the integration of reehased
measures, such as increasing the size of treesgnasealing pavements and incorporating sponge cit
concepts into urban planning, can significantlyame urban greening efforts and improve the resiieof
cities to the impacts of climate change [Knapp 8&bBkova 2023, pp. 187].

In addition, based on the results obtained neddibgs, conclusions can be drawn about the usefaloé
silver lime trees as roadside greenery. In padicithe assessment will consider whether the remuat
ambient temperature around the tree is effectigelynteracted by the change in albedo. This assessse
important to understand the complex relationshipvben vegetation and built structures and to make
informed decisions about the selection and placewfearban greenery to achieve desired climaticefien
while minimizing undesired outcomes. Incorporatihgse factors into urban planning and design peases
Is essential for creating sustainable and climesdient urban environments.

6 CONCLUSION

Cities play a crucial role in urban planning bylileihcing decisions that affect adaptation stragedidis
includes setting standards for existing and neucttres to increase their resilience to climatessors and
creating green and blue infrastructure to redueértipact of extreme weather events. Municipalitiesalso
responsible for developing plans to protect vulbkrgpopulations and critical infrastructure durisgch
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events. These activities are crucial to increasirgan resilience and protecting the long-term dgw@lent
of cities from the impacts of climate change.

Adapting to climate change is not only feasible tmaotre cost-effective than doing nothing in the loog.
Urban areas are specifically vulnerable to the ctgpaf climate change. However, implementing good
adaptation techniques can significantly reduceehisks. Strategic tree planting is an importamteas of
urban adaptation. This requires detailed plannimg) @areful selection of tree species to avoid aafthl
costs associated with poor species selection amdrtionise any drawbacks. This includes assessiagisg-
specific cooling effects, adaptability to local teenature conditions, and long-term maintenance
requirements. This way, cities can optimise thairestment in urban greening projects while increptieir
resilience to the effects of climate change. Initamh] the use of climate-resilient tree species bang
many benefits to the urban environment, includimgproved microclimate conditions, better water
management, and higher air quality. Furthermore, dresence of climate-tolerant trees helps to as&e
habitat supply, reduce vulnerability through biasity, and improve the overall living environment.

To effectively adapt to climate change, it is impot to link existing policies with climate-friendl
objectives and to ensure that investments araaessib climate impacts. This requires integratgptation
measures into existing policies to ensure coheremo@ synergy while reducing the possibility of
counterproductive actions. At the city level, addiph measurements are supported by a comprehearsive
multidisciplinary approach that encourages cooparatvith neighbouring municipalities, regions, and
member states.
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