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Abstract

ABSTRACT

Urbanisation is a key driver for global change. With an accelerated increase in world
population, nearly 70 % of the global population is predicted to live in urbanized areas by
2050. Cities comprise densely built-up residential and business areas with traffic roads
and regions of industry. Despite park sites with recreation value for citizens, sealing of
soils is characteristic for many urban areas. Thus, higher atmospheric temperatures and
CO, concentrations as well as air and soil pollution are factors that present challenges for
citizens, animals and plants in cities.

Urban trees, which are often deliberately planted in urban parks and roadsides, are
exposed to various stress factors. Although it is well known that trees in cities fulfil
important ecosystem functions, such as improving air quality, providing shade and
decreasing air temperatures, habitat conditions for them are often poor. Particularly
roadside trees in cities suffer from deficiencies in their requirements for vital growth.
Crowns of roadside trees in cities are continuously pruned for traffic and public safety
demands, resulting in reduced leaf areas and photosynthesis in most cases. In addition,
urban soils are very different from those found in natural stands, especially in roadsides,
and are often polluted with heavy metals and de-icing salt, and lack water and nutrients
due to sandy soil structure and lowered water levels. Further aggravating vital growth are
management practices such as soil sealing, inadequate tree pit sizes, and damage or
cutting of tree roots. Yet, planted trees in urban roadsides form a substantial part of the
ecosystem of planted native and non-native species adapted to the local environment. In
view of creating suitable habitat conditions for trees in densely built-up areas, it is
important to provide at least the basic requirements that allow urban forestry to select
well-suited species or lines. Keeping human-induced stress factors at low levels is vital
for the health of urban roadside trees.

In this thesis, studies on roadside trees were conducted in the city of Hamburg in
Northern Germany. The predicted regional climate change for Northern Germany
includes higher temperatures with increasing risk of summer droughts and
simultaneously warmer but wetter winters for the late 21st century. Sudden heat, drought
and frost events are threatening future climate scenarios. Moreover, an increase in
climatic extremes is expected and will most likely hamper the vitality of humans, animals
and plants. These extremes in atmospheric climate conditions are especially challenging
for sessile, long-lived organisms like trees, which cannot adapt to changing climate
within one life-span. In Europe a northward shift of native trees adapted to cooler
climates can be recorded already today.

The general aim of this thesis is to deepen the understanding of the effects of urban stress
factors on the growth and vitality of native roadside trees in Hamburg. This metropolis
contains a large number of park and roadside trees, making it a green city. The popular
native roadside trees in North European cities Tilia x vulgaris (H.) (Lime tree) and
Acer platanoides (L) (Norway maple), hereinafter named without acronym for the first
descriptor were selected and studied along an urban-to-rural gradient within the
boundaries of Hamburg. Three main research questions were addressed:
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1. What are the roles of the atmospheric factors ambient air temperature and CO, content
for the vitality and radial stem growth of the native species Tilia X vulgaris and
Acer platanoides in urban roadside habitats?

2. How do soil parameters and crown volume affect growth of Tilia x vulgaris and
Acer platanoides in urban roadside habitats?

3. How do atmospheric and urban climate factors affect the timing of bud burst in
Tilia x vulgaris and Acer platanoides in urban roadside habitats?

To shed light on the influences of atmospheric shifts in air temperature and CO, content
on stem growth of roadside trees, an urban-to-rural gradient was set up. Measurements of
ambient air temperatures and CO, content at the selected study sites were used to
characterise the atmospheric conditions along the gradient. Along this gradient from the
city centre to the north-eastern outskirts of Hamburg, 40 roadside trees of each species
were studied and stem increment was analysed over the period of two and a half years.
Results showed increasing tree growth from urban to rural sites. The relationship
between growth of tree stems, and increasing temperature and CO; content appeared to
be negative. One way ANOVAs calculated significant differences in stem increment
between the urban and rural sites in all examined years for Tilia x vulgaris. In
Acer platanoides, however, significant differences only appeared in 2010.

As rural sites in both species differed in their degree of sealing from urban and suburban
sites, and strongest growth was shown at rural sites that were the coolest in temperature,
lowest in CO, but also the least sealed ones, the gradient in stem growth could not be
related with certainty to temperature or CO, concentration. Therefore, two further sites at
rural locations that differed little in the degree of soil sealing from the urban and
suburban sites were selected for further study. When comparing sealed urban, suburban
and rural locations, differences in stem growth were marginal in 2011 and 2012 for both
species. Findings suggest that atmospheric temperature and CO, concentration were not
the decisive factors for stem growth of urban roadside trees.

With respect to the second question, significant differences in stem growth between rural
trees in sealed and unsealed sites appeared in 2011 and 2012 in Tilia x vulgaris but not in
Acer platanoides. Tilia X vulgaris showed stronger growth at the unsealed than at the
sealed sites, and a comparable trend was observed for Acer platanoides. Significant
differences in plant-available soil nutrients were measured in K concentration between
the sealed sites and the unsealed rural site for Tilia-sites, while differences between all
Acer-sites were not significant. Potassium decreased gradually from the urban to the rural
sites for both species. However, this decrease was not in the range of crucial nutrient
supply. Lower C/N ratios from urban to rural locations were likewise observed. Findings
rather suggest that soil sealing negatively affects the stem growth of trees and Tilia
seemed to be influenced more strongly by soil sealing than Acer.

