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"There are those who say that trees shade the garden too much, and interfere with
the growth of the vegetables. Taenay le something in this: but when | go down
the potato rows, the rays of the sun glancing upon my shining blade, the sweat

pouring down my face, | should be grateful for shade."
Charles Dudley Warner
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Abstract

Abstract

Researcliocusing on urban trees and their ecosystemicess still a recent field of scientific
inquiry, whichis getting increased attentidny city councils andiurbanplanners not least due

to climate change. However, actukdtaon the growth and impacts cdbmmon urban tree spe-
cies in Central Europe ®ill lacking. Thisthesis dealsvith the structure and growttatterns

of two major urban trees in Germany, shvl@hved limeTilia cordataMill. and black locust
Robinia pseudoacacih. Usingregression analysis, an overviewtbe range of growth and
treestructuresn various age classes was generated, illustrating the full lifecycle of both tree
speciegrowingatthree typical urban settings (parks, public squares and street carjloms).
growth of T. cordataandR. pseudoacacieegarding their drought tolerance and recoweag
analyzedretrospectivelywith a dendrochronologicastudy, revealing a surprisinghigh
drought tolerance ofF. cordatadue to the anisohydric character of this speitiesgh a fagr
recovery ofR. pseudoacacim theconsecutiveearafter a drought evemtas foundcaused by

its isohydric strateggf water conservationn a further ep,the influence of théocal climate

on the growth patterns df. cordatawas assessed. Data collection was performed in Munich
and Wirzburg, two cities differingpnsiderablyn average yearly precipitatipwith Wirzburg
beingfar drier thanMunich (380 mm yr! to 100 mm yrl). The resultshowa slightly better
growth of both species in Munich, especially during drowgiietter water availability pro-
motes the growth of urban trees in Munich compared to Wirzbuan additional study with
high-relution growth data over the exceptidgatot and dry summer 2015, a significant re-
lationship of the microclimate with the growthTfcordatawas found. While the precipitation
rate was positive correlated with tree growth, all other measured metecablagiablese.g.,

air and soil temperature, vapor pressure defiamd speed and transpirati@s well as soil
matric potential were negatively correlated with the growtii.ofordata Most pronounced
effects onthetreegrowth had the transpiratipmdicating a tradeff between growth, transpi-
ration and coolingDue to the high transpiration rafie,cordatacan provide high rates of evap-
otranspiratiorand hence cooling, however depleting the internal water storage when the soil
water availabilitydecreasesMoreover, anisohydrispecies such &b. cordatamight suffer
from growth reductions several years after a droulghthe future, tree species that achieve a
better balance between growth, transpiration and evaporative cooling should beghrefer
mitigate the effects of climate change for a better thermal comfort in ¢tirealy, the three
ecosystenservicescarbon storage, shading and cooling by evapotranspiratese calculated

for both species in Munich and Wurzburg, highlighting plotential roleof urban trees for

12



Abstract

moderating the urbaclimate andcontributing to climate change mitigation and adaptation in
urban aread~or sustainable planning the urban foresfuture tree selectioshouldbe based
onin-depth knowledge ahe cemands of the tree ats planting site as wellsson the demands

of the tree regardings benefits for the city climate
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Zusammenfassung

Zusammenfassung

In denvergangenedahrzehnten ist dieorschung zu Stadtbaumen und deren Okosystemleis-
tungenvermehrt in den Fokuger Wissenshaft und Stadtplanung geriickt, denn auch aufgrund
desKlimawandes sind Stadte und Planer an grinen Losurfgeein angenehmes Stadtklima
besonders interessieis fehlen jedoch insbesondere fir Mitteleuropa Daten bezuglich des
Wachstums undler Dimensionen von haufigen Stadtbaumarten. Die vorliegende Arbeit hat
sich deshalb mit dem Wachstum und den Strukturdimensionen zweier haufig gepflanzten
Baumarten in der Stadt beschétftigt, der Winterlifidia cordataMill. und der RobinieRobinia
pseuwoacacial. Mit allometrischen Wachstumsbezielyem wurden @bellen erstd, die das
Wachstum und die Baumdimensionen in verschiedenen Altersklassen widelgetsenTa-

bellen beschreiben den Lebenszyklus beider Baumarten an dfgeméiFreiraumtypen de
Stadt,in Parks, an 6ffentlichen Platzen und in Stralenziigen. Weiterhin veirdgpektivdas
Wachstum vorT. cordataund R. pseudoacacian Bezug auf ihre Austrocknungstoleranz und
Erholungsfahigkeit mit einer dendrochronologischen Studie untersishtuigle eine tUberra-
schend hohe AustrocknungstoleranzTlicordatanachgewiesen, welche auf dem anisohydri-
schen Charakter der Art beruht, wahreRd pseudoacaciaufgrund ihrer isohydrischen Strate-

gie bezuglich des Wasserhaushalts eine schnelle Erhcéimgjeéitin dem darauffolgenden
Jahrdes Trockenereignissesifwies. Zusatzlich wurden der Einfluss delsalen Klimasauf

die Wachstumsreaktionen vdncordatagenauer untersucht. Die Datenaufnahme erfolgte in
Munchen und Wirzburg, zwei Stadte die sichhrem Klima essentiell unterscheiden. So ist
Wirzburgaufgrund eines jahrlichen durchschnittlichen Niederschiag$80 mm gegenuber
Minchen L000mm) deutlich trockenerDie Ergebnissezeigten ein geringfigig hoheres
Wachstum beider Arten in Minchenphkei insbesondere wahrend einer Trockenperiode die
héhere Wasserverfugbarkeit das Wachstum von Stadtbaumen in Minchen im Vergleich zu
Wirzburg besser forder einer weiteren Studie mit hochaufgeldsten Wachstumsdaten wah-
rend des aulergewdhnlich heil3end urockenen Sommers 2015 im Zentrum von Minchen
wurde ein signifikanter Zusammenhang des spezifischen Mikroklimas mit dem Wachstum von
T. cordatanachgewiesen. Wahrend die Niederschlagsrate einen positiven Zusammenhang mit
dem Wachstum hatte, waren allelaren gemessenen meteorologischen Variablen wie die Bo-
dentemperatur, Lufttemperatiampfdruckdefizit Transpiration, Wingeschwindigkeitund
Bodenpotential negativ mit dem Wachstum korreliert. BefdtenEinfluss auf das Wachsm

hatte jedoch die Transption, was auf einen Kompromiss zwischen Wachstum, Transpiration

