
  

 

 

Wissenschaftszentrum Weihenstephan für Ernährung,  

Landnutzung und Umwelt 

 

Lehrstuhl für Waldwachstumskunde 

 

Structure and Growth of Urban Trees and Their Impacts 

on the Environment - From Assessment to Model 

 

Astrid U. Moser 

 

 
Vollständiger Abdruck der von der Fakultät Wissenschaftszentrum Weihenstephan für Ernäh-

rung, Landnutzung und Umwelt der Technischen Universität München zur Erlangung des aka-

demischen Grades eines  

 

Doktors der Naturwissenschaften (Dr. rer. nat.) 

 

genehmigten Dissertation. 
 

 
Vorsitzender: 

Priv.-Doz. Dr. Thomas Rötzer 

 

Prüfer der Dissertation: 

    1. Prof. Dr. Dr. Hans Pretzsch 

2. Prof. Dr. Stephan Pauleit 

       3. Prof. Dr. Johannes Kollmann 

 

 

 
Die Dissertation wurde am 28.09.2016 bei der Technischen Universität München eingereicht 

und durch die Fakultät Wissenschaftszentrum Weihenstephan für Ernährung, Landnutzung und 

Umwelt am 01.12.2016 angenommen. 



 

 

 

 



  

 

 

 

 

 

 

 

"There are those who say that trees shade the garden too much, and interfere with 

the growth of the vegetables. There may be something in this: but when I go down 

the potato rows, the rays of the sun glancing upon my shining blade, the sweat 

pouring down my face, I should be grateful for shade." 

Charles Dudley Warner 
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Abstract 

Research focusing on urban trees and their ecosystem services is still a recent field of scientific 

inquiry, which is getting increased attention by city councils and urban planners, not least due 

to climate change. However, actual data on the growth and impacts of common urban tree spe-

cies in Central Europe is still lacking. This thesis deals with the structure and growth patterns 

of two major urban trees in Germany, small-leaved lime Tilia cordata Mill. and black locust 

Robinia pseudoacacia L. Using regression analysis, an overview of the range of growth and 

tree structures in various age classes was generated, illustrating the full lifecycle of both tree 

species growing at three typical urban settings (parks, public squares and street canyons). The 

growth of T. cordata and R. pseudoacacia regarding their drought tolerance and recovery was 

analyzed retrospectively with a dendrochronological study, revealing a surprisingly high 

drought tolerance of T. cordata due to the anisohydric character of this species though a faster 

recovery of R. pseudoacacia in the consecutive year after a drought event was found caused by 

its isohydric strategy of water conservation. In a further step, the influence of the local climate 

on the growth patterns of T. cordata was assessed. Data collection was performed in Munich 

and Würzburg, two cities differing considerably in average yearly precipitation, with Würzburg 

being far drier than Munich (580 mm yr-1 to 1000 mm yr-1). The results show a slightly better 

growth of both species in Munich, especially during drought as better water availability pro-

motes the growth of urban trees in Munich compared to Würzburg. In an additional study with 

high-resolution growth data over the exceptionally hot and dry summer 2015, a significant re-

lationship of the microclimate with the growth of T. cordata was found. While the precipitation 

rate was positive correlated with tree growth, all other measured meteorological variables, e.g., 

air and soil temperature, vapor pressure deficit, wind speed and transpiration as well as soil 

matric potential were negatively correlated with the growth of T. cordata. Most pronounced 

effects on the tree growth had the transpiration, indicating a trade-off between growth, transpi-

ration and cooling. Due to the high transpiration rate, T. cordata can provide high rates of evap-

otranspiration and hence cooling, however depleting the internal water storage when the soil 

water availability decreases. Moreover, anisohydric species such as T. cordata might suffer 

from growth reductions several years after a drought. In the future, tree species that achieve a 

better balance between growth, transpiration and evaporative cooling should be preferred to 

mitigate the effects of climate change for a better thermal comfort in cities. Finally, the three 

ecosystem services, carbon storage, shading and cooling by evapotranspiration, were calculated 

for both species in Munich and Würzburg, highlighting the potential role of urban trees for 
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moderating the urban climate and contributing to climate change mitigation and adaptation in 

urban areas. For sustainable planning of the urban forest, future tree selection should be based 

on in-depth knowledge of the demands of the tree on its planting site as well as on the demands 

of the tree regarding its benefits for the city climate. 
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Zusammenfassung 

In den vergangenen Jahrzehnten ist die Forschung zu Stadtbäumen und deren Ökosystemleis-

tungen vermehrt in den Fokus der Wissenschaft und Stadtplanung gerückt, denn auch aufgrund 

des Klimawandels sind Städte und Planer an grünen Lösungen für ein angenehmes Stadtklima 

besonders interessiert. Es fehlen jedoch insbesondere für Mitteleuropa Daten bezüglich des 

Wachstums und der Dimensionen von häufigen Stadtbaumarten. Die vorliegende Arbeit hat 

sich deshalb mit dem Wachstum und den Strukturdimensionen zweier häufig gepflanzten 

Baumarten in der Stadt beschäftigt, der Winterlinde Tilia cordata Mill. und der Robinie Robinia 

pseudoacacia L. Mit allometrischen Wachstumsbeziehungen wurden Tabellen erstellt, die das 

Wachstum und die Baumdimensionen in verschiedenen Altersklassen widergeben. Diese Ta-

bellen beschreiben den Lebenszyklus beider Baumarten an drei häufigen Freiraumtypen der 

Stadt, in Parks, an öffentlichen Plätzen und in Straßenzügen. Weiterhin wurde retrospektiv das 

Wachstum von T. cordata und R. pseudoacacia in Bezug auf ihre Austrocknungstoleranz und 

Erholungsfähigkeit mit einer dendrochronologischen Studie untersucht. Es wurde eine überra-

schend hohe Austrocknungstoleranz für T. cordata nachgewiesen, welche auf dem anisohydri-

schen Charakter der Art beruht, während R. pseudoacacia aufgrund ihrer isohydrischen Strate-

gie bezüglich des Wasserhaushalts eine schnelle Erholungsfähigkeit in dem darauffolgenden 

Jahr des Trockenereignisses aufwies. Zusätzlich wurden der Einfluss des lokalen Klimas auf 

die Wachstumsreaktionen von T. cordata genauer untersucht. Die Datenaufnahme erfolgte in 

München und Würzburg, zwei Städte die sich in ihrem Klima essentiell unterscheiden. So ist 

Würzburg aufgrund eines jährlichen durchschnittlichen Niederschlags von 580 mm gegenüber 

München (1000 mm) deutlich trockener. Die Ergebnisse zeigten ein geringfügig höheres 

Wachstum beider Arten in München, wobei insbesondere während einer Trockenperiode die 

höhere Wasserverfügbarkeit das Wachstum von Stadtbäumen in München im Vergleich zu 

Würzburg besser fördert. In einer weiteren Studie mit hochaufgelösten Wachstumsdaten wäh-

rend des außergewöhnlich heißem und trockenen Sommers 2015 im Zentrum von München 

wurde ein signifikanter Zusammenhang des spezifischen Mikroklimas mit dem Wachstum von 

T. cordata nachgewiesen. Während die Niederschlagsrate einen positiven Zusammenhang mit 

dem Wachstum hatte, waren alle anderen gemessenen meteorologischen Variablen wie die Bo-

dentemperatur, Lufttemperatur, Dampfdruckdefizit, Transpiration, Windgeschwindigkeit und 

Bodenpotential negativ mit dem Wachstum korreliert. Den größten Einfluss auf das Wachstum 

hatte jedoch die Transpiration, was auf einen Kompromiss zwischen Wachstum, Transpiration 
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und Abkühlungswirkung schließen lässt. T. cordata kann durch die gezeigte hohe Transpirati-

onsleistung eine dauerhaft hohe Abkühlungswirkung erzielen, die jedoch bei einer geringen 

Bodenwasserverfügbarkeit zu einer Erschöpfung der internen Wasserspeicher führt. Auch kann 

eine anisohydrische Art wie T. cordata Wachstumseinbrüche mehrere Jahre nach einem Tro-

ckenereignis erleiden. Deshalb sollten in Zukunft Arten mit einer besseren Balance von Wachs-

tum, Transpiration und damit Kühlungswirkung bevorzugt werden, denn so können die Aus-

wirkungen des Klimawandels auf das Stadtklima erfolgreicher gemildert werden. Letztendlich 

wurden drei Ökosystemleistungen, genauer die Kohlenstoffspeicherung, die Beschattung und 

die Abkühlungswirkung durch Evapotranspiration für beide Arten in München und Würzburg 

berechnet. Die Ergebnisse bestätigen die potentielle Rolle von Stadtbäumen für ein angenehmes 

Stadtklima und eine erfolgreiche Anpassung und Minderung an die Folgen des Klimawandels. 