Observations of bud development were conducted in 2011 from early to late spring by
taking pictures of branches of the studied trees during two- to three- day intervals at all
sites for both species. Based on these pictures, a phenological index was defined by
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classifying bud development for Tilia x vulgaris and Acer platanoides. Results verified
that temperature influences the timing of full-spring leaf-bud development of
Tilia x vulgaris and early-spring flower-bud development of Acer platanoides. In both
species, full blooming and unfolding appeared significantly earlier at the urban than at
the rural location.

Altogether, results of this thesis suggest that the influences of climate change, such as
higher air temperature and CO, content on growth of urban roadside trees are smaller
than the effects of edaphic site-characteristics. Limited water supply due to soil sealing,
sandy urban soil characteristics in general, and limited tree pit sizes can be understood as
proxies for the droughts expected in the future climate. The negative effects of urban
stress factors, like high soil sealing and bulk densities of urban soils or limited space for
tree root development, on vitality and growth of roadside Tilia x vulgaris and
Acer platanoides in Hamburg were obvious, while the more subtle effects of atmospheric
temperature and CO, content were probably masked by these urban stress factors.
Regarding tree pit design, a sufficient size for tree pits and unsealed surfaces should be
integrated into urban roadside planning.

With respect to tree phenology, budding of Tilia x vulgaris and Acer platanoides clearly
indicated onset of native tree growth to be positively correlated to increasing atmospheric
temperatures. Most probable, future air temperatures in Northern Germany will shift the
onset of the vegetation cycle of native trees and will possibly affect the local ecosystems.



Zusammenfassung

ZUSAMMENFASSUNG

Urbanisierung ist ein Schliisselfaktor fiir den globalen Klimawandel. Mit dem
exponentiell zunehmenden Wachstum der Weltbevilkerung, werden bis 2050 anndhernd
70% der Menschheit in Stadten leben. Stddte umfassen sowohl dicht bebaute Wohn-,
Arbeits- und Industriegebiete, die von einem Straflennetz durchzogen werden, als auch
Regionen, die vor allem der Erholung dienen, wie z.B. Parks. Ein hoher
Versiegelungsgrad ist charakteristisch in urbanisierten Gebieten. Hieraus resultierende
warmere Lufttemperaturen und CO,-Gehalte wie auch Luft- und Bodenverschmutzung,
sind dringende Probleme, denen die Stadtbewohner Mensch, Tier und Pflanze
entgegentreten miissen.

Bédume werden meist gezielt in Parkanlagen und entlang von Stra3en gepflanzt und sind
vielen Stressoren ausgeliefert. Obwohl die positiven Eigenschaften von Bédumen in
Stidten seit langem bekannt sind — so erfiillen sie wichtige Okosystemfunktionen,
verbessern die Luftqualitit, spenden Schatten und erniedrigen die Lufttemperatur — sind
die Lebensbedingungen, denen sie ausgeliefert werden, hédufig schlecht. Besonders
Stralenbdume in Stiddten erleiden erhebliche Defizite in ihren Anforderungen an ein
gesundes, wachstumsforderndes Leben: Die Photosynthese ist meist dadurch
eingeschrinkt, dass die Kronen von Stralenbdumen regelmdBig zuriickgeschnitten
werden und damit nur iiber eine reduzierte Blattfliche verfiigen. Urbane Boden,
besonders entlang von StraBBenrdndern, unterscheiden sich deutlich von natiirlichen
Wuchsorten fiir Baume, sind oft durch Schwermetalle und Auftausalze verschmutzt und
leiden an unzureichender Wasser- und Néhrstoffversorgung aufgrund der meist sandigen
Struktur und hédufig abgesenkter Grundwasserstinde. Dariiber hinaus schrianken
Oberflichenversiegelung, beschidigte und bereits bei der Pflanzung stark reduzierte
Wurzelmasse sowie reduzierte Wurzelausbildung und Ausdehnung aufgrund zu kleiner
Baumgruben das vitale Wachstum ein. Dennoch bilden Stralenbdume in Stadten einen
bedeutenden Teil eines Okosystems aus heimischen und nicht heimischen Arten, die sich
besser oder schlechter an die lokalen Umweltbedingungen angepasst haben. Im Hinblick
auf zukiinftige Lebensbedingungen in dicht bebauten Rdumen und dem steigenden Anteil
der Weltbevolkerung in Stidten, ist es von Bedeutung eine datengestiitzte Basis zu
schaffen, die die Anforderungen an die Baumstandorte widerspiegelt und es Stadtbdumen
ermoglicht, sich gesund zu entwickeln. Anthropogen verursachte Stressfaktoren sollten
hierfiir in ihrem Ausmaf} auf urbanisierten Flichen gering gehalten werden.

In dieser Arbeit wurden Untersuchungen an Stralenbdumen im Stadtgebiet Hamburgs in
Norddeutschland durchgefiihrt. Das vorhergesagte regionale Klima fiir Norddeutschland
bis zum Ende des 21. Jahrhunderts deutet auf hohere atmosphérische Temperaturen und
damit auf ein hoheres Risiko von Sommerdiirren bei gleichzeitig wirmeren und
feuchteren Wintern. Dariliber hinaus wird eine Zunahme von klimatisch bedingten
Katastrophen erwartet, die besonders fiir sessile und langlebige Pflanzen, wie Bdume,
lebensbedrohlich werden konnen. Der beschleunigte Wandel der atmosphérischen
Klimabedingungen stellt eine besondere Herausforderung an diese dar, da sie sich binnen
einer Lebensspanne nur bedingt anpassen konnen.



Zusammenfassung

In Europa wird die Verlagerung heimischer Baumarten, die an kiihlere Klimate angepasst
sind, in Richtung noérdlicher gelegener Regionen bereits heute beobachtet.