14



Zusammenfassung

und Abkuhlungswirkung schliel3en lasBt.cordatakann durch digezeigtehohe Transpirati-
onsleistung eine dauerhaft hohe Abkihlungswirkung erzielen, die jedoch bei einer geringen
Bodenwassrverflugbarkeit zu einer Erschépfung der internen Wasserspeicher fuhriauch

eine anisohydrische Art wi€. cordataWachstumseinbriiche mehrere Jahre nach einem Tro-
ckenereignis erleiden. Deshalb sollten in Zukunft Arten mit einer besseren Balancacios: W

tum, Transpiration und damit Kiuhlungswirkung bevorzugt werden, denn so kdnnen die Aus-
wirkungen des Klimawandels auf das Stadtklima erfolgreicher gemildert werelztendlich

wurden drei Okosystemleistungen, genauer die Kohlenstoffspeicherung, dieaeasg und

die Abkihlungswirkung durch Evapotranspiration fir beide Arten in Minchen und Wirzburg
berechnetDie Ergebnisse bestatigen die potentielle Ralle Stadtbaumen fi@n angenehmes
Stadtklima und eine erfolgreiche Anpassung und MinderungeaRalgen des Klimawandels.
Zukunftige Baumartenwahl sollte sowohl an den Anspriichen des Baumes an seinen Pflanzort
als auch an den Anspriichen an den Baum in Bezug auf dessen Okosystemleistungen erfolgen,

um nachhaltiges Grinraummanagement zu gewahrleisten.
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|. Cumulative Thesis

|. Cumulative Thesis

This dissertation is based on investigations that were publishezhd submittedin the fol-

lowing four original articles:

- Moser, A., Rotzer, T., Pauleit, S., Pretzsch, H (2015): Structure and ecosystem ser-
vices of smalleaved lime (ilia cordataMill.) and black locust (Robinia pseudoaca-
ciaL.) in urban environments. Urban Forestry & Urban Greening 14, 11161121

Summary:

Knowledge of the structure and morphology of common urban trees is scarce, particularly
of the full lifecycle of atree. The present and future structural dimensions of urban tree
species are of an increasing interest because tree growth is associated with its ecosystem
servicede. g. carbon storage, pollutant filtering, coolisgading, biodiversijy The pur-

pose 6 this study was to characterize the dimensions of two urban tree species (small
leaved lime Tilia cordataMill. and black locustRobinia pseudoacacia.) and to predict

future structural dimensions based on the diameter at breast tiefgdnid tree agelree
dimensions of 429. cordataandR. pseudoacacittees in three different site categories
(park, public square and street) were collected in the two southern German cities Munich
and Wirzburg. Both differ in their climate characteristics, Wrzbairgith 400 mm less
precipitation per yeatonsiderablydrier than MunichRegression equations were devel-
oped for tree height, crown diameter, crown height, crown volume, crown projection area,
and open surface area of the tree pit. The data revealed sélationships & 0.7) be-

tween crown diameter, crown volume, crown projection area, crown height, tree pit for
both species, and tree heightTafcordata Based ortree dimensions and the leaf area
index (LAI), three ecosystem services (carbon storstggding, and cooling effects) were
estimated for the analyzed trees. The results indicated that urban trees considerably im-
proved the climate in cities, with carbon storage, shading, and cooling of single trees show-
ing a direct relationship with LAI andga. Highest ecosystem services were found for
R.pseudoacaciarees growing in parks, whil&. cordataprovided more cooling with
higher age compared ®. pseudoacacial' he associations of tree growth patterns identi-
fied in this study can be used as gliites for tree planting in cities and their ecosystem

services; they may improve the management and planning of urban green areas.
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Moser, A., Rétzer, T., Pauleit, S., Pretzsch, H (2016): The Urban Environment Can
Modify Drought Stress of SmallLeaved Lime (Tilia cordataMill.) and Black Locust

(Robinia pseudoacacia.). Forests 7, 71
Summary:

The urban environment characterized by various stréikeedense sowith limited root-

ing spaceless water availabilityand nutrientsfurther high temperaturesna radiation,
pollutants, insect infestations apduning poses challenges to tree$n particular, water

deficits and high temperatures can cause immense drought stress to urban trees, resulting
in reduced growth anfihally treedie-off. Droughttolerantspecies are expected to be re-
silient to these conditions and are therefore advantageous over other, more susceptible spe-
cies. However, the drought tolerance of urban trees in relation to the specific growth con-
ditions in urban areas remains poorly reseadc This study aimed to analyze the annual
growth and drought tolerance of two common urban tree species, nameheswadl lime

(Tilia cordataMill.) and black locustRobinia pseudoacacig.), in two cities in southern
Germany(Munich and Wirzburg) irelation to their urban growing conditions. Both cities

differ considerably regarding their climate characteristics; Wirzburg is characterized by
400 mml/yr less precipitation than MunidWith increment cores, a dendrochronological
study about the growtbatterns of these tree species in relation to their site conditions was
conductedMarked growth reductions during drought periods and subsequent fast recovery
were found foR. pseudoacacjavhereasl. cordataexhibited continued reduced growth

after a dought event, although these results were highly specific to the analyzed city. We
further show that individual tree characteristics and environmental conditions significantly
influence the growth of urban tredsspecially canopy opennéssepresenting théght
availabilityd and other aspects of the surrounding environment (water supply and open
surface area of the tree pit), tree size, and tree species significantly affect urban tree growth
and can modify the ability of trees to tolerate the drought stragsban areasl hese find-

ings were strongly dependent on the species, Wittordatabeing less affected by shade

as a shadwlerant species in comparison With pseudoacacja lightdemanding species
experiencing growth deficits when growing in sha8astainable tree planting of well
adapted tree species to their urban environment ensures healthy trees providing ecosystem

services for a high quality of life in cities.
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Moser, A., Rahman, M., Pretzsch, H., Pauleit, S., Rotzer, T. (2018inter - and in-
traannual growth patterns of urban small-leaved lime {Tilia cordatamill.) at two
public squares with contrastingmicroclimatic conditions. International Journal of
Biometeorology, DOI10.1007/s00484916-129G0

Summary:

The effects of urban conditions ore¢ growth have been investigated in an increasing
number of studies over the last decades, emphasizing the harsh environment of cities. Ur-
ban treesftengrowin highly paved compacted sites with consequently less soil moisture
and nutrientshigher soitemperatures, argreatevapor pressure deficits. However, there

is still a knowledge gap regarding ihgpactof those detrimentaliteconditions, especially

in respect of drought events, on the growth patterns of urban trees. The present study in-
vestpgated the structure and growth of the common urban tree speciedeaved lime