Zukünftige Baumartenwahl sollte sowohl an den Ansprüchen des Baumes an seinen Pflanzort 

als auch an den Ansprüchen an den Baum in Bezug auf dessen Ökosystemleistungen erfolgen, 

um nachhaltiges Grünraummanagement zu gewährleisten. 
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I. Cumulative Thesis 

This dissertation is based on investigations that were published and submitted in the fol-

lowing four original articles: 

 

- Moser, A., Rötzer, T., Pauleit, S., Pretzsch, H (2015): Structure and ecosystem ser-

vices of small-leaved lime (Tilia cordata Mill.) and black locust (Robinia pseudoaca-

cia L.) in urban environments. Urban Forestry & Urban Greening 14, 1110-1121 

Summary: 

Knowledge of the structure and morphology of common urban trees is scarce, particularly 

of the full lifecycle of a tree. The present and future structural dimensions of urban tree 

species are of an increasing interest because tree growth is associated with its ecosystem 

services (e. g. carbon storage, pollutant filtering, cooling, shading, biodiversity). The pur-

pose of this study was to characterize the dimensions of two urban tree species (small-

leaved lime, Tilia cordata Mill. and black locust, Robinia pseudoacacia L.) and to predict 

future structural dimensions based on the diameter at breast height dbh and tree age. Tree 

dimensions of 425 T. cordata and R. pseudoacacia trees in three different site categories 

(park, public square and street) were collected in the two southern German cities Munich 

and Würzburg. Both differ in their climate characteristics, Würzburg is with 400 mm less 

precipitation per year considerably drier than Munich. Regression 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 strong relationships (r2> 0.7) be-

tween crown diameter, crown volume, crown projection area, crown height, tree pit for 

both species, and tree height of T. cordata. Based on tree dimensions and the leaf area 

index (LAI), three ecosystem services (carbon storage, shading, 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 and age. Highest ecosystem services were found for 

R. pseudoacacia trees growing in parks, while T. cordata provided more cooling with 

higher age compared to R. pseudoacacia. The associations of tree growth patterns identi-

fied in this study can be used as guidelines 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., Rötzer, T., Pauleit, S., Pretzsch, H (2016): The Urban Environment Can 

Modify Drought Stress of Small-Leaved Lime (Tilia cordata Mill.) and Black Locust 

(Robinia pseudoacacia L.). Forests 7, 71 

Summary: 

The urban environment characterized by various stresses like dense soil with limited root-

ing space, less water availability and nutrients, further high temperatures and radiation, 

pollutants, insect infestations and pruning poses challenges to trees. In particular, water 

deficits and high temperatures can cause immense drought stress to urban trees, resulting 

in reduced growth and finally tree die-off. Drought-tolerant species 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 researched. This study aimed to analyze the annual 

growth and drought tolerance of two common urban tree species, namely small-leaved lime 

(Tilia cordata Mill.) and black locust (Robinia pseudoacacia L.), in two cities in southern 

Germany (Munich and Würzburg) in relation to their urban growing conditions. Both cities 

differ considerably regarding their climate characteristics; Würzburg is characterized by 

400 mm/yr less precipitation than Munich. With increment cores, a dendrochronological 

study about the growth patterns of these tree species in relation to their site conditions was 

conducted. Marked growth reductions during drought periods and subsequent fast recovery 

were found for R. pseudoacacia, whereas T. cordata exhibited continued reduced growth 

after a drought 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 trees. Especially canopy openness—representing the light 

availability—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 stress in urban areas. These find-

ings were strongly dependent on the species, with T. cordata being less affected by shade 

as a shade-tolerant species in comparison with R. pseudoacacia, a light-demanding species 

experiencing growth deficits when growing in shade. Sustainable 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., Rötzer, T. (2016): Inter- and in-

traannual growth patterns of urban small-leaved lime (Tilia cordata mill.) at two 

public squares with contrasting microclimatic conditions. International Journal of 

Biometeorology, DOI 10.1007/s00484-016-1290-0 

Summary: 

The effects of urban conditions on tree growth have been investigated in an increasing 

number of studies over the last decades, emphasizing the harsh environment of cities. Ur-

ban trees often grow in highly paved, compacted sites with consequently less soil moisture 

and nutrients, higher soil temperatures, and greater vapor pressure deficits. However, there 

is still a knowledge gap regarding the impact of those detrimental site conditions, especially 

in respect of drought events, on the growth patterns of urban trees. The present study in-

vestigated the structure and growth of the common urban tree species small-leaved lime 

(Tilia cordata) at a highly paved public square (CPS) compared with a contrasting more 

open, greener square (OGS) in the city center of the southern German city Munich. Con-

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 growth during a drought year. The results highlight 

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. After the initial expansion 

at CPS, tree diameter contracted again during summer to the point of shrinkage (up to 0.8 

mm) at the end of our investigation. Further drought year analysis confirmed the patterns 

of significant growth reductions in the consecutive two years following the drought. A 

correlation analysis revealed that transpiration (r = −0.6), air temperature (r = −0.6), and 

vapor pressure deficit (r = −0.6) were negatively correlated with the daily diameter growth, 

whereas precipitation had a strong positive effect (r = 0.3). Due to high transpiration rates 

associated with anisohydric water use behavior, T. cordata was able to provide evaporative 

cooling even during drought. However this water stress behavior resulted in a substantial 

growth decline afterwards especially at paved sites like CPS. Our results suggest selection 

of tree species, such as those with isohydric water use behavior, which may achieve a better 

balance between growth, transpiration, and hence evaporative cooling. 
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- Moser, A., Rötzer, T., Pauleit, S., Pretzsch, H. (2016): Stadtbäume: Wachstum, 

Funktionen und Leistungen – Risiken und Forschungsperspektiven. Allgemeine 

Forst- und Jagdzeitung AFJZ, in Begutachtung (under review) 

Summary: 

Stadtbäume und grüne Infrastrukturen sind ein wesentlicher Bestandteil des Stadtbildes, 

sie stellen den ästhetischen und erholungswirksamen Mittelpunkt der Stadt dar. Doch nicht 

nur durch ihre Ästhetik prägen Bäume eine Stadt, sondern auch durch ihre Struktur und 

Erscheinung sowie die Funktionen, die sie für das Stadtklima erbringen. Neben positiven 

Eigenschaften wie Kohlenstoffbindung, Abkühlungswirkung, Beschattung, Biodiversität, 

sowie Abflussminimierung dürfen jedoch auch die negative Eigenschaften des Stadtgrüns 

wie Kosten für die Pflanzung und Pflege, Allergene und Schäden durch herabfallende 

Pflanzenteile bzw. Verschmutzungen nicht ignoriert werden. Darüber hinaus ist der 

Wuchsraum der Stadt durch vielfältige Faktoren gekennzeichnet, welche sich negativ auf 

die Vitalität, das Wachstum und die Leistungen der Bäume auswirken können und zu er-

höhten Kosten führen können. Zu nennen sind hierbei hohen Temperaturen, geringe 

Wuchsraum-, Nährstoff,- und Wasserverfügbarkeit, Schadstoffbelastungen, Beschattung 

durch Gebäude und Verletzungen. Auch stellen der urbane Wärmeinseleffekt und die Aus-

wirkungen des Klimawandels für Stadtbäume langfristig wachstumshinderliche Faktoren 

dar, die in der Grünraumplanung immer mehr im Vordergrund stehen. Städte und For-

schung versuchen deshalb, nachhaltige Konzepte zu entwickeln, um weiterhin einen ge-

sunden, vielfältigen und attraktiven Baumbestand in der Stadt zu erhalten. Diese Studie 

beschäftigt sich mit dem aktuellen Stand des Wissens und stellt die positiven und negativen 

Aspekte der Stadtbäume dar. Die Wirkungen von Stadtbäumen auf den Menschen und das 

Stadtklima, aber auch die Effekte des Standortklimas auf den Baum werden diskutiert. Da-

bei werden weiterhin die Folgen des Klimawandels aufgezeigt sowie moderne Konzepte 

und zukünftige Forschungsperspektiven dargestellt und analysiert. 
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The above listed articles are attached in the appendix. Hereinafter, reference to the original 

articles is made by citation.  
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II. Thesis: Structure and Growth of Urban Trees and Their Im-

pacts on the Environment - From Assessment to Model 

1. Introduction 

In 2015, Germany suffered from one of the driest and hottest summer for the past decades, 

especially affecting the living conditions in cities. Particularly, the months of July, August and 

September were characterized by very low precipitation rates, as illustrated in the climate of 

Munich: while the average precipitation of the month July is usually around 110 mm (1985-

2014), in July of 2015 only 20 mm of rain was recorded (Figure 1). A similar pattern was 

observed for the months of August and September. Moreover, the temperature in July was 

around 3°C higher than in the past 30 years. 

 

Figure 1: Monthly temperature (red line) and precipitation (red bars) of Munich in 2015 as 

well as the average temperature (grey line) and average precipitation (grey bars) of Munich 

in 1985-2014 (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 surroundings: 

in particular the inner city is warmer and dryer, typically with high temperatures during the 

night. Higher temperature maxima and high thermal storages during day and night are charac-

teristics of large cities and the urban heat island effect. There are various reasons for the urban 

heat island effect. The higher temperatures are mainly due to the absorption of incoming solar 

radiation of buildings, which reradiate great parts of the incoming solar radiation as heat. More-

over, sparse vegetation and high rates of paved surfaces result in less transpiration (Collier, 

2006; Kuttler, 2004; Oke, 1982). In Figure 2, the urban heat island is graphically illustrated, the 
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reradiated incoming solar radiation as heat by the highly paved surfaces and buildings is dis-

played. Less wind movement keeps the warmer air within the city boundaries, creating the ur-

ban boundary layer (Oßenbrügge & Bechtel, 2010). Consequences of the UHI are increased 

costs for cooling and peak electricity demands as well as intensified pollution problems, which 

increase the urban footprint and can cause human discomfort and health problems (Hassid et 

al., 2000; Santamouris et al., 2001; Santamouris et al., 2007; Santamouris et al., 2011). The 

effects of the urban heat island on the human thermal comfort are well researched (Luber & 

McGeehin, 2008; Sakka et al., 2012), since the urban heat island is most pronounced during 

midsummer. During nighttime in summer, the thermal strain is especially high for humans, 

causing sleep problems and diminished recovery during the night (Santamouris, 2014; Tan et 

al., 2010). 

 

Figure 2: Urban heat island effect in the city by Oßenbrügge & Bechtel (2010) 

However, the occurrence of very hot summers with low precipitation rates is also an effect of 

climate change, a widely accepted global phenomenon characterized by higher temperatures 

and altered precipitation rates as well as frequent and intense extreme climatic events like 

droughts, floods, and storms (Della-Marta et al., 2007; IPCC, 2007). These extreme events in-

fluence all ecosystems worldwide (Cavin et al., 2013; Kramer & Kozlowski, 1979; Orwig & 

Abrams, 1997). Water and nutrient limitations are direct consequences of drought, leading to 

low-growth episodes of vegetation (Pretzsch et al., 2013; Rötzer et al., 2012). Forecasts predict 

an increase of climate change effects and problems like droughts and extreme weather events. 