Generelles Ziel dieser Arbeit war es, das Verstindnis der Einfliisse urbaner
Stressfaktoren auf das Wachstum und die Vitalitit heimischer Baumarten zu vertiefen.
Die Metropole verfiigt iiber sehr viele Park- und Stralenbdume, die sie zu einer griilnen
Stadt machen. Die in nordeuropdischen Stddten beliebten heimischen Baumarten
Tilia x vulgaris (H.) und Acer platanoides (L.), nachfolgend ohne Namenskiirzel des
Erstbeschreibers genannt, wurden flir Untersuchungen ausgewéhlt und entlang eines
Stadt-Land Gradienten innerhalb der Stadtgrenzen Hamburgs untersucht. Die
Untersuchungen umfassten dabei drei Ziele:

1. Welche Rolle spielen Umgebungstemperatur und Luft-CO,-Konzentration in Bezug
auf Vitalitdt und radiales Stammwachstum von urbanen Stralenbdumen der heimischen
Arten Tilia x vulgaris und Acer platanoides in Hamburg?

2. Wie beeinflussen ausgewihlte Bodenparameter und das Baumkronenvolumen die
urbanen StraBBenbdume der Arten 7ilia x vulgaris und Acer platanoides in Hamburg?

3. Wie beeinflussen atmosphérische und stadttypische Klimafaktoren die urbanen
StraBBenbdume der Arten Tilia x vulgaris und Acer platanoides in Hamburg?

Um den moglichen Einfluss von steigenden Lufttemperaturen und CO,-Gehalten auf das
Stammwachstum von Strallenbdumen zu beleuchten, wurde ein urban-ruraler Gradient
innerhalb der Stadtgrenzen von Hamburg gelegt. Daten zu den Messungen der
Umgebungstemperaturen und CO,-Gehalte an den ausgewéhlten Untersuchungsfldchen
dienten dazu, die atmosphdrischen Bedingungen entlang des Gradienten zu
charakterisieren. Entlang dieses Gradienten wurden vom Stadtzentrum bis zu den
nordostlich gelegenen Randgebieten der Stadt jeweils zehn Stralenbdume pro Art an vier
Untersuchungsgebieten untersucht. Der jéhrliche Stammzuwachs wurde von 2010 bis
2012 beobachtet und dokumentiert.

Die Ergebnisse zeigen eine graduelle Zunahme des Stammzuwachses von urban nach
rural in allen Jahren und fiir beide Arten. Stammwachstum und Lufttemperatur und CO;-
Gehalte waren offenbar negativ miteinander verbunden. Einfache ANOV As berechneten
signifikante Unterschiede im Stammzuwachs in allen Untersuchungsjahren zwischen den
urbanen und ruralen Standorten fiir 7ilia x vulgaris. Bei Acer platanoides jedoch wurden
signifikante Unterschiede nur fiir 2010 berechnet. Weil sich die ruralen Standorte beider
Arten in ithrem Versiegelungsgrad von den urbanen und suburbanen unterschieden und
stiarkstes Stammwachstum nicht nur an der kiihlsten ruralen Lokalitidt gemessen wurden,
sondern eben auch an den Standorten, die offensichtlich weniger stark versiegelt waren,
konnte ein negativer Bezug zwischen Stammwachstum und Umgebungstemperaturen
nicht sicher festgehalten werden. Deshalb wurde ein weiterer Untersuchungsstandort fiir
jede Art an der ruralen Lokalitdt herausgefiltert, der sich in geringerem Mafle von den
urbanen und suburbanen Standorten unterschied. Im Vergleich der versiegelten urbanen,
suburbanen und ruralen Flichen waren die Wachstumsunterschiede bei Tilia x vulgaris
und Acer platanoides gering in den Jahren 2011 und 2012.



Zusammenfassung

Die Ergebnisse lassen vermuten, dass weder die Unterschiede in der Lufttemperatur noch
die in den CO,-Gehalten einen entscheidenden Einfluss auf das Stammwachstum urbaner
Strallenbdume haben.

Bezug nehmend auf die zweite Frage, den Einfluss von Bodenfaktoren auf das
Wachstum der Untersuchungsbdaume, konnten signifikante Unterschiede zwischen den
ruralen Standorten unterschiedlichen Versiegelungsgrades in den Jahren 2011 und 2012
bei Tilia x vulgaris, nicht jedoch bei Acer platanoides festgehalten werden.
Tilia x vulgaris zeigte ein stirkeres Wachstum an der unversiegelten Fliche. Zwar
dhnlich, aber doch weniger deutlich, verhielt es sich bei Acer platanoides.

Signifikante Unterschiede zwischen den pflanzenverfiigbaren Nihrstoffen konnten bei
der Kalium-Konzentration festgestellt werden. K sank graduell von den urbanen zu den
ruralen Lokalitdten, jedoch lagen selbst die geringsten Gehalte nicht in einem, die
Vitalitiat der Bdume beeinflussenden Versorgungsbereich. Engere C/N Verhéltnisse von
urban nach rural wurden auBBerdem gemessen. Die Ergebnisse lassen eher vermuten, dass
vor allem Bodenversiegelung das Wachstum der Baumstidmme beeinflusst und Tilia
hierbei offenbar starker negativ als Acer.