(Tilia cordatg) at a highlypavedpublic square (CPS) compared with a contrasting more
open, greener square (OGB)the city center of the sowdm German city MunichCon-
tinuously measured high precision dendrometer data along with meteorological data of the
extreme dry and warm summer 2015 as well as dendrochronological data of the sampled
trees were investigated to analyze tree grauting a drought yeaf he results hilglight
different tree dimensions and growth patterns of the trees at both sites, influenced by tree
age and distinct site conditions. While the trees at OGS grew up to 2.5 mm until mid of
August, the trees at CPS had only 0.4 mm diameter increment. Adtaritial expansion

at CPS, tree diameter contracted again during summer to the point of shrinkage (up to 0.8
mm) at the end of our investigatidrurther drought year analysis confirmed the patterns

of significant growth reductions in the consecutive tyears following the drought. A
correlation analysis revealed that transpiration(r& . 6 ) , air temperatur
vapor pressure deficit (r = 1T0.6) were neg:
whereas precipitation had a strong positive effect (r = 0.3). Dhghotranspiration rates
associated with anisohydricater use behaviof,. cordatawas able to provide evaporagiv
cooling even during drought.dwever thiswater stress behavioesulted ina substantial

growth decline afterwards especiallypatvedsites like CPSOur results suggest selection

of tree speies, such as those with isohydric water use behavlichmayachieve a better

balance between growth, transpiratiand hence evaporative cooling.
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Moser, A., Rotzer, T., Pauleit, S., Pretzsch, H. (2016%tadtbaume: Wachstum,
Funktionen und Leistungen i Risiken und ForschungsperspektivenAllgemeine
Forst- und Jagdzeitung AFJZ in Begutachtung (under review)

Summary:

Stadtbaume und griine Infrastrukturen sind ein wesentlicher Bestandteil des Stadtbildes,
sie stellen den &sthetischen und erholungswinksaMittelpunkt der Stadt dar. Doch nicht

nur durchihre Asthetik pragn Baumeeine Stadt, sondern audurchihre Struktur und
Erscheinung sowie die Funktionen, die sie fur das Stadtklima erbringen. Neben positiven
Eigenschaften wie Kohlenstoffbindung, Kihlungswirkung, Beschattung, Biodiversitat,
sowie Abflussminimierung dirfen jedoch audie negativeEigenschaftemles Stadtgrins

wie Kosten fiur die Pflanzung und Pflege, Allergene und Schaden durch herabfallende
Pflanzenteile bzw. Verschmutzungen nicighariert werden.Darlber hinausst der
Wuchsraum der Stadt durch vielfaltige Faktoren gekennzeichnet, welche sich negativ auf
die Vitalitat, das Wachstum und die Leistungen der Baume auswirken kinderu er-

hohten Kosten fuhren kénneZu nennen sind &rbei hohen Temperaturen, geringe
Wuchsraum, Nahrstoff; und Wasserverfligbarkeit, Schadstoffbelastungen, Beschattung
durch Gebaude und Verletzungéuich stellen der urbane Warmseleffekt und die Aus-
wirkungen des Klimawandels fur Stadtbaume langfristagchstumshinderliche Faktoren

dar, die in der Grinraumplanung immer mehr im Vordergrund stehen. Stadte und For-
schung versuchen deshalb, nachhaltige Konzepte zu entwickeln, um weiterhin einen ge-
sunden, vielfaltigen und attraktiven Baumbestand in der Stadtlmalten. Diese Studie
beschaftigt sich mit dem aktuellen Stand des Wissens und stellt die positiven und negativen
Aspekte der Stadtbdume dar. Die Wirkungen von Stadtbaumen auf den Menschen und das
Stadtklima, aber auch die Effekte des StandortklimadewBaum werden diskutiert. Da-

bei werden weiterhin die Folgen des Klimawandels aufgezeigt sowie moderne Konzepte

und zukinftige Forschungsperspektiven dargestellt und analysiert.
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The above listed articles are attached in the appendix. Hereinafternceféoetheoriginal

articles is made by citation.
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lI. Thesis: Structure and Growth of Urban Treesand Their Im-
pacts on theEnvironment - From Assessment to Model

1. Introduction

In 2015, Germany suffered from one of the driest and hottest sufomiére past decades
especially affecting the living conditions in cities. Particulathg tmontls of July, August and
Septembewvere characterized by very low precipii@n rates, as illustratesh the climate of
Munich: while the average precipitatioof the month Julys usuallyaround 110 mn{1985
2014) in July of 2015 only 20 mm of rain was recorded (Figure 1). A similar pattern was
observed for the monshof August and 8ptember. Moreover, the temperature in July was

around 3°C higher than in the past 30 years.
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Figure 1. Monthly temperature (red line) and precipitation (red bars) of Munich in 2015 as
well as the average temperature (grey line)ral average precipitation (grey bars) of Munich
in 19852014 (data source:DWD (2016)

A main reason for the warm climate in large cities like Munich is the urban heat island effect
UHI (Oke, 1987) The specific climate of a city varies in comparison to its rural surrousiding

in paricular the inner city is warmeand dryer typically with high temperatureduring the

night. Higher temperature maxima and high thermal storages during day and night are charac-
teristics oflargecities and thairban heat island effect. Tigeare variouseasons for the urban

heat islanceffect. Thehigher temperatures are mainly due todberption of incoming solar
radiation of buildingswhichreradiategreat parts of the incoming solar radiatanheatMore-

over, sparse vegetation and high ratepafedsurfaces result in less transpirati@@ollier,

2006; Kuttler, 2004; Oke, 1982n Figure 2the urban heat island is graphically illustrated, the
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reradiated incoming solaadiationas heaby the highlypavedsurfaces and buildings is dis-
played.Lesswind movement keeps the warmer air within ¢ty boundaries, creating the ur-
ban boundary layefORRenbriigge & Bechtel, 2010Fonsequences of the UHI are increased
costs for cooling and peak electricity demaadsvell agntensified pollution problems, which
increase the urban footprint and can cause human discomfort and healémgi(btassid et
al., 2000; Santamouris et al., 2001; Santamouris et al., 2007; Santamouris et al.TR2811)
effects of the urban heat island on the human thermal comfort are well resegiudbed&
McGeehin, 2008; Sakka et al., 20,18nce the urban heat island is most pronounced during
midsummer. During nighttime summey the thermal strain is especially high for humans,
causingsleep problems and dim&hedrecovery during the nigl{Santamouris, 2014; Tan et
al., 2010)
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Figure 2: Urban heat island effect in the cityby ORenbriigge & Bechtel (2010)

However, the occurrence of very hot summers with low precipitation isaééso an effect of
climate change, a widelyceeptedglobal phenomenon characterized by higher temperatures
and altered precipitatiomtes as well as frequent and intees¢reme climatic events kk
droughts, floods, and stornfiBellaMarta et al., 2007; IPCC, 20Q7)hese extreme events in-
fluence all ecosystems worldwi@€avin et al., 2013; Kramer & Kozlowski, 1979; Orwig &
Abrams, 1997)Water and nutrient limitations are direct consequences of drought, leading to
low-growth episodes of vegetati@Aretzsch et al., 2013; Rotzer et al., 20Edyecasts predict

an increase of climate change effects and problé&mgifoughts and extreme weather events.
This trend can be observed when analyzing the occurrence of drouglgigearthe beginning

of the 21stentury.When comparing the past drought years of Munich from 1985 to 1999 with
those from 2000 to 201%,1 years with a negative drought index SiP&andardized precipita-
tion evapotranspiration indergcurred in the 21th century, while oribur years with a nega-

tive SPEI were recorded from 1985 to 1999 (Figure 3).
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Figure 3: Drought index SPEI (standardized precipitation evapotranspiration index) of Mu-
nich from 1985 to 2015