This trend can be observed when analyzing the occurrence of drought years since the beginning 

of the 21st century. When comparing the past drought years of Munich from 1985 to 1999 with 

those from 2000 to 2015, 11 years with a negative drought index SPEI (standardized precipita-

tion evapotranspiration index) occurred in the 21th century, while only four 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 may also be considered a result of climate 

change. The ‘Intergovernmental Panel on Climate Change’ (IPCC) predicts a warming of the 

annual average temperatures by 2 to 4.5°C for Germany by 2071 to 2100 based on the emission 

scenario A1B (IPCC, 2007). This trend is followed by a greater number of summer days (tem-

perature maxima > 25°C), hot days (temperature maxima > 30°C) and tropical nights (temper-

ature > 20°C) as well as longer dry periods together with less precipitation especially in sum-

mer. For example, during the period 1961 to 1990 in Munich 30 to 35 summer days per year, 

two to four hot days and no tropical days were recorded. Climate predictions expect an increase 

of summer days from 27 to 33 days more than today, 18 to 22 more hot days than today and 

seven to nine tropical nights in Munich by 2070 to 2100 (scenario A1B, 50% percentile) (DWD, 

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

a greater warming, higher maximum temperatures and higher thermal energy storage. Future 

climates with altered temperatures and precipitation as well as extreme weather events will 

affect the living conditions of the urban populations and can be detrimental for human quality 

of life (Fahey et al., 2013; Meehl et al., 2007). Especially risk groups like older people and 

children will suffer the most from extreme heat waves. Extreme heat conditions can have effects 

on health due to heat stress, UV radiation, air pollution and heat strokes (Matzarakis & 

Amelung, 2008). To evaluate the heat stress for humans, several indices were generated, with 

the physiological equivalent temperature (PET) as one of the most common applied indices. It 

11 

4 



II. Thesis: Introduction 

24 

is a thermal index derived from the human energy balance and is well suited for the evaluation 

of the thermal component of different climates (Matzarakis 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 solutions. The use of green infrastructure to moderate the 

impacts 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 the city climate. Vegetation in cities like trees, shrubs, grasses, facades and roof greenings 

stores and sequesters carbon (Davies et al., 2011; Nowak & Crane, 2002; Yoon et al., 2013; 

Zheng et al., 2013), cools its environment by transpiration and shading (Akbari et al., 2001; 

Armson et al., 2013a; Leuzinger et al., 2010; Rahman et al., 2015), improves the air quality by 

pollutant filtering (Bolund & Hunhammar, 1999; Ennos et al., 2014; Nowak et al., 2006; Ross 

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

al., 2011), mitigates rainwater run-off (Armson et al., 2013b; McPherson et al., 1994), increases 

biodiversity (Blair, 1996; Melles et al., 2003; Sandström et al., 2006) and offers aesthetic value 

such as amenity and life quality (Bolund & Hunhammar, 1999; Ennos et al., 2014). Figure 4 

summarizes the services and functions vegetation in urban environments provides. Green infra-

structure is therefore suggested as a multifunctional solution that not only mitigates the negative 

effects of climate change but also concurrently provides multiple benefits to society.  

However, even if science mainly focuses on the positive effects of green infrastructure, negative 

consequences and costs need to be taken into account as well. Urban trees can cause material 

and personal damages due to falling trees and breaking branches (Dobbs et al., 2011). Trees in 

cities can host hazardous diseases and insect pests (Carinanos & Casares-Porcel, 2011), they 

can emit allergenic pollen and biogenic volatile organic compounds BVOCs, increase humidity 

and create green waste due to debris and litter (Carinanos & Casares-Porcel, 2011; Dobbs et 

al., 2011; Escobedo et al., 2011; Lyytimäki & Sipilä, 2009; Nowak & Dwyer, 2000). The costs 

for pruning, planting and maintaining are immense. For example, Soares et al. (2011) calculated 

$1.9 million in costs for urban tree management in Lisbon, Portugal. 
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Figure 4: Ecosystem services of urban vegetation (Moser et al. under review) adapted from 

Dobbs et al. (2014), Tyrväinen et al. (2005) and Bolund & Hunhammar (1999)   

An increasing number of researchers worldwide is trying to fill the knowledge gap about the 

quantity and quality of ecosystem services of different types of urban vegetation vegetation—

trees in particular—by conducting city-wide studies on the growth, costs and benefits of urban 

tree stands of a city or studies based on the growth and services of single trees. Moreover, 

several studies used modeling approaches to answer questions about the structure, diversity and 

benefits of urban trees (Armson et al., 2013a; Pataki et al., 2011; Rahman et al., 2015; Rust, 

2014; Yoon et al., 2013). There is an increasing demand of knowledge and understanding on 

how trees affect their environment in terms of their benefits for the city climate. For the past 

two decades, for example, pioneer projects such as the ‘Chicago Urban Forest Climate Project’ 

and in particular the software ‘i-Trees’ have been attempting to quantify the ecosystem services 

of green vegetation and urban trees and estimate their monetary value (McPherson et al., 1997; 

Nowak & Crane, 2002; Nowak et al., 1994). Table 1 displays the values of the urban trees in 

Chicago, which were estimated by calculating the air pollution removal, carbon storage and 

sequestration as well as energy reduction and reduction of carbon dioxide emission, resulting 

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

Feature Measured 

Tree number 157,142,000 

Canopy cover (trees and shrubs) 21% 

Tree cover 15.50% 

Trees smaller than 6 inches dbh (%) 73.30% 

Pollution removal  
    - Trees 18,080 tons per year ($137 million per year) 

    - Trees and shrubs 24,170 tons per year($183 million per year) 

VOC emissions 11,976 tons per year 

Carbon storage 16.9 million tons ($349 million) 

Carbon sequestration 677,000 tons per year ($14 million per year) 

Building energy reduction $44 million per year 

Reduced carbon emissions $1.3 million per year 

Compensatory value $51.2 billion 

 

Similar studies have been conducted in Lisbon (Soares et al., 2011) and in four cities in the UK 

(Rumble et al., 2014). Other researchers have concentrated on the quantity of single ecosystem 

services that different species can provide. For example, Rahman et al. (2015) analyzed the 

cooling efficiency of five urban tree species and found the greatest cooling abilities for Pyrus 

calleryana (Figure 5). 

 

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 emphasized, urban vegetation and in particular urban trees are a 

key element of cities. Urban trees commonly grow in street canyons, city parks, in front of 

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

areas, railroad facilities and cemeteries. Large cities like Berlin count 440,000 street trees (Stadt 

Berlin, 2016), while the city of Barcelona includes 198,775 planted street trees in its municipal 

area (Chaparro & Terradas, 2009). McPherson et al. (1997) rated 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 undeniable value for city aesthetics and climate, urban trees face many challenges 

at their growing site. Compared to forest trees, urban trees have less rooting space (Day et al., 

1995; Grabosky & Bassuk, 1995) as well as less water and nutrient availability (Beatty & 

Heckman, 1981; Whitlow & Bassuk, 1986); the soil is very dense and compact (Beatty & 

Heckman, 1981; Day et al., 1995); the temperatures are higher with more reflected radiation 

due to buildings and asphalted surfaces (Akbari et al., 2001; Kjelgren & Clark, 1992). Further, 

urban trees suffer from mechanical injuries (Beatty & Heckman, 1981; Foster & Blaine, 1978), 

de-icing salting in winter (Petersen & Eckstein, 1988), pollutants and dog urine (Whitlow & 

Bassuk, 1988). Figure 6 illustrates a typical urban setting and the harsh environment of urban 

trees with small planting pots surrounded by compacted, paved surfaces and high levels of pol-

lution. Tall buildings create shade which decreases the photosynthetic activity of the trees 

though increasing the reflected radiation. Nevertheless, urban trees also create habitats for birds, 

insects and other animals as well as a comfortable climate for humans. 

 

Figure 6: Challenges and services of trees in an urban environment (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 for certain climatic region. Most existing data on the quantity of the 

benefits of urban vegetation was provided by i-Trees, 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 regions (Rust, 2014; Semenzato et al., 2011). 
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Peper et al. (2001b) and Peper et al. (2001a) state 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 season. Moreover, the 

data available through i-Trees is based on estimations of inventory data and upscaling, dealing 

with whole city stands and not with single urban trees growing in street canyons, at public 

plazas, parking areas or parks in urban areas. Accurate assessments and calculations of the ac-

tual benefits based on single urban trees are lacking (Peper et al., 2014). While there are many 

studies on the benefits of urban forest stands and their provided benefits, there are hardly any 

data on the impact of single trees depending on the species and the individual growing site of a 

tree. Studies like the analysis of Kjelgren & Clark (1992) and Pretzsch et al. (2015) on the 

growth of urban trees under different site conditions present in urban areas (parks, streets, pub-

lic squares, residential areas) are scarcely existing for Europe, different urban tree species or in 

respect to the effects of climate change on tree growth. However, these different microclimates 

affect urban tree growth markedly (Kjelgren & Clark, 1992; Peper et al., 2001a, b). Not only 

do trees affect their environment by providing many functions and services for the city climate, 

they are affected by their environment and microclimate as well. Trees growing in parks expe-

rience environments similar to natural forest stands with high level of competition and water 

availability, while street trees need to deal with high temperatures, less water availability and 

often small planting pits. Those different growing sites with various microclimates in terms of 

air and soil temperature, water and nutrient availability, competition, radiation, sunlight expo-

sure and rooting space influence tree growth extremely. Trees with poor growth conditions may 

show reduced growth and therefore provide less benefits for the city climate (Iakovoglou et al., 

2001; Whitlow & Bassuk, 1986). Ultimately, poor growth conditions can result in tree die-off, 

leading to increased costs for maintaining and new plantings of trees (Nowak et al., 2004). The 

growth of trees under different site conditions is depending strongly on the tree species’ char-

acteristics and growth patterns (Rais et al., 2014). Some species are more tolerant to drought up 

to extreme drought-tolerant, enduring long phases of low precipitation rates. Other species are 

sensitive to long frost periods or late-frosts, while many species cannot deal with the increased 

nitrogen supply through dog urine or de-icing salting in winter (Czerniawska-Kusza et al., 2014; 

Mertens et al., 2007). Typical Central European species like horse chestnut Aesculus hippocas-

tanum suffer tremendously from insect infestations through alien insect species and fungi 

(Tubby & Webber, 2010). Moreover, how much a certain tree species or urban forest stand in 

a city can benefit the climate and humans has been researched in many studies (Bolund & 

Hunhammar, 1999; Chaparro & Terradas, 2009; Ennos et al., 2014; Escobedo et al., 2011; Gill 
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et al., 2007; Nowak & Dwyer, 2007), but the demands and growing requirements of trees for 

optimal growth and provision of highest ecosystem services have been ignored. However, for 

every planting site the right tree species with appropriate structural and aesthetic demands must 

be found since each tree species has unique characteristics and demands at the planting site. 