Insgesamt lassen die Ergebnisse dieser Arbeit vermuten, dass negative Einfliisse des
Klimawandels durch Lufttemperaturerhéhungen und erhohte CO,-Konzentrationen das
Stammwachstum von Straenbdumen in der Stadt nur wenig beeinflussen, direkt
wirkende Faktoren wie edaphische Charakteristika, die Vitalitdt und das Wachstum der
Béume jedoch stirker pragen. Auswirkungen atmosphidrischer Temperaturen und CO,
Gehalte auf das Wachstum von Tilia x vulgaris und Acer platanoides wurden
hochstwahrscheinlich von Faktoren wie hoher Bodenversiegelung und —verdichtung als
auch dem sandigen Substrattyp der héufig zu kleinen, das Wurzelwachstum
einschrinkende Baumgruben, an Straenrdndern in Hamburg tiberdeckt. Bezug nehmend
auf die Gestaltung von Baumgruben sollte eine ausreichende Dimensionierung in Breite
und Tiefe sowie mdglichst gering versiegelte Oberflichen Eingang in die Planung von
Stralenbaum-Pflanzungen finden. Ein weniger sandiges Bodensubstrat sollte dariiber
hinaus Basis fiir die Gestaltung von Baumgruben sein.

Mit Blick auf die Fragestellung nach dem Einfluss atmosphérischer und stadttypischer
Klimafaktoren auf die Phénologie von Tilia x vulgaris und Acer platanoides im
Hamburger StraBenraum, deuten die Beobachtungen klar darauf hin, dass der
Vegetationsbeginn der heimischen Bdume auch im stadtgeprdgten Stralenraum positiv
mit den Lufttemperaturen korreliert ist. Ich vermute, dass die zukiinftig weiter steigenden
Lufttemperaturen in Norddeutschland den Beginn des Vegetationskreislaufs heimischer
Biume verschieben werden und so moglicherweise die lokalen Okosysteme lingerfristig
beeinflussen.
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1 INTRODUCTION

Trees in urban areas are exposed to challenging environmental conditions. Roadside trees
do not result from spontaneous establishment under appropriate conditions but are
planted into an ecosystem that only satisfies their requirements to a limited degree. In
cities, an inherent complexity of microclimatic components, including the urban
atmosphere, is evident. Urban areas are characterized by a heterogenic pattern of
residential areas, zones of industry, recreation areas and regions with a high density of
traffic. Urban greening plays a significant role in the urban climate, and especially trees
affect the urban climate beneficially in many ways: trees store carbon by assimilation of
CO; and produce O,, function as air filters, reduce the ambient temperature on warm
days and provide shade (Meyer 1993, Balder 1998). However, a multitude of directly and
indirectly human-induced factors harm tree vitality in cities and negatively affect growth
of roadside trees including elevated atmospheric temperatures, deficient water and
nutrient supply, soil sealing and compaction, pollution of ambient air and soils, pruning
of tree crowns, vandalism and damage through traffic, and building activities (e.g.,
Balder 1998).

Atmospheric CO,

On a global scale (IPCC 2007) as well as for urbanized areas (e.g., Berry and Colls
1990a, 1990b, Ziska et al. 2004, Zhang and Lin 2012), concentrations of CO; in the
atmosphere have continuously increased since the beginning of industrialization, and
affect the growth and vitality of trees. CO, is a vital gas for the metabolism of
photosynthesis and, thus, for tree growth. By the end of the 21% century, higher
atmospheric temperatures and CO, concentrations are expected to shift the physiological
limitations for photosynthesis, especially for C3 plants. Today, photosynthesis of C3
plants is mainly limited by the capacity of ribulose-1.5-bisphosphate
carboxylase/oxygenase (RuBisCo). With a rise in atmospheric CO,, plants will shift their
thermal optimum for maximum rates in photosynthesis so that carbohydrate production
will most likely be limited by electron transport capacity. Moreover, the capacity of
RuBisCo activase might acclimate to higher, supraoptimal temperatures (Sage and
Kubien 2007).

In FACE (free air CO, enrichment) experiments, which have been conducted since the
beginning of the 1990s, scientists found that highly elevated CO, concentrations
increased plant biomass by augmenting rates of photosynthesis. Higher CO, contents in
the ambient air foster the efficiency of net carbohydrate production clearly through a
disproportional gain in photosynthesis against losses through photorespiration. Using an
urban to rural CO, gradient of only 66 ppm, Ziska et al. (2004) were able to show that
only slightly higher CO, concentrations correlate with higher productivity of
Chenopodium album in Maryland (MD), USA. The authors, however, concluded that
several factors besides CO; influence biomass production of urban plants.

Experiments within the FACE-program also demonstrated that elevated CO, reduced
stomatal conductance. In studies on Arabidopsis thaliana, Dow et al. (2014) found a
clearly negative correlation between atmospheric CO, concentrations and stomata
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conductance. Besides these direct influences on plant growth, CO, also indirectly
influences vitality of plants as it is also a major driver of atmospheric temperatures (Idso
et al. 2001).