The extremely hot summers of 2003 and 2015 imay be considereda result of climate
changeThe o0l ntergovernment al P a n eda warming©thé mat e
annual average temperatures2tp 4.5°C for Germanlyy 2071 to 210ased on the emission
scenario A1BIPCC, 2007) This trend is followed by greatemumber of summer days (tem-
perature maxima > 25°C), hot days (temperature maxima > 30°C) andtnogits (temper-

ature > 20°Chs well as longer dry periodggetherwith less precipitation especialiy sum-

mer. For example, during the period 1961 to 1990 in Munich 30 to 35 summer days per yeatr,
two to four hot days and no tropical days were recor@dbehate predictions expect an increas

of summer days fror27 to 33 days more than today, 18 ®riore hot days than today and
seven to ningropical nights in Municlby 2070 to 2100 (scenario A1B, ®percentileyDWD,

2016) Therefore, climate change will amplify the effects of the urban heat island in cities with

a greaterwarming, higher maximum temperatures and higher thermal energy storage. Future
climates with altered temperatures and precipitation els a8 extreme weather events will
affect the living conditions of the urban populations and can be detrimentalrf@an quality

of life (Fahey et al., 2013; Meehl et al., 200E¥pecially risk groups like older people and
children will suffer the most from extrerheat waves. Extreme heat conditions can have effects
on health due to heat streddy radiation air pollution and heat strokddlatzarakis &
Amelung, 2008) To evaluate the heat stress for humans, several indices were generated, with
the physiological equivalent temperature (PET) asadiiee most common applied indicés
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is a thermal index derived from the human endrgpnce ands well suitedfor the evaluation

of the thermal component of different clima{®d$atzarakis et al., 1999)

To mitigate the effects of climate change on the climate of cities and the thermal comfort of
humans, cities need to find effective solutiofise use of green infrastructure to moderate the
impeacts of the urban heat island and climate change on cities and humans has been researched
and discussed recently. Science focuses mainly on the services green infrastructure can provide
for thecity climate. Vegetation in cities like trees, shrupsissesfacades and roof greenings
stores and sequesters carlfPavies et al., 2011; Nowak & Crane, 2002; Yoon et al., 2013;
Zheng et al., 2013)ools its environment by transpiration and shadikpari et al., 2001;
Armson et al., 2013a; Leuzinger et al., 2010; Rahman et al., 261Bpves the air quality by
pollutant filtering(Bolund & Hunhammar, 1999; Ennos et al., 2014; Nowak.eP@06; Ross

et al., 2011) provides noise and wind speed reductidalund & Hunhammar, 1999; Ross et

al., 2011) mitigates rainwater ruoff (Armson et al., 2013b; McPherson et al., 198%reases
biodiversity(Blair, 1996; Melles et al., 2003; Sandstrom et al., 2@@@)offersaesthetic value

such as amenitgnd life quality(Bolund & Hunhammar, 1999; Ennos et al., 20HEyure4
summarizes the services and functions vegetation in urban environments pGredesinfra-
structure is therefore suggested as a multifunctional solution that not only mitigates the negative
effects of climate change balsoconcurrently provides multiple benefits to society.

However, even if sciengaainlyfocuses on the positive effects of green infrastructure, negative
consequences and costed to be taken into account as well. Urbapd can causeaterial

and personal damages due to falling trees and breaking brgbBaiss et al., 2011)rees in

cities can host hazardous diseases and insect(@ssisanos & Casard3orcel, 2011)they

can emit allergenic pollen and biogenic volatile organic compounds BM@&ease humidity

and create green waste due to debris and (@arinanos & CasasPorcel, 2011; Dobbs et

al., 2011; Escobedo et al., 2011; Lyytimaki & Sipila, 2009; Nowak & Dwyer, 200 costs

for pruning, planting and maintaining are immerisa exampleSoares et al. (201tplculated

$1.9 million in costdor urban tree management in Lisbon, Portugal.
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Figure 4: Ecosystem services of urban vegetatiofMoser et al. under review) adapted from
Dobbs etal. (2014) Tyrvainen et al. (2005)and Bolund & Hunhammar (1999)

An increasing number of researchers worldwiglerying to fill the knowledge gap about the

guantity and quality oécosystem services different types ofirban vegetationegetatio®

trees in particuld by conducting citywide studies on the grottcosts and benefits of urban

tree stands of a city or studies based on the growth and services of single treeseiore

several studies used madidg approaches to answer questions about the structure, diversity and
benefits of urban tregg\rmson et al., 2013a; Pataki et al., 2011; Rahman et al., 2015; Rust,
2014; Yoon et al., 2013 here is an increasing demand of knowledge and understanding on

how trees affect their environment in terms of their benefitshi@rcity climate For the past

two decades, for exampl e, pioneer projects s
and in partichia@aesd heraveflbevam eatdi empti ng to
of green vegetation and urbaneseand estimate their monetary valMePherson et al., 1997;

Nowak & Crane, 2002; Nowak et al., 199Fpble 1displays the values of the urban trees in
Chicagg which were estimated by calculating the air potlatremoval, carbon storage and
sequestration as well as energy reduction and reduction of carbon dioxide emessittimg

in a compensatory valud $51.2 billion.
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Table 1: Results of the Chicago Urban Forest Climate Projecadapted from Nowak et al. (2013)

Feature

Measued

Tree number
Canopy cover (trees and shrubs)
Tree cover
Trees smaller than 6 inches dbh (%)
Pollution removal

- Trees

- Trees and shrubs
VOC emissions
Carbon storage
Carbon sequestration
Building energy reduction
Reduced cdoon emissions
Compensatory value

157,142,000
21%

15.50%
73.30%

18,080 tons per year ($137 million per year)
24,170 tons per year($183 million per year)
11,976 tons per year

16.9 million tons ($349 million)

677,000 tons per year ($14 million per year)
$44 million per year

$1.3 million per year

$51.2 hillion

Similar studies have been conducted in List®mares et al., 201andin four citiesin the UK

(Rumble et al., 20140ther researchelaveconcentrated orhe quantity of single ecosystem

servicesthat different species can provide. For exam®@hman et al. (2013nalyzed the

cooling efficiency of five urban tree species dodndthe greatest cooling abilitier Pyrus

calleryana(Figureb).
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Figure 5: Evapotranspirational cooling as energy loss per tree of five different tree species
grown on different streets in May from Rahman et al. (2015)

As all the conducted studies emphasizedanvegetation and in particular urb&iees are a

key element of cities. Urban tree®smmonly grow in street canyons, city psrkn front of

buildings, at parking sites and at public squares. They are also present at sites like industrial

areas, railroad facilities and cemeterieggieecities like Berlin count 440,000 street trégmdt

Berlin, 2016) while the city of Barcelonancludes198,775 planted street trees in its municipal

area(Chaparro & Teradas, 2009McPherson et al. (1997ated the planting and maintaining
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of urban trees in Chicago as costing up to $21 million, though their total value due to energy
savings, air pollution mitigation and other benefits is $59 million, which amounts to a net pre-
sent value of $402 per urban tree planted.