Comparative studies analyzing the effects of different site conditions on the growth of typical 

urban tree species and their ecosystem services influenced by their growing site are rare.  

To fill the above mentioned knowledge gaps, allometric equations are necessary, which predict 

the growth and ecosystem services of common urban tree species of all climate regions. Al-

lometric relationships describing the growth of trees over time are common tools in forestry, 

but seldom available for urban trees although tree variables 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 trees’ physiological processes like transpiration, photosynthesis, respiration and 

shading (Kramer & Kozlowski, 1979; Pretzsch, 2014; Stoffberg et al., 2008; Troxel et al., 

2013). Figure 7 displays the results of a study conducted by Peper et al. (2014), generating 

allometric relationships for two common urban tree species in the 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 on the structural 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 recreation (McPherson et al., 2000). 

 

Figure 7: Allometric equations of crown diameter based on stem diameter of (a) Fraxinus 

americana and (b) Fraxinus pennsylvanica of Peper et al. (2014) 

Due to climate change, the effects of the urban heat island effect UHI will be amplified, in-

creasing the heat stress for humans living in cities. For climate-adapted cities, vegetation in 

cities can play a key role to mitigate the effects of climate change and UHI. Unfortunately, how 

urban tree growth and further the provided benefits will change under climate change has hardly 

been researched. There is a lack of knowledge about how climate change and changed growth 

conditions will affect the growth patterns of common urban tree species and their benefits and 
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services. Model-based simulations predicting the ecosystem services, thermal comfort and fur-

ther growth of urban trees are urgently needed tools to mitigate the effects of climate change in 

cities (Pataki et al., 2011; Wang et al., 2008). Furthermore, dendrochronological studies on past 

urban tree growth can provide valuable information on the performance of certain tree species 

under drought stress (Gillner et al., 2014; He et al., 2007), helping scientists and urban planners 

to select long-living, healthy species less sensitive to drought and heat waves.  

With planting climate change adapted species and proper green space design and management, 

the energy-use of buildings and the release of atmospheric carbon dioxide can be reduced, the 

air quality improved, rainfall run-off and noise levels can be lowered (Nowak & Dwyer, 2007). 

Inappropriate tree selection of species unadapted to the impacts of climate change might in-

crease costs to counter pollen production and chemical emissions from trees (BVOCs), to re-

place dead trees and might even increase building energy-use, waste disposal and water con-

sumption (Gregg et al., 2003; Nowak & Dwyer, 2007; Tyrväinen et al., 2005). Proper planning 

and planting of the right tree at the right site will ensure well-adapted, vital urban trees provid-

ing the greatest benefits 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 Thesis and Research Questions 

The aim of this thesis was 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 relationships, 

increment core data and high-resolution growth data. Moreover, the ecosystem services carbon 

storage, cooling by evapotranspiration and shading were assessed in respect to species and 

growing site in terms of the present meteorological microclimate and local urban climate. The 

following research questions were posed and investigated in detail: 

- How do the growth patterns of small-leaved lime Tilia cordata Mill. and black locust 

Robinia pseudoacacia L. differ in relation to their growing site, their age and their spe-

cies characteristics? 

- What influence does the local urban climate of the city have on the yearly growth of 

both species, in particular in drought years? 

- Which meteorological variable has the most influence on the growth of Tilia cordata at 

two contrasting sites in respect of the drought 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, micro- and local climate? 

 

Finally, information sheets were developed, providing data on 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 Selection 

The study sites of this thesis were the cities Munich and Würzburg, both located in South Ger-

many. With around 1.5 million inhabitants, Munich is the third largest city of Germany and 

largest city of Bavaria. It is characterized by a cool temperate climate, located in the Alpine 

foothills on the Munich gravel plain. The size of Munich is 31,071 ha, 48°09’N, 11°35’E, 519 

m a.s.l. with the river Isar flowing through the city center. Würzburg has approximately 125,000 

inhabitants (6th largest city of Bavaria) and a size of 8,760 ha (49°48’N, 9°56’E, 177 m a.s.l.). 

Located in the northern region of Bavaria in the Main triangle, Würzburg is characterized by a 

warm, whine-growing area climate with the river Main flowing through the city.  

The long-term annual precipitation means of München and Würzburg are 1009 mm and 

577 mm, whereas the mean annual temperature of Munich is 9.2°C and of Würzburg is 9.4°C, 

respectively (DWD, 2016). Figure 8 displays the climate graphs of Munich (a) and Würzburg 

(b) with the monthly temperature and precipitation values from 1961 to 1990 for Munich and 

from 1971 to 2000 for Würzburg. While the average temperature is similar in both cities, the 

summer month of Würzburg 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 Würzburg. 

     

Figure 8: Climate graphs of Munich from 1961-1990 (a) and Würzburg from 1971-2000 (b) 

with the monthly temperature (red line) and monthly precipitation (blue line), Source: DWD 

(2016) 
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Moreover, at two public squares in Munich the growth patterns and services of ten T. cordata 

trees were investigated in detail (‘Green Lab Munich’). The relationships between growth, tran-

spiration and cooling ability of the analyzed trees and the site conditions and the microclimate 

were studied. Two squares were chosen for data collection, situated within the city center of 

Munich (Figure 9) 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 site selection: (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 close distance to the city center with significant urban heat island (UHI) effect (Pongracz 

et al., 2010). Both squares are situated close together (distance of 180 m), with OGS being far 

bigger than CPS (17,250 m² to 1,945 m²) (Table 2). Pariser Platz is a roundabout connected by 

six roads with heavy traffic and 10 T. cordata trees planted, while Bordeaux Platz is an oval 

shaped avenue with two roads going in opposite directions with less traffic and 84 T. cordata 

trees in total. The average size of the uncovered tree pit is 55 m² at Bordeaux Platz and 5.8 m² 

at Pariser Platz. The planting pits of Bordeaux Platz are avenue plantations surrounded by lawn 

while the planting pits at Pariser Platz are small cut-out pits. 

Table 2: Site characteristics of Bordeaux-Platz and Pariser Platz in Munich with OPS = open, 

green square with less pavement and CPS = completely paved square 

square altitude longitude latitude 
no. of 

trees 

tree pit 

size 

square 

shape 

square 

size 

square 

type 

Bordeaux Platz 530 m 11.601348 48.129749 84 55 m² oval 17,250 m² OPS 

Pariser Platz 531 m 11.600133 48.128384 10 5.8 m² roundabout 1,945 m² CPS 

3.2 Species Selection 

For this study the two urban tree species small leaved lime Tilia cordata and black locust Ro-

binia pseudoacacia were chosen. Species selection was based on abundance and ecological 

features: Both species are two common tree species in Central European cities (Pauleit et al., 

2002) and differ regarding their ecological features. While T. cordata is a shade-tolerant and 

moderately drought tolerant species (Radoglou et al., 2009; Roloff et al., n.y.), R. pseudoacacia 

needs light for growing (shade-intolerant) and is very tolerant to drought (Keresztesi, 1988; 

Roloff et al., n.y.). Moreover, T. cordata can tolerate alkaline site conditions and still accumu-

late nutrients (Trowbridge & Bassuk, 2004). In contrast, R. pseudoacacia is a species with my-

corrhiza partnerships and therefore very tolerant towards salt damages (Meyer, 1982).  

 

http://www.dict.cc/englisch-deutsch/mycorrhiza.html
http://www.dict.cc/englisch-deutsch/mycorrhiza.html
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3.3 Data Collection 

Tree selection for data collection was mainly based on visual impression; damaged, pruned, or 

low-forking trees were excluded from measuring. Tree data was collected from November 2013 

to September 2014. Data collection for the detailed study on the growth patterns of T. cordata 

at CPS and OGS was done in summer 2015 (for more details see 3.8 Green Lab Munich). All 

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 green area without buildings, while street 

trees were trees planted in a street canyon. In public places−smaller, mostly paved spaces freely 

accessible to the public−only free-standing trees with open, detached crowns were selected. 

Figures 9 respectively 10 display detailed maps of the cities Munich and Würzburg with all 

measured T. cordata and R. pseudoacacia trees distributed along the whole city areas. 

 

 

 

 

 

 

 

 

Figure 9: Measured trees in Munich and the ten T. cordata trees at two public squares Bor-

deaux Platz and Pariser Platz (Source background map: Bayerische Vermessungsverwaltung 

2015) 

 



II. Thesis: Material and Methods 

35 

 

Figure 10: Measured trees in Würzburg (Source background map: Bayerische Ver-

messungsverwaltung 2015) 

Overall, 175 trees were measured in Würzburg and 245 trees in Munich, of those 225 T. cordata 

and 195 R. pseudoacacia trees, adding up to 420 trees in sum for both cities and species (Ta-

ble 3).  