Atmospheric temperature

Usually, temperature decreases simultaneously with the decreasing CO, concentration
from urban to rural locations. In cities, temperature gradients occur worldwide and are
known as the urban heat island effect (UHI) (Oke 1982). With regard to plant phenology,
atmospheric temperature plays a key role because the timing of the annual cycle of most
trees in cold temperate regions is controlled by photoperiodic constraints (Heide 1974,
Juntilla 1982, Heide and Prestrud 2005, Heide 2008, 2011). Hanninen and Tanino (2011)
outline the prolonged growth period coupled with climate warming for boreal and
temperate trees but also point to species-specific responses. Observations of Hasenauer et
al. (1999) and Dobbertin and Giuggiola (2006) also indicate a positive correlation
between prolonged vegetation periods and elevated tree growth due to higher
atmospheric temperatures. Likewise, analyses of tree rings from oriental beech
(Fagus orientalis) by Kose and Guner (2012) support this assumption. If so, the rise of
ambient temperatures might, on the one hand, minimize the number of early autumn and
late spring frost events in the temperate zone over time (Hakkinen and Hari 1988). On
the other hand, earlier bud burst of plants may also increase the risk of frost damage, and
late winter frosts might become a new danger for earlier breaking buds. Fitter and Fitter
(2002) showed a rapid change in flowering time of British plants within a time span of 47
years. They found the date of flowering to be sensitive to the temperature during the
previous month, particularly for early-spring blooming and insect-pollinated annuals. In
contrast, Heide (2003) stated that higher autumn temperatures are more important for
budding than higher temperatures in early-spring.

Changes in phenological responses like budburst or leafing of woody and herbaceous
plants have been documented in phenological gardens and in the field for a long time in
many European regions (Roetzer et al. 2000, Chmielewski and Rotzer 2001, Bruns et al.
2003). In Hamburg, site-specific observations for the date of blooming of Forsythia by
Carl Wendorf and Jens Iska-Holz have been carried out since 1945 and document a slight
shift to earlier phenology (Jensen et al. 2011).

Indeed, phenological traits of plants can be responsive to various factors, and biotic
factors can also act as triggers that break down dormancy and initiate growth. However,
temperature is understood to be the main cause that breaks dormancy and initiates growth
(e.g., Rathcke and Lacey 1985, Bowers and Dimmitt 1994, Neil and Wu 2006).

Regardless of time, the fulfilment of chilling requirements plays the most important role
in regulating bud burst of trees in the temperate-zone. The sum of low temperature is
crucial to satisfy the chilling requirements for bud burst of temperate-zone trees. It has
been the focus of diverse studies during the past years. Murray et al. (1989), for example,
found that the date of bud burst following climate warming depended on chilling
requirements for different tree species in Britain. They stated that trees with low chilling
requirements thrive earlier in spring due to climate warming and benefit from longer
growing seasons.
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However, these trees are also exposed to higher risk of early frost damage. Trees with
high chilling prerequisites most likely would not bud earlier in spring due to warmer
winters. Overall, they suggest that climatic warming will not lead to strong shifts in the
date of budburst for most woody species growing in Britain at lowland sites. For
predicting phenological changes due to a warmer climate, the date of flowering and the
beginning of leafing have also often been documented for urban plants (e.g., Hikkinen et
al. 1998, Lovett et al. 2000, Takovoglou et al. 2001, Donnelly et al. 2004, Caffarra and
Donnelly 2011) along urban-to-rural gradients. Gregg et al. (2003) compared
phenological responses of Eastern cottonwood (Populus deltoides) to ozone along an O
gradient in the vicinity of New York and found reduced growth of trees exposed to
higher ozone concentrations at the rural sites. Studies of Berland (2012) showed
differences in canopy cover of trees along an urban-to-rural gradient but also between
different microhabitats. Indeed, canopy cover of urban trees in densely built-up regions is
lower than in more rural areas. However, it cannot be adequately characterized by linear
distance along the urban to rural gradient, but by a patchy pattern of microhabitats within
cities.

Soil

Urban soils are often split into anthropogenically modified soils comprising the upper
layer and the subjacent original soils. In situ parent soils in Hamburg were generated
from the glacial periods Saale (~ 300 000-130 000 years ago) and Weichsel (~ 115 000-
11 700 years ago). Holocene sediments from the Elbe formed the valley of the river Elbe
(Miehlich 2010). Land-use has changed drastically with human activity, and urbanization
has had severely negative influences on soils. Natural soils have been excavated or
compacted for building works for thousands of years. Furthermore, since the rise of
industrialization, the practice of compaction and dislocation or removal of the original
soil has been expanded for use in road works and industrial areas. In view of an
increasing world population and accompanying increase in demand to live in a place of
high economic value (Niemeld 2011) urbanization and subsequent soil sealing will
possibly also increase rapidly in the future.

Soils in urban areas often show small-scale heterogeneity due to impacts on formation
and development by anthropogenic activities. Therefore, physical and chemical
properties can strongly differ within short distances and form a mosaic of different soils
(e.g., Burghardt 1994, Pouyat et al. 2002, 2007, Scharenbroch et al. 2005). Excavation
pits for buildings, streets or trees are often backfilled with sandy substrates and building
waste. Besides, pollutants like heavy metals or de-icing salt are washed into soils close to
streets and, hence, into the substrates of tree bases. High content of contaminants like
heavy metals or de-icing salt impedes tree vitality due to the activation of free O, radicals
or hinders the absorption of nutrients (e.g., Cakmak 2000, Doichinova et al. 2014). The
osmotic value of the soil is elevated when NaCl is used for street de-icing and reduces
the availability of water for roadside trees. Moreover, the soil structure can be severely
disrupted leading to nutrient leakage. Mechanical disturbances provoke changes in soil
chemistry (pH, mobility of nutrients), physics (water- and air conditions), and biology
(flora and fauna). Fellenberg (1984) describes urban soils as matter sinks for mainly
human-produced waste.
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By providing anchorage, water and nutrients, soil is essential for the growth and vitality
of plants. To maintain fixation in the substrate, trees develop root systems that can extend
to a size comparable to their leaf crown. Trees try to ensure a sufficient supply of water
and nutrients by spreading their roots into the soil as far as possible to maximize the
surface area available for nutrient exchange and water supply (e.g., Meyer 1993,
Kutschera and Lichtenegger 2013).