Despite their undeniabialue for cityaesthetics and climaterban trees face many challenges
at their growing site. Compared to forest trees, urban trees have less rootin(Psyyaeeal.,
1995; Grabosky & Bassuk, 1998% well as less water and nutrient availabi{Bgeatty &
Heckman, 1981; Whitlow & Bassuk, 1986he soil is very dense and compé#Beatty &
Heckman, 1981; Day et al., 199%)e temperatures are higr with more reflected radiation
due to buildings and asphalted surfa@eebari et al., 2001; Kjelgren & Clark, 199Zurther,
urban trees suffédrom mechanical injurie¢Beatty & Heckman, 1981; Foster & Blaine, 1978)
deicing salting in winte(Petersen & Eckstein, 198&)ollutants and dog urin@Vhitlow &
Bassuk, 1988)Figure6 illustrates a typical urban setting and the harsh environment of urban
trees with small planting pots surrounded by compagpeacedsurfacesand high levels of pol-
lution. Tall buildings creat shade whichdecreases the photosynthetictivity of the tree
though increasing the reflected radiatiNevertheless, urban trees also create habitats for birds,

insects and other animals as welbasomfortable climate for humans
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Figure 6: Challenges and services of¢es in an urbanenvironment (Moser et al. under review)

As demonstrated above, there are several studies worldwide about the value of urban trees and
the ecosystem services they provide. However, those studies only focus on one city or few
urban tree species typical foertain climatic region. Most existing data on the quantity of the
benefits of urba vegetation was provided byfrees, which is available for US, UK and Aus-
tralian cities and urban forest stands. There is a lack of data for Central Europe and typical

urban tree species growing in temperate climate regiBust, 2014; Semenzato et al., 2011)
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Peper et al. (2001@ndPeper et al. (2001atate that growth data and patterns of a species
growing in one region cannot be transferred to the same species in different environmental
conditions due to tree maintenance practices and length of the growing. $¢aszover the

data available throughTirees is based on estimatiasfanventory data and upscalindgalng

with whole city standsnd not with single urban trees growing tnest canyons, at public
plazas, parking areas parks inurbanareasAccurate assessments and calculations of the ac-
tual benefits based on single urban trees are la¢Rieger et al., 2014yVhile there are many
studies on the benefits of urban forest staams$ theirprovided benefits, there are hardly any
data on thempact of single trees depending on $pecies anthe individual gowing site of a

tree. Sudies like the analysis dfjelgren & Clark (1992)and Pretzsch et al. (201%)n the

growth of urban trees under different site conditions present in urban areas (parks, streets, pub-
lic squares, residential areas) acarcelyexistingfor Europe, different urban tree species or in
respect to the effects of climate change on tree grdwattvever, these different microclimates
affect urban tree growtmarkedly(Kjelgren & Clark, 1992; Peper et al., 2001a, ¥dt only

do trees affect their emenment by providing many functions and services for the city climate,
they are affected by their environment and microclimate as Welkks growing in parks expe-
rience environments similar to natural forest stands with high level of competition and wate
availability, while street trees need to deal with high temperatures, less water availability and
often small planting pits. Those different growing sites wahousmicroclimates in terms of

air and soil temperature, water and nutrient availabilidypgetition, radiation, sunlight expo-

sure and rooting spaa&luencetree growth extremely. Trees with poor growth conditions may
show reduced growth and therefore provide less benefits for the city c{ialedeoglou et al.,

2001; Whitlow & Bassuk, 1986)Itimately, poor gowth conditions can result in trelee-off,

leading to increased costs for maintaining and new plantings of Mee&k et al., 2004)The

growth of trees under different site conditions is dependigrstg | v on t he tr ee
acteristics and growth patter(iRais et al., 2014 Some species amore tolerant to drought up

to extreme droughiblerant, enduring long phases of low preeaipdn ratesOther species are
sensitive to long frost periods or ldtests, while many species cannot deal with the irsgga
nitrogen supply through dagine or deicing salting in winte(CzerniawskaKusza et al., 2014;
Mertens et al., 2007Typical Cental European species likersechestnutAesculus hipocas-

tanum suffer tremendouslyrom insect infestations through alien insect species and fungi
(Tubby & Webber, 2010Moreover, how much a certain tree species or urban forestistand

a city can benefit the climate and humdmas beemresarched in many studi€Bolund &
Hunhammar, 1999; Chaparro & Terradas, 2009; Ennos et al., 2014; Escobedo et al., 2011; Gill
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et al., 2007; Nowak & Dwyer, 200,/Hutthe demands and growing requirements of trees fo
optimal growth and provision of highest ecosystem services have been igdovesler for
every planting sitéhe right tree species with appropriate structuralaasthetic demands must
be foundsinceeach tree species has unique characteristics emdrtts at the planting site.
Comparative studieasnalyzing the effects of different site conditions on the growth of typical

urban tree species and their ecisyn services influenced by their growsitg arerare

To fill the abovementioned knowledgeaps, #ometric equationsire necessary, which predict

the growth and ecosystem servicglscommon urban tree gpies of all climate region#\l-

lometric relationships describing the growth of trees over time are common tools in forestry,
but seldom availdb for urbantrees although treeariables like crown size are closely related

with the services of trees. For example, the leaf area and crown projection area CPA are directly
related to the treesd6é physi ol ogs, respitatiopand c es s e
shading(Kramer & Kozlowski, 1979; Pretzsch, 2014; Stoffberg et al., 2008; Troxel et al.,
2013) Figure7 displays the results of a study conductedPaper et al. (2014generating
allometric relationshipr two common urban tree speciedlie USA. Based on these allome-

tric relationships, the ecosystem services and benefits of urban trees can be estimated for dif-
ferent age classes and site conditions. Relationships strtictural dimensions over time can

help arborists and urban planners to plant the right tree species suitable for a certain site, provid-

ing benefits like shade, wind protection or recreafidoPherson et al., 2000)
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Figure 7: Allometric equations of crown diameter based ontem diameter of (a) Fraxinus
americanaand (b) Fraxinus pennsylvaniceof Peper et al. (2014)