Table 3: Number of measured Tilia cordata and Robinia pseudoacacia trees in Munich and 

Würzburg distributed in three categories (park, public square, street) 

  T. cordata R. pseudoacacia Sum 

Munich   139 106 245 

     Park  38 19 57 

        Public Square  45 33 78 

          Street   56 54 110 

Würzburg 86 89 175 

     Park  23 26 49 

        Public Square  24 30 54 

          Street   39 33 72 

Sum   225 195 420 

For each measured tree, the following information was recorded: diameter at breast height 

(dbh), tree height (h), height to live crown base (hc), crown diameter, tree pit (open surface area 

OSA), vitality, coordinates and altitude, and distance to adjacent buildings and trees. Crown 

radii and tree pit were 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 downward-projecting 
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shoot and to the last visible open, non-asphalted surface of the soil. The vitality of the trees was 

rated based on the scale of Roloff (2001), ranging from very good (0) to very poor (3) conditions 

regarding the branching structures of the crown. 

3.4 Data Derived by Calculations from Measured Data 

From the measured data, crown radius (cr), crown diameter, crown volume (cv), crown projec-

tion area (CPA), age and biomass were calculated. The mean crown radius was defined as the 

quadratic mean:  

cr= √(rN 
2 + rNE 

2 +… + rNW
2 )/8          (1) 

with rN as the widest measured crown extension in the northern direction,…, rNW the widest 

crown extension in the northwest direction. 

The crown projection area and the crown volume were calculated as  

CPA = cr² * π            (2)  

cv = CPA × crown height          (3) 

The aboveground woody biomass of T. cordata was obtained by the equation of Čihák et al. 

(2014), while the biomass of R. pseudoacacia was computed following Clark III & Schroeder 

(1986).  

Leaf area index (LAI) was derived from hemispherical photographs captured during the fully 

leafed phase (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 LAI by several methods. For R. pseudoacacia, LAI 

(Bonhom)-Lin was used, which is based on the Bonhomme & Chartier (1972) linear method. 

For T. cordata, the LAI (2000)-Lin calculated with the Licor LAI2000 linear method (Miller, 

1967; Welles & Norman, 1991) and the LAI-2000 generalized method based on the work of 

Miller (1967) and Welles & Norman (1991) resulted in the most reliable values. Regression 

analyses with generalized additive models (GAM) and mixed smoothed predictor variables 

were performed 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, for T. cordata resulting in:  
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ln (LAI) = a + s(b1) × ln (dbh) + s(b2) × ln (h) + s(b3) × ln(2×cr)    (4) 

and for R. pseudoacacia resulting in:  

ln (LAI) = a + s(b1) × ln (h) + s(b2) × ln (cv) + s(b3) × ln (CPA)    (5) 

with a as intercept, s as smooth function for every slope variable (b) and h as tree height. 

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

For T. cordata, the formula of Lukaszkiewicz & Kosmala (2008) was applied:  

age = a + exp(b + c × dbh/100 + d × h)         (6) 

with a = 264.073, b = 5.5834, c = 0.3397, d = 0.0026, dbh in cm, and h in m. 

To obtain the age of R. pseudoacacia, dbh was multiplied with a species-dependent age factor 

of 0.996, which was computed by the measurements of Dwyer (2009) for Gleditsia triacanthos: 

Age = dbh × 0.996          (7) 

3.5 Allometry 

Allometry in forestry refers to the analysis and modeling of relationships of measured tree di-

mensions with linear regression techniques (Pretzsch et al., 2012). In this study, the relation-

ships of tree height and crown dimensions were analyzed with dbh and age as predictor variable, 

computing the development of T. cordata and R. pseudoacacia over time. The modeling of 

growth is usually based on dbh, due to the pipe model theory of Shinozaki et al. (1964), which 

predicts leaf area from dbh (Peper 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 dimensions (Peper et al., 2001a; Pretzsch et al., 2012; Stage, 1973; Watt & Kirschbaum, 

2011).  

ln(y) = a + b × ln(x)          (8) 

with y as the outcome variable, x as predictor variable, a as intercept and b as slope.  

With the performed OLS-regression (ordinary least square), the outcome (y) is calculated from 

the predictor (x). Since in application of the models, the growth of trees over time (outcome y) 

will be estimated on basis of the predictor (x), OLS-regression was chosen instead of RMA 

(reduced major axis)- and MA (moving average)-regression (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 compliant with previous research of forest 

stands and urban trees (Peper et al., 2014; Peper et al., 2001a, b; Pretzsch et al., 2012; Stoffberg 
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(a) 

et al., 2008). For the back-transformation of the logarithm, the bias correction (CF) by Basker-

ville (1971) and Sprugel (1983) was applied: 

CF = exp(RSE²/2)          (9) 

with RSE = residual standard error. 

3.6 Increment Core Collection and Dendrochronology 

Increment cores were taken from 88 T. cordata and 62 R. pseudoacacia trees in Munich and 

Würzburg, including 20 T. cordata 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 yields more representative tree ring width (Pretzsch et al., 2013). For further processing, 

all cores were mounted on grooved boards with glue and sanded using progressively finer sand 

papers (Figure 11 (a)). The first sanding was applied to flatten the cores, whereas the subsequent 

sanding episodes polished the cores for better visualization of the cross-sectional area (Speer, 

2012). The annual tree-ring widths of the cores were measured using a Lintab digital positioning 

table with a resolution of 1/100 mm (Figure 11 (b))(Rinn, 2005). For cross-dating of the time-

series, the software package TSAP-Win (Rinn Tech, 2010) was used.  

  

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 in R (R Core Team, 2014) using 

package dplR (Bunn et al., 2015). With dplR, all tree-ring series were indexed using a double 

detrending process: first, modified negative exponential curves were applied followed by cubic 

smoothing splines (20 years rigidity, 50% wavelength cutoff). The detrending was conducted 

to remove low frequency trends, which are age associated (Gillner et al., 2014; Holmes et al., 

1986). The resulting detrended series were averaged using Tukey’s biweight robust mean to 

(a) 

(b) 
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build chronologies for both species and each city. The autocorrelation of every series was re-

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 values greater than 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 cores of OGS and CPS in Munich, a pointer year analysis was 

conducted; it computes the individual relative radial growth variation by comparing the ring-

width of year t to that of year t−1 for each year ring series. The sign and magnitude of the found 

variation between the series were derived (Bunn et al., 2015; Mérian & Lebourgeois, 2011). 

Positive pointer years display an extraordinary wide ring-width, while negative pointer years 

are characterized by exceptionally narrow rings (Gillner et al., 2014).  

3.7 Climate-growth Relationships 

To derive past drought years of Munich and Würzburg, a monthly drought index, namely the 

SPEI, was calculated to investigate the effects of climate on tree growth (Vicente-Serrano et 

al., 2010). The SPEI uses precipitation and potential evapotranspiration (PET) as input data 

(Vicente-Serrano et al., 2010), whereby PET was calculated according to the Hargreaves ap-

proach (Droogers & Allen, 2002; Hargreaves, 1994) including minimum and maximum tem-

perature and the Penman-Monteith equation (Allen et al., 1998) including minimum and maxi-

mum temperature, wind speed and sunshine hours. Using the calculated SPEI, the influence of 

the identified drought years on the growth patterns of urban trees was analyzed. A yearly SPEI 

for 1985–2014 (increment core study of Munich and Würzburg) respectively 1985–2015 

(Green Lab Munich) was computed by averaging the monthly index values of the growing sea-

son from April to September. Years with an SPEI smaller than −1 were classified as moderate 

drought years, whereas years with an SPEI smaller than −2 were interpreted as years with severe 

droughts (Lough & Fritts, 1987; Vicente-Serrano et al., 2010). 

The influence of drought years on tree growth was analyzed with a superposed epoch analysis 

(SEA). SEA assesses the significance of events like droughts on tree growth during drought 

and to the pre- and post-drought growth periods (Bunn et al., 2015). Following Lough & Fritts 

(1987), Orwig & Abrams (1997), and Gillner 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 (pre-drought), of the drought year and of the 5 years after the 
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drought year (post-drought) were averaged to detect significant departures between those su-

perposed epochs. Further, the influence of past temperature and precipitation on the year ring 

formation of a certain year, a response function analysis with bootstrap resampling on 1000 

samples was conducted (Fritts, 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 high-resolution growth data and a weather station for collecting meteoro-

logical data were installed at both sites (Figure 12). For continuous measurements of stem 

growth precision dendrometer (Ecomatic, Dachau, Germany) were attached at a height of about 

4 m at five trees of each site. The dendrometer measures the linear 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 signal (Drew & Downes, 2009; Mäkinen 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 was chosen to 

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 Umwelt-Meßsysteme 

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 arms and 2 m away from the lamp to decrease influence of 

lamp and shade of the nearby trees and buildings (Rahman et al. accepted). At OGS the 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 15-min resolution from July 28th to October 21st 2015 on a enviLog 

remote data logger (EcoTech Umwelt-Meßsysteme GmbH, Bonn, Germany) attached to one of 

the sampled trees at each site (Rahman et al. accepted).  

Soil matric potential and temperature were measured using Tensiomark 1 (4244/1, range pF 0-

pF 7) (EcoTech Umwelt-Meßsysteme GmbH, Bonn, Germany) installed vertically through soil 

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. Three sensors 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 to minimize the effect of direct radiation on the soil surface (Rahman et al. 
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accepted). Further, sap flux sensors and crown temperature sensors were installed (Rahman et 

al. accepted). 

 

Figure 12: Measurements at 10 T. cordata trees at 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 climate, the three ecosystem carbon storage, 

shading, and transpiration by cooling were analyzed in detail. To calculate the carbon storage 

of a tree, the biomass was multiplied with 0.5 following IPCC (2003) and Yoon et al. (2013). 