Roots are highly flexible and can adapt to their environment by changing the direction
and shape of growth in response to barriers (e.g., Balder 1998, Kutschera and
Lichtenegger 2013). High plasticity of tree root systems was proven by Bauerle and
Centinari (2014), who documented species-specific strategies of root systems to occupy
the limited space of soil, available in containers. Nevertheless, limited space in soil is a
severe stress factor for roadside trees in cities. Tree pits are often narrow and hardly
allow trees to grow in depth. The natural rooting depth and width of a tree in most cases
exceeds the space that is provided for roadside trees in their tree pits. Pauleit (2003)
claims for tree pits of at least 3-4 m width in urban environments. Furthermore, physical
damage of roots through road works and utility trenching impacts water and nutrient
supply (e.g., Balder 1998, Pauleit 2003). However, not only water and nutrient content in
the soil affect the vitality of root systems (Bijoor et al. 2011) but also physical soil
conditions are important factors (e.g., Balder 1998, Pauleit et al. 2002, 2003, Pouyat et al.
2007).

Impermeability and compaction of soil substrates severely impede percolation of water
and prevents sufficient nutrient supply for plants. Moreover, soil compaction leads to
minimal soil aeration. Reduced aeration possibly leads to dysfunctions in the root system
resulting in overall smaller or less developed root systems and, thus, to increased stress
during periods of drought. Weltecke and Gaertig (2012) found aeration deficiencies in
the soil lead to a decrease of fine root density and tree vigour in urban soils. Finally,
effects of insufficient water, nutrient and O, supply also affect the crown structure of
trees (Roloff 1989).

Pruning

Other human activities related to tree care are also stress factors for plants: crowns of
urban trees have to be pruned constantly to maintain safety for traffic and pedestrians. As
a consequence, however, the net primary production of assimilates is lessened due to a
reduced photosynthetic area. Moreover, pruning of tree crowns always means wounding
the tree and can create opportunities for pathogens, which can in turn increase insect
calamities for trees. Martin and Stutz (2013) compared pruned and non-pruned trees of
Quercus rubra in Phoenix (AZ), USA. Pruned trees were more often negatively affected
by disease and pest problems than non-pruned ones, especially by wood decay,
Verticillium wilt, sooty canker, and ash decline. They suggest that extensive wounding of
trees, possibly caused by excessive crown manipulation through pruning, may be the
reason for high numbers of negatively impacted urban trees.

10
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Urban environment and scientific research

The UHI is often used in so-called space-for-time substitution experiments in order to
estimate future environmental conditions for plants from their recent urban living
situations. Observations on CO, and temperature gradients stretching from urban to rural
areas have already been conducted for decades (e.g., Berry and Colls 1990a, 1990b,
Ziska et al. 2004, George et al. 2007). Pataki et al. (2007) compared forecasts of the
IPCC from 2007 on the global climate to their own measurements along an urban-to-
rural CO; and temperature gradient in Maryland (MD), USA. The results proved the
suitability of dense urban areas for studying reactions of plants to future conditions of the
global climate in 2100.

However, using the city as a laboratory for analyses on ecological responses of
perennials to higher ambient temperatures or CO; is risky. Carreiro and Tripler (2005)
described the advantages and disadvantages of experiments where trees function as “bio-
indicators” for global warming. Indeed, long-lived organisms like trees are suitable for
observations on plant reactions to a changing climate in particular, as the environmental
influences on growth can be mirrored by tree-rings over their whole life-span. However,
as trees do not only display reactions to climatic shifts, but also incorporate the
influences of microclimatic conditions simultaneously, relating responses of tree vitality
and growth to a single factor is challenging or even impossible. Long and Smith (1990)
underlined the importance of including the interplay of factors contributing to plant
vitality already in the 1990s. Iakovoglou et al. (2001) separated abiotic from biotic
factors in their studies on parkland and roadside trees, and found the interplay of various
factors (like site conditions, placement, land use and age of trees) to be the most
important for variable tree growth. Also, the results of Gregg et al. (2003) suggest that
the interplay of various urban parameters and their variable loading influences growth of
trees.

Factors that generally influence the growth of roadside trees in cities most likely also
influence the vitality and growth of urban trees in Hamburg. The second largest city in
Germany is regarded as a very green metropolis with more than 410 000 trees within its
boundaries. The city state holds a large data set of trees within a register, where more
than 180 000 roadside trees have been documented with individual-level data regarding
species, location, age, crown volume, stem diameter and damages (www.GALK.de,
Status 2005). The most abundant roadside trees in Hamburg are Tilia x vulgaris,
Quercus robur and Acer platanoides (Doobe 2004). All three species are native and are
among the most often planted roadside trees in north European cities (Sukopp and Wittig
1998, Sabe et al. 2003, Sjoman et al. 2012, Roloff 2013). In the current list of the GALK
(Gartenamtsleiterkonferenz) for roadside trees, Tilia x vulgaris as well as
Acer platanoides are classified as suitable for lining streets as they are able to cope with
the city climate. Roloff et al. (2008a, 2008b) studied roadside trees from the point of
view of climate change. Resistance to drought and winter hardiness were calculated with
the so-called KLAM (KLimaArtenMatrix). While their resistance to frost is well above
critical levels for Tilia x vulgaris and Acer platanoides, the tolerance to drought stress is
a more critical factor for both species. Acer platanoides is more likely to withstand
longer periods of drought than Tilia x vulgaris.