Due to climate cange, the effects of the urban heat island effect WH be amplified, in-
creasing the heat stress for humans living in cities. For cliaddpted cities, vegetation in

cities can play a key role to mitigate #igects of climate change andHU Unfortunately how

urban tree growth and further the provided benefits will chander climate chandeshardly
beenresearched. There is a lack of knowledge about how climate change and changed growth

conditions will affect the growth patterns of common urtvae species and their benefits and
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servicesModelbasedsimulationspredicting theecosystem servicethermal comfort anfur-
thergrowth of urban trees artggently needed tools to mitigate the effects of climate change in
cities(Pataki et al., 2011; Wang et al., 200)rthemore dendrochronological studies past
urban tree growtkian provide valuable information on the performance of certain tree species
under draight stres$Gillner et al., 2014; He et al., 20QTelping scientists and urban planners

to select longiving, healty species less sensitive to drought and heat waves

With planting climate change adapted species and proper green spaceddsiggnagement,

the energyuse of buildings and the release of atmospheric carbon dioxide can be reduced, the
air quality impraved, rainfall ruroff and noise levels can be lower@ibwak & Dwyer, 2007.)
Inappropriate tree selection of species unadapted to the impacts of climate change might in-
crease costs to counter pollen productiod elmemical emissions from trees (BVE)Cto re-

place dead trees and might even increase building enemywaste disposal and water con-
sumption(Gregg et al., 2003; Nowak & Dwyer, 2007; Tyrvainen et al., 20@B)per planning

and planting of the right tree at the right site will ensure-a@éilipted, vital urban trees provid-

ing thegreatesbenefits for a good city climate, mitigating the effects of climate change and

the urban heat island effect on humans.
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2.  Aims of the Thesisand Research Questions

The aim of this thesiwas to analyze the growth patterns of two common Central European
urban tree species in relation to their growing site and tree age based on allometric relationship
increment core data and highsolution growth data. Moreover, the ecosystem services carbon
storage, cooling by evapanspiration and shading weassesseth respect to species and
growingsitein terms of he present meteorological microclimatedlocal urban climateThe

following research questions were posed and investigated in detail:

- How do the growth patterns of smédhaved limeTilia cordataMill. and black locust
Robinia pseudoacacia. differ in relation to their growing site, their age and their spe-
cies characteristics?

- What influencedoesthe local urban climatef the cityhaveon the yearly growth of
both species, in particular drought years?

- Which meteorological variable has the most influence on the groiiiiiamtordataat
two contrasting sites in respect bétdrought year 2015 and the overall growth?

- How do the provided ecosystem services carbon storage, shading and cooling of both

species differ in terms of species, age, miartdlocal climate?

Finally, informationshees weredeveloped, providingata m the growth and structural devel-
opment as well as the delivered ecosystem services and value of both analyzed species at a

certain age.
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3.  Material and Methods

3.1 Site &lection

The study sites of this thesis were the cities Muaioth Wirzburg, both located South Ger-

many. With around 1.5 million inhabitantd4unich is the third largest city of Germaayd

largest city of Bavaria. It isharacterized by aool temperate climatdocated in the Alpine

foothills on theMunich gravelplain. The size of Munich i1 s 31, 07
ma.s.l. with the river Isdtowing through the city centewirzburg has approximately 125,000
inhabitants (6th largest city of Bavaria) and a sizeof80 ha (49A486 N, 9A566
Located in the northern region of Bavaria in the Main triangle, Wirzburg is characteyiaed

warm, whinegrowing area climate with the river Main flowing through the city.

The longterm annual precipitation means of Minchen and Wuirzburgl@®® mm and
577mm, whereas the meanraral temperature of Munich is 9.2°C and of Wirzburg48®,
respectively(DWD, 2016) Figure8 displays the climate graphs of Munich (a) and Wirzburg
(b) with the monthly tempature and precipitation values from 1961 to 1990 for Munich and
from 1971 to 2000dr Wirzburg While the average temperature is similar in both cities, the
summer month of Wirzburg are considerably warmer compared to Munich. The precipitation
distribution shows similar patterns in both cities with a peak in summer and less precipitation
in winter.However, the annual precipitation of Munich is on average 432 mm higher compared

to Wirzburg. 9.2 °C
Munich 1009 mm
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Figure 8: Climate graphs of Munich from 1961-1990(a) and Wurzburg from 1971-2000 (b)
with the monthly temperature (red line) and monthly precipitation (blue line), Source DWD
(2016)
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Moreover, atwo public squares in Municthe growth patterns and services of Tercordata

trees were investigatéd detail(0 Gr e e n L 3. Bhe kiatonskigbdiweergrowth, tran-
spiration and cooling ability of the analyzed traeslthe site conditions and the microclimate
werestudied.Two squares were chosen for data collection, situatthdn the city cergr of

Munich (Figure9) therefore representing typical urban conditions. While Bordeaux Platz is an
open green square with less pavement (OGS), Pariser Platz is a highly compacted, heavily
paved square (CPS). The following criteria were fulfilled for sékection: (1) The two sites

must have contrasting characteristics in terms of micrometeorology and surface cover (2) com-
monly planted and healthy matured street trees of the same species in a sufficient number and
(3) in closedistanceo the city centewith significant urban heat island (UHI) eff§€tongracz

et al., 2010)Both squares are situated close together (distarit®0om), with OGS hiag far

bigger than CPS (17,2502 to 1,945 m?) (Tabl2). Pariser Platz is a roundabout connected by

six roads with heavy traffic and IQ cordatatrees planted, while Bordeaux Platz is an oval
shaped avenue with two roads going ipagte directions with less traffic and 84 cordata

trees in total. The average size of the uncovered tree pit is 55 m? at Bordeaux Platz and 5.8 m?
at Pariser Platz. The planting pitsBirdeaux Platare avenue plantations surrounded by lawn
while theplanting pits aPariser Plataresmall cutout pits

Table 2: Site characteristics of BordeauxPlatz and Pariser Platz in Munich with OPS = open,
green square with less pavement and CPScompletely paved square

no.of treepit square square  square
trees  size shape size type

Bordeaux Platz 530 m 11.601348 48.12974¢ 84 55 m2 oval 17,250 m2  OPS
Pariser Platz 531 m 11.60013348.128384 10 5.8 m?2 roundabout 1,945 m2  CPS

square altitude longitude latitude

3.2 Species Section

For this study the two urban tree specesll leaved limdilia cordataand black locusRo-

binia pseudoacaciavere chosenSpecies selection was based on abundance and ecological
features: Both species are two common tree species in Central &urm@pes(Pauleit et al.,
2002) anddiffer regarding their ecological features.hiié¢ T. cordatais a shaddolerantand
moderately drought toleraspeciegRadoglou et al., 2009; Roloff et al., n,\R). pseudoacacia
needs light for growing (shadetolerant) ands very tolerant to droughtKeresztesi, 1988;
Roloff et al., n.y.)Moreover,T. cordatacan tolerate alkaline site conditions and still accumu-
late nutrientgTrowbridge & Bassuk, 2004 contrastR. pseudoacacis a species witiny-

corrhizapartnershipsind therefog very tolerant towards salt damageteyer, 1982)
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3.3 Data Qollection

Tree seleabn for data collection wasainly based on visual impression; damaged, pruned, or
low-forking trees were excluded from measuring. Tree data was collectetl&reember 2013

to September 2014. Data collection for the detailed study on the growth pattérroaodata

at CPS and OGS was done in summer 2@dBbnGoredetaik see3.8 Green Lab MunighAll

the measured trees were classified as either park trees, trees in public places, or street trees.
Trees were considered park trees when planted in a grearwithout buildings, while street
trees were trees planted in a street canlyopublic placessmaller, mostly paved spaces freely
accessible to the pubiionly freestanding trees with open, detached crowns were selected.
Figures9 respectivelylO display detailed maps of the cities Munich and Wurzburg with all
measured . cordataandR. pseudoaaaa trees distributed along the whole city areas.
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Overall, 1'B5trees were measured in Wirzburg and 245 trees in Munich, of tho$e @26lata
and 195R. pseudoacaa trees, adding up to 420 trees in sumboth cities and species (Ta-
ble 3).