Shading can be obtained depending on crown height hc and crown radius cr for each hour of 

the day by 

AS = 2 × cr × hc × f × cot (Y)         (10) 

with AS = shaded area in m2, f = correction factor for the crown form, Y = elevation angle of 

the sun which in turn is a function of latitude, day of the year and hour of the day (e.g., DVWK 

(1996)), assuming a perpendicularly standing object on a horizontal surface (Häckel, 2012). As 

shading coefficient the average shaded area of all sunlight hours of June 21st was applied. For 

rough estimations of transpiration, and thus, the cooling effect of individual trees, simulation 

results of the process-based growth model BALANCE were used (Rötzer et al., 2010). This 

model simulates the growth and water balance of individual trees depending on their environ-

ment (Rötzer et al., 2010). Subsequently, the annual transpiration sums of the deciduous species 

European beech Fagus sylvatica were related to LAI [m2/m2] by regression analysis:  
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traa [mm] = −0.0168 × LAI2 + 0.4555 × LAI + 0.2844   (r2 = 0.65)   (11) 

To estimate the average annual energy withdrawn from the atmosphere for transpiration, the 

transpiration sum must be multiplied by the potential evaporation energy [2.34 MJ (kg H2O)−1]. 

3.10 Laserscanning 

Of the measured 425 R. pseudoacacia and T. cordata trees in Munich and Würzburg, 129 trees 

were analyzed in detail with the Riegl LMS-Z420i TLS system. This laser scanner fires laser 

impulses at the target and the sent light is reflected back to the scanner partly. The time between 

firing and returning of the signal is measured by the scanner, giving the distance of the scanned 

object. The accuracy for measured distance is about 1 cm, the angles azimuth and inclination 

to the target are recorded with a precision of 0.002°. The laser scanner can scan in maximum 

360° in horizontal direction and 80° in vertical direction. By tilting the scanner of 90° and doing 

a second scan, a high-resolution scan of the crown can be achieved. The originally spherical 

coordinates (azimuth, inclination and distance) were then translated to Cartesian coordinates 

(x, y, z) for further processing, which was conducted with the software RiScanPro (Riegl, Ver-

sion 1.4.3). Data analysis was done in a Master thesis by Claudia Chreptun (Chreptun, 2015). 
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4. Results 

4.1 Structure and Growth of R. pseudoacacia and T. cordata 

Most of measured R. pseudoacacia trees had greater values regarding the different tree dimen-

sions (except LAI) than T. cordata on average (Figure 13). When comparing the values for the 

different dimensions of both species for the two cities, R. pseudoacacia had greater tree struc-

tures in Würzburg compared to Munich, while T. cordata had on average more similar tree 

structures in both cities (see Moser et al. (2015)). 

 

Figure 13: Structural dimensions (a) age, (b) dbh, (c) tree height, (d) crown dimeter, (e) crown 

volume and (f) LAI of R. pseudoacacia and T. cordata in Munich (white) and Würzburg (grey) 

When comparing tree dimensions of R. pseudoacacia and T. cordata grown at different site 

categories park, public square and street, park trees often displayed greatest values and street 

trees the smallest tree sizes except for the openness of the sites (Figure 14). Trees of T. cordata, 

growing in public squares, however, had the greatest dbh, tree height and crown sizes. 

(a) 

R. pseudoacacia    T. cordata 

R. pseudoacacia    T. cordata R. pseudoacacia    T. cordata 

R. pseudoacacia    T. cordata 

R. pseudoacacia    T. cordata 

 

(b) (c) 

(d) 

R. pseudoacacia    T. cordata 

(e) (f) 
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Figure 14: Structural dimensions (a) dbh, (b) tree height, (c) crown diameter, (d) crown length, 

(e) crown projection area, (f) crown volume, (g) tree pit, (h) leaf area index and (i) openness of 

R. pseudoacacia and T. cordata in the site categories park (white), public square (grey) and 

street (black) 

Regression analysis revealed different growth patterns of both species for all measured and 

calculated tree structures (Table 4 and Figure 15). For T. cordata, higher coefficients of deter-

mination were found, while R. pseudoacacia showed a weaker relationship especially with tree 

height. However, R. pseudoacacia grew faster than T. cordata, as the steeper slope of the re-

gression line indicates.  

(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i) 

R. pseudoacacia    T. cordata R. pseudoacacia    T. cordata R. pseudoacacia    T. cordata 

R. pseudoacacia    T. cordata R. pseudoacacia    T. cordata R. pseudoacacia    T. cordata 

R. pseudoacacia    T. cordata R. pseudoacacia    T. cordata R. pseudoacacia    T. cordata 
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Table 4: Results of linear logistic regressions with dbh as predictor variable and the tree var-

iables tree height, crown base, crown height, crown diameter, CPA (cpa) and crown volume 

as response variables for T. cordata and R. pseudoacacia (equation: ln(response) = a + b × 

ln(predictor)). The table lists the regression coefficients (a, b), coefficients of determination 

(r2), residual standard errors (RSE) for bias correction, F-values, p-values, and standard er-

rors (SE) of regression coefficients as well as the sample size (n), published in Moser et al. 

(2015) 

 

 

Figure 15: Allometric logistic relationships between stem diameter and (a) tree height, (b) 

crown diameter, and (c) crown volume for T. cordata and R. pseudoacacia. The statistical char-

acteristics of the regression lines are presented in Table 4. Published in Moser et al. (2015) 

(a) 

(b) 

(c) 
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The leaf area of both species was differing due to different crown structures; while T. cordata 

had a greater leaf area index LAI and leaf area, R. pseudoacacia had a smaller LAI and leaf 

area. Figure 16 displays the relationships of crown volume with leaf area and LAI based on 

laser scanning. 

 

Figure 16: Relationships of (a) leaf area (LA) with crown volume (Vol) and (b) leaf area index 

(LAI) with crown volume of T. cordata (black) and R. pseudoacacia (red) modified after the 

thesis by Chreptun (2015) 

4.2 Yearly Growth Patterns and Drought Resistance 

A dendrochronological study regarding the growth patterns revealed a higher increment growth 

rate of R pseudoacacia compared to T. cordata. There were no great differences in the growth 

of both species regarding the city; R. pseudoacacia trees in Munich had an average increment 

growth rate of 3.9 mm yr-1 in Munich and 4.0 mm yr-1 in Würzburg, while T. cordata grew 

3.2 mm yr-1 on average in Munich and 2.9 mm yr-1 in Würzburg (see Moser et al. (2016b)). 

A further response analysis of the relationships of monthly increment growth with temperature 

and precipitation revealed varying impacts of the monthly meteorological values on the growth 

of both species. The growth of R. pseudoacacia in Munich in a certain year was significantly 

influenced by the October temperature in the previous year of the ring formation, though no 

other month of the previous and the current years had a significant impact on tree ring formation 

regarding temperature and precipitation (Figure 17 (a)). However, the temperature in the previ-

ous October positively influenced the growth of R. pseudoacacia, similar to all month of the 

current year of the tree ring formation except June. The precipitation mostly had a negative 

influence on growth, only the precipitation in the summer month of the current year were pos-

itive for tree ring formation. 
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In Würzburg, the temperature was mostly negatively influencing the growth of R. pseudoaca-

cia, only the temperature in the summer month of the current year of the tree ring formation 

was of positive impact (Figure 17(b)). The precipitation again had no significant influence on 

increment growth, however the precipitation in late winter and spring of the current year was 

positive for growth, while the precipitation in July and August decreased the monthly growth 

of R. pseudoacacia. 

 

 

Figure 17: Response function on the relationship of growth with temperature and precipita-

tion in the month previous of year ring formation (small letters) and the month of the current 

year of year ring formation (capital letters) of R. pseudoacacia in (a) Munich and (b) Würzburg  

T. cordata displayed different relationships of growth with temperature and precipitation in 

Munich and Würzburg (Figure 18 (a) and (b)). While in Munich, the monthly average temper-

atures (except the moths June and August) in the previous year always had a negative influence 

on the tree ring formation (significant in June), negative effects of the monthly temperature in 

the current year of growth were more pronounced. In contrast to R. pseudoacacia, precipitation 

in January and April of the current year had significant negative effects on growth, while the 

other seasons showed no clear patterns. 

Temperature Precipitation 

Temperature Precipitation 

(a) 

(b) 
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In Würzburg, no significant relationships were found neither with temperature and precipita-

tion. Further, the influences of temperature and precipitation on tree ring formation followed 

no clear pattern depending on year and season. 

 

 

 

Figure 18: Response function on the relationship of growth with temperature and precipita-

tion in the month previous of year ring formation (small letters) and the month of the current 

year of year ring formation (capital letters) of T. cordata in Munich (a) and Würzburg (b) 

With a drought year analysis (SEA), the growth patterns of both species during and after 

drought were analyzed. In Munich, R. pseudoacacia displayed the greatest growth decrease 

during the drought year and a quick recovery afterwards, while T. cordata had the greatest 

growth decrease in the following year after drought events and a slower recovery. In Würzburg, 

however, the growth patterns were less distinct. For R. pseudoacacia no growth decrease was 

found during the drought year, albeit the growth was very small during drought events with a 

similar fast recovery. T. cordata again displayed the greatest growth decreases after the ana-

lyzed drought events (see Moser et al. (2016b)). 

A generalized mixed model approach revealed further, that especially the dbh, the canopy open-

ness, the tree pit and the water supply (representing the SPEI) had marginal influence on the 

past growth of T. cordata and R. pseudoacacia. During drought years, though, the water supply 

in terms of SPEI (precipitation) and the canopy openness proved of special importance for 

Temperature Precipitation 

Temperature Precipitation 

(a) 
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growth, while the tree pit had no further importance (dbh was removed due to age trend correc-

tion). Therefore, the size of the pit did not influence the growth during drought years as much 

as the poor water availability of the soil. The overall water supply was of most importance for 

tree growth, as well as individual species characteristics and the light availability (see Moser et 

al. (2016b)).  

4.3 Growth of T. cordata in Relation to the surrounding Microclimate 

Depending on the growing site, different growth curves were found for T. cordata at Bordeaux 

Platz OGS and Pariser Platz CPS in Munich (Figure 19). While the trees at OGS grew rapidly 

in spring and started to decline slightly in their growth during summer, the trees at CPS only 

grew slightly in spring. Afterwards, tree growth declined until a diameter shrinkage up to 

0.8 mm per tree was observed at CPS (see Moser et al. (2016a)). 