11
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Aim of studies

In order to avoid crossing or displacing native with non-native species, which might
trigger a shift from original ecosystems to novel ecosystems, maintaining native species
over their natural geographic distribution is of exceeding importance. To gain insight into
the physiology and phenology of the native trees Tilia x vulgaris and Acer platanoides,
roadside individuals of these species were investigated within the city boundaries of
Hamburg along an urban-to-rural temperature-gradient from 2010 to 2012. The major
aim of the thesis is to deepen our understanding of the effects of urban stress factors on
the growth and vitality of native roadside trees. As many roadside trees hardly reach 25%
of their natural life span (Roloff 2013), data on growth and vitality may support the
development of a sustainable roadside tree program that encompasses the choice of
native species and optimizes aspects like tree pit size or site- and species-specific
tolerances to urban stress factors. I specifically address the following research questions:

Which factors influence stem growth and vitality of Tilia x vulgaris and Acer platanoides
roadside trees along urban-to-rural gradients in the city of Hamburg?

Do increasing atmospheric temperatures and CO, concentrations have a beneficial or
detrimental effect on the growth and vitality of roadside trees under exposed urban
conditions?

Besides stem growth of street trees along a temperature-gradient from urban to rural,
differences in stem growth were also documented for trees planted into differently sealed
sites. Moreover, volume of tree crowns (as a proxy for the photosynthetic active area),
soil nutrients (P, K, and C/N ratio) as well as soil moisture, and pH were measured. The
content of de-icing salt was derived from soil conductivity values. Sites with different
levels of soil sealing but equivalent climatic situations were chosen at the rural location
to compare stem growth of trees with respect to the conditions of their tree pits.

With regard to phenology, buds of Tilia x vulgaris and Acer platanoides were
photographed in spring 2011. Comparable to stem growth measurements, timing of leaf
and flower budding was documented for sites along the temperature-gradient with similar
levels of soil sealing, and for sites with similar ambient temperatures but different levels
of soil sealing of tree bases. In order to answer whether changes in timing of leafing and
flowering can be predicted from temperature or soil sealing differences between the sites,
the following question was raised:

Is budding in Tilia x vulgaris and Acer platanoides affected by differences in
temperature along urban-to-rural gradients and/or affected by differences in the degree
of soil sealing in Hamburg?

The data obtained in this study may lead to insights regarding the interplay and relative
importance of factors affecting the growth and vitality of urban roadside trees. In
addition, reactions of native trees to climate change might be derived from the results.

12
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2 MATERIAL AND METHODS

2.1 Site description

The investigations were conducted in the city of
Hamburg (53° 33°N, 10° 0’ E) in Northern
Germany. With about 1.75 million citizens and
an approximate area of 700 km?, this city is the
second largest in Germany. Hamburg is closely
located to the North Sea and the Baltic Sea.
Therefore, the city lies under temperate coastal
climatic influences, and precipitation reaches
approximately 770 mm per year. The annual
mean temperature rose from 8.8° C (1961-1990)
to 9.2° C in the reference period 1971-2000. The
annual mean temperature between 2001 and 2010
was 9.7° C. Temperature data of the German
meteorological centre (DWD) for the reference Fig. 1: City of Hamburg with interpolated
period 1971-2000 displays a temperature gradient temperature data for the time period 1971-2000.
. o White dots show geographical position of study
of approximately 1.1°K from the centre to the sites. Ellipsoids display locations: green: ‘urban’,
outskirts of the city, comparable to the urban heat yellow: ‘suburban’, blue: *rural’.
island (UHI) of London (Watkins et al. 2002).

In order to select trees for the proposed study on growth of urban street trees along the urban-
to-rural gradients, the Hamburger Baumkataster was used. Two sites per location (i.e.
‘urban’, ’suburban’, and ‘rural’ shown as ellipsoids in Fig. 1), one each per species, were
searched to establish the above-mentioned temperature gradient. In winter and summer 2010,
six sites with roadside trees of the species Tilia x vulgaris and Acer platanoides were selected.
Site location ranged from the city centre to the north-eastern outskirts. Requirements of the
sites were: comparably high soil sealing of tree bases, proximity to streets and planting of
trees during the time span from 1970-1979. Within the city-boundaries and only about 10
kilometres from the urban sites (“Neustadt™), a residential area (“Steilshoop’’) was used as the
suburban location. Farthest from the urban location (15-19 km), two sites (“Rahlstedt” and
“Bergstedt”) that were about 4 kilometres apart from each other but showed the same mean
temperatures in interpolated data were selected to represent the rural location. With regard to
urban soils, identifying sites with a similar degree of soil sealing was difficult, because the
register for urban trees does not contain information on soils and their degree of sealing.
Therefore, in late summer of 2010, two additional sites were selected at the rural location.
These sites showed more similar soil sealing to the urban and suburban sites than the initially
chosen rural sites. At these additionally chosen sites, Tilia trees were planted in 1978, while
the trees of the Acer-site were planted in 1980-1982 and, thus, somewhat later than trees at all
other sites (1970-1979). Aiming to contrast growth and vitality of Tilia x vulgaris and
Acer platanoides between sites differing in soil sealing but not in climatic conditions, the rural
sites chosen in 2010 were retained for the purposes of this study.