Table 3: Number of measuredTilia cordata and Robinia pseudoacaciarees in Munich and
Wiirzburg distributed in three categories (park, public square, steet)

T. cordata R. pseudoacacia Sum

Munich 139 106 245
Park 38 19 57
Public Square 45 33 78
Street 56 54 110
Wirzburg 86 89 175
Park 23 26 49
Public Square 24 30 54
Street 39 33 72

Sum 225 195 420

For eachmeasuredree, the following information was recorded: diameter at breast height
(dbh), tree heighth), height to live crown bagéc), crown diameter, tree pibpen surface area
OSA), vitality, coordinates and altitude, and distateeadjacent buildings and tregdrown

radii and tree pitvere measured in eight intercardinal directions (N, NE, . . ., NW) along the

ground surface from the center of the trunk to the tip of the most remote dowpnwgacting
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shoot and to the last visde open, norasphalted surface of the soil. The vitality of the trees was
rated based on the scaleRoloff (2001) ranging from very good (0) to very pd@) conditions
regarding the branching structures of the crown.

3.4 Data Derived by Calculations from Measured Data
From the measured data, crown radury crown diameter, crown volungev), crown projec-
tion area(CPA), ageand biomass were calculated. Theancrown radiusvas defined as the

guadratic mean:

cF (RR+rigreé+ 235 /8 (1)

withrwvas the widest measured crown \gthewidessi on i

crown extension in the northwest direction.

The crownprojection areand the crown volumeere calculated as

CPA =cr2*” )
cv = CPA x crown height 3

The aboveground woody biomassTofcordatawas obtained by the equationlofi h 8 k et al
(2014) while the biomassf R. pseudoacaciwvas computedbllowing Clark 11l & Schroeder
(1986)

Leaf area indexLAl) was derived from hemispherical photographs captured during the fully
leafed phae (July August) using a Nikon CoolpixP5100 camera with fisheye lens and Mid
OMount. Between the time of measurement and the fully leafed phase, some trees were re-
moved or severely pruned, and these trees were excluded from photography. The resulting hem-
ispherical photos were analyzed with the programs WinSCANOPY (Régent Instruments Inc.).
This software allows the calculation of the LAl by several methodsRFpseudoacacjd Al
(Bonhom}Lin was used, which is based on Benhomme & Chartier (1972inear method.

For T. cordata the LAI (2000)Lin calculated with the Licor LAI2000 linear meth@ililler,

1967; Welles & Norman, 1998ndthe LAI-2000 generalized method based on the work of
Miller (1967) andWelles & Norman (1991)esulted in the most reliable valué&egression
analyses with generalized additive models (GAM) and mixed smoothed predictor variables
wereperformed to obtain specific models for calculating LAI on the basis of the measured tree
dimensions. The best fitting model with the lowest Akaike Information Criterion (AIC) was

chosen, foil. cordataresulting in:
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In (LAI) = a+ s(1) x In (dbh) + df2) x In (h) + sbz) x In(2xcr) (4)

and forR. pseudoacacieesulting in:

In (LAI) = a+ s(z) x In (h) + sb2) x In (cv) + sbz) x In (CPA) (5)
with a as intercept, s as smooth function for every slope variapkng h as tree height.

The age of all trees was estimated based on the measured tree parameters dbh and tree height.

ForT. cordag, the formula oLukaszkiewicz & Kosmala (2008yas applied:

age =a + e(p(b + ¢ x dbh/100 +d x h) (6)

with a=264.073p=5.5834¢c=0.3397d = 0.0026, dh in cm, and h in m.

To obtain the age d®. pseudoacacjalbh wasmultiplied with a speciedependent age factor

of 0.996, which was computed by the measuremensvyer (2009X¥or Gleditsia triacanthos
Age = dbh x 0.996 (7)

3.5 Allometry

Allometry in forestry refers to the analysiscdamodeling of relationships of measured tree di-
mensions with linear regression technig(feetzsch et al., 2012 this study, the relation-

ships of tree height and crown dimensions were analyithadlbh and agas predictor variable
computing the development @f cordataandR. pseudoacaciaver time The malding of

growth is usually based on dbh, due to the pipe model the@lyinbdzaki et al. (1964hich

predicts leaf area from difReper et al.2001a) On the basis of this theory, most modeling of
forest stands was conducted, using dbh as an explanatory variable for predicting tree height and
crown dimensiong§Peper et al., 2001a; Pretzsch et al., 2&t&ge, 1973; Watt & Kirschbaum,

2011)

In(y) =a+ b x In(X) (8)
with y as the outcome variabbeas predictor variable as intercept and as slope.

With the performed OLS$egression (ordinary least square), the outcomis calculated fsm

the predictorX). Since in application of the models, the growth of trees over time (outgome
will be estimated on basis of the predictry, OLSregressiorwas choserinstead of RMA
(reduced major axisand MA (moving averagakegressior(Niklas, 1994) Other models like
polynomial regressions were tried but showed no significant improvement; therefore, the log
transformation was conducted for all analysis. This is camiplvith previous research of forest
stands and urban tre@eper et al., 2014; Peper et al., 2001a, b; Pretzsch et al., 2012; Stoffberg
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et al., 2008) For the backransformation of the logarithm, the bias cotren (CF) byBaske-
ville (1971)andSprugel(1983)was applied:

CF = exRSF*2) 9)

with RSE = residual standard error.

3.6 Increment Core Collection ardendrochronology

Increment cores were taken from 88cordataand 62R. pseudoacaci&rees in Munich and
Wirzburg, including 20 . cordat trees at OGS and CPS during the study Green Lab Munich.
For each tree, two perpendicular cores of the stem were extracted at a height of 1.3 m, in north-
ern and eastern direction. Due to the main wind direction (southwest), coring from north and
east yietls more representative tree ring widBretzsch et al., 2013ror further processing,

al cores were mounted on grooved boards with glue and sanded using progressively finer sand
papers (Figurell(a)). The first sanding was applied to flattea tores, whereas the subsequent
sanding episodes polished the cores for better visualization of thesexdgmal areéSpeer,

2012) The annual treeing widths of the cores were measured using a Lintab digital positioning
table with a resolution of 1/100 mm (Figurg (b))(Rinn, 2005) For crossdating of the time

series, the software package TS (Rinn Tech, 2010yvas used.