 

Figure 19: Daily growth with standard error (grey) of T. cordata at Bordeaux Platz (black) 

and Pariser Platz (red) in Munich (Moser et al., 2016a) 

Further correlation analysis between the minimum growth of T. cordata and measured meteor-

ological data revealed strong negative relationships of growth with air temperature, soil tem-

perature, transpiration and vapor pressure deficit. Only precipitation had a positive influence 

on growth (Figure 20). 
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Figure 20: Correlations of the daily minimum growth of T. cordata with air temperature (AT), 

precipitation (prec), soil matric potential (SMP), soil temperature (ST), transpiration 

(Transp), vapor pressure deficit (VPD) and wind speed (WS) (Moser et al., 2016a) 

4.4 Ecosystem Services of T. cordata and R. pseudoacacia 

Finally, the ecosystem services carbon storage, shading and cooling of R. pseudoacacia and 

T. cordata were calculated and evaluated. Highest values of all three ecosystem services were 

observed for R. pseudoacacia trees growing in parks. Of T. cordata, trees at public squares 

provided the greatest benefits. All in all, R. pseudoacacia could benefit better for the city cli-

mate regarding carbon storage and shading, while T. cordata fared better in terms of cooling at 

public squares and streets (Moser et al., 2015). Regarding the ecosystem services of both spe-

cies in Munich and Würzburg, the trees in Würzburg provided a greater amount of services 

(Figure 21).  

 

Figure 21: Ecosystem services (a) carbon storage, (b) shading and (c) cooling effect of T. cor-

data and R. pseudoacacia in Munich (white) and Würzburg (grey) 

Age differences were found for all ecosystem services: The greater the age of the trees the more 

ecosystem services they could provide. R. pseudoacacia had greatest values for carbon storage 

due to the greater tree dimensions with increasing age, while T. cordata could remove more 

T. cordata T. cordata T. cordata R. pseudoacacia R. pseudoacacia R. pseudoacacia 

(a) (b) (c) 
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energy from the atmosphere with greater age (see Moser et al. (2015)). The shaded area of both 

species was analyzed based on the detailed crown structure, there greater values for T. cordata 

were found for all dbh and age classes (Figure 22). 

 

Figure 22: Relationship of the shaded area AS with dbh of T. cordata (black) and R. pseudo-

acacia (red) 
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5. Discussion 

This thesis highlights the high diversity of growth dimensions and conditions affecting the 

growth of two urban tree species in two cities in southern Germany: the growth, structure and 

services of R. pseudoacacia and T. cordata were highly influenced by their microclimate and 

their local urban climate. Some of those differences were due to their different species charac-

teristics. However the conditions at the growing site such as water and light availability (e.g., 

park trees compared to street trees) and the overall climate (precipitation rate of the city) were 

highly influential on growth as well. 

5.1 Differences in the Structure and Growth Patterns of T. cordata and R. pseudoacacia 

The analysis of the structure and growth of both species in Munich and Würzburg mostly re-

vealed greater tree dimensions of R. pseudoacacia compared to T. cordata, which was mainly 

due to the higher average age of the sampled trees of R. pseudoacacia, although older trees of 

T. cordata could also reach great tree dimensions close to those of R. pseudoacacia. These 

differences in growth patterns can be explained by the different life strategies of both species: 

while R. pseudoacacia is a light-demanding pioneer species, characterized by fast growth at 

sites with favorable and unfavorable conditions, T. cordata is a slower but steady growing spe-

cies that is shade-tolerant. Especially the high light demand of R. pseudoacacia was reflected 

by the weaker relationships of height and crown dimensions with dbh and age. These patterns 

were also found with the dendrochronological study, the increment cores of R. pseudoacacia 

revealed a faster growth compared to T. cordata in both cities Munich and Würzburg. The 

overall relationships of growth were computed on the basis of all trees together regardless of 

their growing site. However, street trees experience on average a higher light exposure com-

pared to park trees. Park trees therefore are often characterized by a shift in their tree height/dbh 

relationship, especially light-demanding species (Harja et al., 2012; Vincent & Harja, 2008; 

Weiner, 2004). In contrast, the shade-tolerant T. cordata displayed stronger relationships of the 

analyzed tree dimensions (r² > 0.7).  

One of the few studies dealing with the growth of urban trees is the one conducted by Kjelgren 

& Clark (1992). Similar to the study of this thesis, they analyzed the effects of the microclimate 

of street canyons, plazas and parks on the growth of urban trees. Differences in radiation, air 

temperature, vapor pressure deficit, and evaporation between the sites were found, with the 

greatest values at plazas resulting in the least tree vitality and growth due to higher evaporative 

demands and limited soil resources (Dobbertin, 2005). The results highlight the tremendously 
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different growth conditions of the three growth sites, illustrating the great variations affecting 

tree growth in the vicinity of a city.  

As part of this thesis, the effects of the microclimate on tree growth was analyzed in detail with 

a study about the growth patterns of T. cordata at two contrasting sites (green lab Munich, see 

Moser et al. (2016a)) during the exceptional dry and hot summer of 2015. The studied squares 

were varied in terms of the planting pits (compacted paved squares of around 6 m² at Pariser 

Platz CPS and lawn stripes of around 55 m² at Bordeaux Platz OGS) and the surrounding me-

teorology. The meteorological differences were mainly due to the shape of the canyon: CPS 

had lower wind speed, showed more channeling effect compared to OGS. Similar to the differ-

ing growth of T. cordata and R. pseudoacacia, the structure of the trees was likely differing due 

to difference of age. The trees at CPS were on average 52 years older compared to OGS, result-

ing in greater tree dimensions and an overall smaller growth (age-trend) at CPS. In summary, 

the study illustrated how the growth patterns of a common urban tree species was influenced 

by the surrounding environment. The strongest (negative) relationships between the growth of 

T. cordata and influencing factors was found with transpiration, which was an effect of the 

water stress response of this species caused by the severe drought during the summer 2015. 

T. cordata is an anisohydric species, meaning the stomata close very slowly during droughts. 

However, while no growth reductions occur during the drought, the slow closure of stomata 

results in water management disruptions, great amounts of water loss and sustained carbon as-

similation especially in late season (Sjöman et al., 2015). 

The slow closure of stomata also resulted in high rates of transpiration and hence evaporative 

cooling. Therefore, T. cordata can provide high rates of evaporative cooling even during 

drought, although growth deficits can be observed as a consequence of the water stress response 

of this species several years after drought (Pretzsch et al., 2014; Río et al., 2014). In the future, 

tree species that achieve a better balance between growth, transpiration, and hence evaporative 

cooling should be preferred to mitigate the effects of climate change for better thermal comfort 

in cities. 

5.2 Climate-growth Relationships of T. cordata and R. pseudoacacia 

The observed water stress response of T. cordata was compared with the drought response of 

R. pseudoacacia. While T. cordata is an anisohydric species, R. pseudoacacia is characterized 

as an isohydric species, which close their stomata immediately during a drought event. Further, 

the stomatal regulation of isohydric species maintains a consistent minimum leaf water poten-

tial, while the leaf water potential of anisohydric species markedly decreases with changes in 
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evaporative demands (Klein, 2014). This strategy prevents great amounts of water loss and 

disruptions of the water balance. However, the stomata response reduces the carbon dioxide 

and finally leaf carbon uptake (Roman et al., 2015). Consequently, R. pseudoacacia reduces 

transpiration during drought, providing less evaporative cooling. Comparing the analyzed spe-

cies during drought, T. cordata benefits with higher cooling compared to R. pseudoacacia, but 

reduced growth and ultimately vitality. R. pseudoacacia suffers growth decreases during 

drought, though quick recovery when stomata conductance is increased again. Both species 

achieved a trade-off between growth, transpiration and hence cooling. For future considera-

tions, T. cordata can provide better cooling effects, however irrigation might be necessary to 

prevent excessive growth decreases, while R. pseudoacacia can sustain drought events better, 

providing less cooling for the environment. 

Nevertheless, the local urban climate (climate of a city) affects tree growth and drought re-

sponses as well. In Munich, the dendrochronological study illustrated the observed patterns of 

water stress response of T. cordata and R. pseudoacacia nicely. Whereas the response analysis 

revealed no clear patterns regarding the influence of the monthly precipitation and temperature 

on tree ring formation in terms of city and species, the drought year analysis highlighted distinct 

differences. The drought year analysis SEA confirmed the greatest growth decrease of T. cor-

data in the years after a drought event, while R. pseudoacacia suffered most during drought but 

recovered quickly. On the contrary, in Würzburg, the patterns of the water stress response of 

both species were less distinct. Again, T. cordata displayed growth reductions in the years after 

drought, however less severe than in Munich. R. pseudoacacia showed no growth decrease in 

the drought year, only a very small positive growth was found, followed by a year with high 

growth rates and two consecutive years with great growth decreases. More surprisingly, both 

species had the greatest growth decline five years after the analyzed drought events. This can 

be explained with the occurrence of another drought event, since the SPEI revealed a high fre-

quency of droughts of each five years in Würzburg. All in all, the different water stress strate-

gies of the isohydric R. pseudoacacia and the anisohydric T. cordata can be found in Würzburg 

as well, but they are slightly changed and masked by the harsh growth conditions in Würzburg 

with an average of 430 mm less precipitation per year compared to Munich. Moreover, the 

frequency of drought events is higher in Würzburg than in Munich. Consequently, urban trees 

in Würzburg are affected by more water stress and have only short times to recover. Together 

with frequently occurring late-frosts, smaller planting pits in Würzburg compared to Munich 

(LÖK et al., 1990; Stadt Würzburg, 2014), the factors driving the growth of trees in Würzburg 

are more various and complex. Moreover, urban tree growth can be influenced by other factors 
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besides the extreme climate, e.g., different planting methods, the soil material or different fer-

tilization methods affecting the water management and growth of urban trees (Rahman et al., 

2011; Zaharah & Razi, 2009). 