(b)

Figure 11: (a) Increment cores mounted with glue and sanded to increase visibility of year

rings and (b) Lintab digital positioning table
All following analyses of increment core data were carried out(lR Bore Team, 2014jsing
package dplRBunn et al., 2015)With dplR, all treering series were indexed using a double
detrending process: first, modified negative exponential curves were ajofilbeced by cubic
smoothing splines (20 years rigidity, 50% wavelength cutoff). The detrending was conducted
to remove low frequency trends, which are age assodi@iéider et al., 2014; Holmes et al.,

1986) The resulting detrended series were ave
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build chronologies for both species and each city. The autocorrelation of everynseyies

moved using autoregressive models (maximum order of 3). As a result of detrending, standard-
ized chronologies with a yearly ring width index (RWI) averaging around 1 were obtained.
Values smaller than 1 indicate growth below normal, while valuedegré@an 1 indicate
growth higher than normal. The statistical validity of the chronologies was assessed using the
expressed population signal (EPS) for the common period of the time series of all analyzed tree

individuals.

With the derived increment coregs OGS and CPS in Munich, @ointer year analysis was
conducted; it computes the individual relative radial growth variation by comparing the ring
width of year t to that of year'tfor each year ring series. The sign and magnitude of the found
variation between the series were deriyBdnn et al., 2015; Mérian & Lebourgeois, 2011)
Positive pointer years display an extraordinary wide-vitdth, while negative pointer years

are characterized by exceptidgatarrow ringg(Gillner et al., 2014)

3.7 Climategrowth Relationships

To derive past drought years of Munich and Wirzbumgoathly drought index, namely the

SPEI, was calculated to investigdle effects of climate on tree growtflicenteSerrano et

al., 2010) The SPEI uses precipitation and potential evapotranspiratior) éBEnput data
(VicenteSerrano et al., 2010yvhereby PE was calculated according to thiargreaves ap-
proach(Droogers & Allen, 2002; Hargreaves, 199d¢luding minimum and maximum tem-

perature and theenmarnMonteith equatiorfAllen et al., 1998)ncluding minimum ad maxi-

mum temperature, wind speed and sunshine hblsiag the calculated SPEI, the influence of

the identified drought years on the growth patterns of urban treesnabzedA yearly SPEI

for 19852014 (increment core study of Munich and Wurzburg$pexctively 19862015

(Green Lab Munichwas computed by averaging the monthly index values of the growing sea-

son from April to September. Years with an S
drought years, whereas years with an S&PEI sm
droughtg(Lough & Fritts, 1987; Vicent&errano et al., 2010)

The nfluence of drought years on tree growtasanalyzedwith a superposed epoch analysis
(SEA). SEA assesses the significance of events like droughts on tree growth during drought
and to the preand posidrought growth period@Bunn et al., 2015)Following Lough & Fritts

(1987) Orwig & Abrams (1997)andGillner et al. (2014)deviations from the mean ring width
index of each core were calculated for the following three periods. The growth of the 5 years

prior to the analyzed drought year (jth@ught), of the drought yeand of the 5 years after the
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drought year (postirought) were averaged to detect significant departures between those su-
perposed epoch&urther, the influence of past temperature and precipitation on the year ring
formation of a certain year, a resporfigaection analysis with bootstrap resampling on 1000
samples was conductéeritts, 1971; Zang, 2011)

3.8 Green Lab Munich: Growth Patterns of T. cordata in Relation to the Site Conditions

To investigate the growth patterns in relation to the site conditions in detail, electronical den-
drometer generating higiesolution growth data and a weather statiorcédlecting meteoro-

logical datawere installedat both siteqFigure 13. For continuous measurements of stem
growth precision dendrometer (Ecomabachau, Germanyvere attached at a height of about

4 m at five trees of each site. The dendrometer mesagiuedinear shifting of a small sensing

rod fixed at the bark of the trunk. With stem contraction and expansion, the rod is displaced as
well, translating the movement in an electrical sigbakw & Downes, 2009; Makinen et al.,
2008) June 23rd to October 21st 2015 and stored in a CR800 data logger (Campbell Scientific,
U.K.) equipped with Campbell Logger Multiplexer (AM16/32B). The height wasehdo

ensure inaccessibility of installed devices to avoid vandalism.

Air temperature, air pressure, relative air humidity, precipitation, wind speed and direction were
measured with two Vaisala Weather Transmitters WXT520 (EcoTech UriMe&systeme

GmbH, Bonn, Germany) at OGS and CPS. The stations were installed on top of street lamp
posts at a height of 3.3 m by cross aand2 m away from the lamp to decrease influence of
lamp and shade of the nearby trees and buildiRghman et ahcceptell At OGSthe weather

station was in a straight line close to the first tree and at CPS right at the center of the square to
capture differences in micrometeorology as accurately as possible. All measured data were rec-
orded continuously in a #®in resolution fromJuly 28th to October 21st 20DH a enviLog

remote data logger (EcoTech UmwkBleRsysteme GmbH, Bonn, Germany) attached to one of
thesampled trees at each siRafman et akcceptell

Soil matric potential and temperature were measured using Tensibr(#2k4/1, range pF0

pF 7) (EcoTech UmwelMeRRsysteme GmbH, Bonn, Germany) installed vertically through soll
profile to the depth of 30 cm. At Bordeaux Platz the sensors were installed 3.5 m away from
the main stem within the fringe of the CPA. Threesses were installed at the first tree, fol-
lowed by two sensors for next four. At Pariser Platz two sensors for each tree were installed at
the furthest opening point from the main stem. All the sensors were installed in a place which

was mostly shaded toimimize the effect of direct raation on the soil surfac&k@hman et al.
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acceptell Further, sap flux sensors and crown temperature sensors were installed (Rahman et

al. acceptell

Figure 12 Measurements at 10T. cordatatreesat Bordeaux Platz OGS and Pariser Platz CPS
(white fronts discussed in this thesis) at the Green Lab Munich

3.9 Ecosystem Services: Carbon Storage, Shading and Cooling

To evaluate the benefits of urban trees for the city clintla¢¢hree ecosystem carbon istge,
shading, and transpiration by coolingre analyzed in detailo calculate the carbon sage
of a tree, the biomass was multiplied with 0.5 followiRgC (2003)andYoon et al. (2013)
Shading can be obted depending on crown heightdnd crown radiusr for each hour of
the day by

As=2 x cr x i x f x cot (Y) (10)

with As = shaded area inanf = correction factor for the crown forny,= elevation angle of

the sun which in turn is a function of latitude, day of the year and hour of the dap{a/gK
(1996), assuming a perpendicularly standaigect on a horizontal surfa¢déackel, 2012)As
shading coefficient the average shaded area stialight hours of Jun2lst was applied~or

rough estimations of transpiration, and thus, the cooling effect of individual trees, simulation
reallts of the procesbased growth model BALANCE were us@eotzer et al., 2010)This
model simulates the growth and water balance of individual ttegsnding on their environ-
ment(Ro6tzer et al., 2010pubsequetly, the annual transpiration sums of the deciduous species

European beedRagus sylvaticavere related to LAI [ffm?] by regression analysis:
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