To analyze the underlying patterns of tree growth with the surrounding microclimate and local 

urban climate, the growth of T. cordata and R. pseudoacacia in normal years, in drought years 

and years with exceptional good years was studied in detail. All three models highlighted that 

especially the light availability drives the growth of both species, due to their species charac-

teristics. R. pseudoacacia as a light demanding species showed growth decreases under low 

light conditions, while T. cordata was less affected by shade. During drought, the overall cli-

mate of the city and the species had distinct effects on growth. R. pseudoacacia displayed 

greater growth reductions during drought triggered by its isohydric strategy. The trees in Würz-

burg however, suffered more of drought than those in Munich enhanced by the overall low 

precipitation rates in Würzburg. During favorable years R. pseudoacacia again displayed its 

higher growth rate compared to T. cordata.  

In conclusion, the growth patterns of urban trees are affected by various factors: While during 

normal years, species characteristics (fast growing to slower growing) dominate growth, under 

drought years, water stress strategies, the surrounding site conditions and the overall climatic 

conditions of the city control growth. 

5.3 Impacts of T. cordata and R. pseudoacacia 

Urban trees provide various ecosystem services, e.g., mitigation of rain water run-off, air qual-

ity improvement. The carbon storage, shading and cooling by evapotranspiration have been 

calculated in detail for the two analyzed species in the two cities of Munich and Würzburg. 

Regarding the ecosystem services carbon storage, shading and cooling, R. pseudoacacia could 

store more carbon and shade a greater area than T. cordata on average, while the latter had a 

greater cooling availability in average. The greater carbon storage and shading can be explained 

by the greater tree structures, the thick bark of R. pseudoacacia and great crown diameter. With 

increasing age, the provided ecosystem services of both species increased as well. When com-

paring the plantings in the three different types of open space, park trees of R. pseudoacacia 

and T. cordata trees on public squares provided the greatest benefits. 

The found result can be compared with other studies. Especially regarding T. cordata, the re-

sults are similar to those by Yoon et al. (2013), who developed growth equations to quantify 

the above-ground biomass and carbon storage of five urban tree species in Daegu, Korea. They 

found a carbon storage capacity of Platanus orientalis ranging from 100 kg C in young trees to 
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350 kg C at a stem diameter of 50 cm. Further, Rahman et al. (2011) analyzed the cooling ability 

by transpiration of Pyrus calleryana and found maximum values of 7500 W for ten year old 

trees in August (max. 180 kW h per tree in one month), which are comparable values to the 

young T. cordata trees in this thesis.  

When comparing the benefits of both species in Munich and Würzburg, the trees in Würzburg 

always provided the greatest amounts of services, due to their higher age and greater tree di-

mensions (especially greater for R. pseudoacacia, more similar for T. cordata). 

Following Nowak & Crane (2002), the monetary value of the measured trees in Munich and 

Würzburg can be calculated by multiplying the stored carbon by $20.3/t C based on the esti-

mated marginal social costs of carbon dioxide emissions (Fankhauser, 1994). Due to the higher 

carbon storage, the measured R. pseudoacacia trees in Würzburg have an overall value of 

$1,015,926 (€904,453, exchange rate on 16/09/2016), followed by the R. pseudoacacia trees in 

Munich ($810,000 and €721,090, exchange rate at 16/09/2016), T. cordata in Munich 

($737,120 and €656,326, exchange rate on 16/09/2016) and lastly the analyzed T. cordata trees 

in Würzburg with $472,821 (€420,978, exchange rate on 16/09/2016). 

5.4 Conclusion and Prospects 

For an adequate management and planning of urban green areas, knowledge about the growth 

and the services of urban trees is crucial. Mostly, urban trees need to fulfill certain demands in 

terms of aesthetics and spatial functions. Up to now, only limited data has been available on 

urban tree growth in central Europe, providing accurate data on tree growth over time together 

with provided benefits of urban trees at a certain age. With the results of this thesis, easy com-

prehensible spreadsheets were created (see Appendix), illustrating the life cycles of T. cordata 

and R. pseudoacacia with the development of certain tree structures over age and associated 

ecosystem services carbon storage, shading and cooling. Those spreadsheets enable city plan-

ners and scientists to obtain knowledge on the expected growth and benefits of two common 

urban tree species.  

However, urban tree growth is influenced by several factors such as the local climate of a city 

(temperature, precipitation, altitude), the microclimate (growing site, tree pit, light availability), 

species characteristics (light- versus shade-tolerant, water stress response) and the climate of a 

certain year (drought year, favorable year). Therefore, the presented results can only be re-

garded as a rough overview of the growth ranges of R. pseudoacacia and T. cordata valid ex-

clusively for Munich and Würzburg. Also, the measured trees represent a small proportion of 

the entirety of planted urban trees in both cities. As Peper et al. (2001b) mention, the growth 

http://www.dict.cc/englisch-deutsch/entirety.html
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patterns of a species growing in a certain region should not be transferred to the same species 

growing under different climatic conditions, since the length of the growing season or the tree 

maintenance practices might be different. In addition, the dendrochronological approach was 

similarly based on a subset of T. cordata and R. pseudoacacia trees distributed over the whole 

city area, which proved to be a difficulty for chronology building. To provide a better under-

standing of the past growth of trees at different sites, a greater number of trees at each site 

should be sampled. The presented studies in Munich and Würzburg as well as the green lab in 

Munich analyzed tree growth during a short period of time under the present local and micro-

climate conditions.  

Nevertheless, this thesis highlights the impacts of urban trees on their environment and re-

versely the effects of the environment on urban tree growth. Understanding the development of 

urban tree dimensions can ensure a better assessment of tree services. For a proper tree man-

agement of vital, well-growing urban trees beneficial for the urban climate, the right tree species 

needs to be selected. As shown, T. cordata can provide high rates of cooling even in a drought 

year, though irrigation might be necessary to preserve tree vitality and growth. R. pseudoacacia 

can sustain droughts better, resulting in reduced cooling ability. Both species displayed differ-

ent water stress strategies and an individual trade-off between drought endurance, growth and 

transpiration hence cooling.  

Up to now, only limited data are available on urban tree growth, the impacts of trees on their 

environment and reversely, the effects of the stand conditions on urban tree growth. Especially 

knowledge under climate change conditions is still lacking, data with other typical urban tree 

species in more cities is necessary to close the mentioned knowledge gaps to gain more exper-

tise for climate-fit, green cities with high biodiversity and vital, aesthetic urban trees. The per-

formance of other species, foreign as well as introduced urban trees, also needs to be tested 

under current and future climate scenarios to find suitable tree species for the harsh urban en-

vironment to prevent reduced tree vitality and high management costs. There is an increasing 

number of studies worldwide trying to find climate-fit urban tree species. For example, the 

project ‘Urban Green 2021’ deals with the growth of foreign species in three very contrasting 

South German cities in terms of climate conditions with the aim to find suitable tree species 

under climate change (Böll et al., 2014). Moreover, based on the research of this thesis, a fol-

low-up study with more species and additional cities is now underway to understand growth 

and functions of common urban trees. The provided ecosystem services of T. cordata, R. pseu-

doacacia and other studied species will further be validated and tested under climate change 

scenarios.  
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This thesis presents a first approach to gain more scientific data for sustainable tree planting to 

preserve diverse, green cities with healthy urban trees providing various benefits for the urban 

climate to mitigate the effects of climate change. 
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Table 5: Minimum, average and maximum tree dimension dbh, tree height, crown height, crown diameter, CPA and crown volume of T. cordata and R. pseudoacacia in five age classes 

with the sample number n  

Age n 
Dbh [cm]  Tree Height [m]  Crown Height[m]  Crown Diameter[m]  CPA [m²]  Crown Volume [m³] 

min avg max  min avg max  min avg max  min avg max  min avg max  min avg max 
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Robinia pseudoacacia 

<20 34 7,6 13,7 21  5,7 9,6 18  3,1 6,2 14,5  1,5 5,0 9,4  1,8 21,6 69,1  7,6 140,5 448,6 

20 -40 67 21,2 30,4 40  7,3 13,6 24  4,7 9,6 20,5  5,2 7,9 12,6  21,5 50,6 124,1  101,0 506,6 1559,7 

40-60 47 31,5 45,1 60  9,1 16,0 28  6,2 11,5 20,8  4,7 9,6 13,1  17,4 74,6 134,7  114,7 903,4 2188,2 

60-80 33 41,1 57,4 80  12 16,8 27  8,4 13,0 21,8  5,3 11,5 17,4  21,8 107,3 238,3  274,4 1448,3 4075,4 

>80 14 60,9 84,8 102  14,7 21,3 27  11 17,3 23,5  10,1 14,9 20,1  80,7 179,2 315,9  887,6 3164,2 5748,9 

 

Table 6: Average dbh and tree height as well as minimum, average and maximum carbon storage, shading and cooling energy of T. cordata and R. pseudoacacia in five age classes with 

the sample size n 

Age n 
Avg. Dbh  

[cm] 

Avg. Tree Height  

[m] 

Carbon Storage [kg C]  Shading [m²] 
Cooling Energy [kWh] 

min avg max  min avg max 

Tilia cordata 

<20 27 9,6 6,2 2 9 20  41 72 138 517 

20–40 86 21,7 10,3 21 77 191  76 246 472 2553 

40–60 83 37,1 14,3 157 301 638  235 508 868 6350 

60–80 22 51,7 18,1 481 685 1098  586 829 1213 10797 

>80 8 78,1 19,1 876 1757 3465  390 1065 1704 14772 

Robinia pseudoacacia 

<20 34 13,7 9,6 10 36 84  39 187 424 1164 

20–40 67 30,4 13,6 70 226 593  142 413 1113 2916 

40–60 47 45,1 16,0 177 597 1230  207 583 1341 4797 

60–80 33 57,4 16,8 410 1016 2648  175 734 1444 6683 

>80 14 84,8 21,3 989 2699 4081  558 1207 1674 13644 
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