13
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2.2 Temperature measurements

From July 17" 2010 to March 2012, temperature measurements were taken at the study
sites over 30 minute intervals. Instruments used were temperature loggers with a
measuring range from minus 20°C to plus 60°C (Ebi 20 T). Before using the
instruments, loggers were 2-point calibrated by the manufacturer. One temperature
logger was fixed per site in a small white wooden house that allowed for air flow through
the slat-walls but kept instruments dry from precipitation. Houses were fixed in the tree
crowns at a height of approximately 3 m. In order not to damage the bark of tree stems,
rubber straps were used to fasten the houses. Using a corresponding interface, data from
loggers were uploaded regularly in situ to a Laptop with the software program
Winlog.basic (Ebro 2008).

2.3 CO, measurements

Atmospheric carbon dioxide in heavy traffic regions is higher than in the surrounding,
less urbanized areas. Consistent with this, a gradient in CO, content of ambient air was
assumed for the locations representing the urban-to-rural gradient. For comparison of
atmospheric CO, concentrations between the city centre and the more rural outskirts,
measurements were conducted from April 2010 to November 2011 using a portable
photosynthesis system LC pro+ (ADC Bioscientific Ltd.) directly at the study sites. For
field work, reference data of the ambient air as well as analyzed data of the vacant leaf
chamber were used. First values were recorded at the earliest after five minutes of
instrument warming and when the difference between reference and analyzed data were
not higher than 4 ppm. Ten CO, measurements were recorded consecutively at
two minute intervals for each month at each study site.

Due to heavy traffic within the city, data collection spanned from 08:30-12:00. To assure
comparability of measured CO, data in spite of the time difference, a correction value
was calculated. Measurements at each location were taken in April 2011 on three
consecutive days at one site from 08:30-12:30 at 30 minute intervals. Approximated
values documented for each location were subtracted from the location-specific CO,
value that was measured at 08:30, when measurements started. Thus, to adjust CO,
values for each site to the same time of the day (08:30), the correction value (2-15 ppm)
was added to the originally measured CO; values.

2.4 Stem circumference

As an indicator of tree vitality, stem growth was measured throughout the growing
seasons of 2010, 2011 and 2012. Stem circumferences were measured with non-invasive
permanent tree diameter cords (DI by UMS). Ten trees per site were equipped with
measuring tapes, shortened to overlap no more than 10 cm and fixed at a height of
2.60 m to protect them from damage, displacement or removal. The number of cords
fixed in early spring 2010 was 60. In late summer 2010, a further 20 cords were installed
at Tilia and Acer trees of the newly chosen ‘rural sealed’ sites. Thus, a total of 80 tree
diameter cords were installed. Despite fixing cords at a height safe from vandalism, three
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cords were lost during the period of measurement. Four additional cords were rendered
useless in 2012 as they were forced open most likely due to stem growth.

From April to October 2010, stem growth measurements were taken monthly at six sites
(urban sealed, suburban sealed, rural unsealed). For sealed sites at the rural location,
observations and measurements were conducted at eight sites from April to October
2011. In 2012, all remaining tapes at the eight sites were monitored from July to October.
Diameter data were converted into circumferences and translated into percentage of
monthly and annual stem growth for each tree.

2.5 Crown plumbing

Tree crowns of both species were studied in early spring of 2012. For plumbing, crowns
of eight trees per site were measured for total height and the radius at 45° intervals of the
cardinal directions around the tree stem (North, Northeast, East, Southeast, South,
Southwest, West, and Northwest). One mean averaged over all eight radii was used as a
proxy for the crown radius in the volume formula of a paraboloid, which is the geometric
figure most likely to approximate the shape of the studied tree crowns. Volumes of
crowns were estimated without measuring leaf sizes or leaf density and by assuming
comparable crown characteristics at all sites within species.

2.6 Soil analyses

Substrate and type of soil as well as physical and biological traits (soil fabric, content of
building rubble, visible carbonate or humus, soil fauna content) were identified by
establishing one flat excavation at each site based on the German soil survey mapping
method (Ad-Hoc-Arbeitsgruppe Boden 2005). Soil profiles were excavated with due
prudence to a depth of approximately 40 cm after checking the latest conduit plans of
sites from each of the concerned building companies. Thereafter, deeper soil for chemical
soil analyses was extracted cautiously using a “Piirckhauer-borer” (Eijkelkamp,
Agrisearch Equipment).

For measurements of soil moisture, soil samples were collected five times from May
2011 to May 2012 from the bases and grass strips surrounding the studied trees. Except
for May/June 2011, all samples were taken over five consecutive days after at least three
days without precipitation. At each site, the bases of five trees were chosen for soil
extraction. Holes were arranged circularly around each tree stem at various distances and
dug with help of an “Edelman-borer” (Eijkelkamp, Agrisearch Equipment). Borings were
taken to a depth of 30 cm at least five times and divided into depth increments of 0-10,
10-20 and 20-30 cm. As far as possible (when no barriers due to underground sealing or
rubber waste occurred), soil extraction was taken out of the same drill. Soil samples were
deposited in air- and water-proof plastic bags, separated for each depth interval, to
produce representative samples for each tree base. Filled plastic bags were stored in a
cooling-chamber until analysis (up to one week from time of soil excavation).

Soil moisture was determined gravimetrically in the laboratory: approximately 5 g of the
pooled samples were weighed before and after drying a soil sample in an oven for 24
hours at 105° C. Analysis of nutrient contents was carried out with the remaining pooled

15



Material and Methods

samples. Soil pH was determined with part of the soil sample using a pH-Meter and a
CaCl, solution. For analyses of soil conductance, samples were dissolved in H,O and
measured with a conductivity-Meter.

2.7 Budding

From March 21 to April 25" 2011, crowns of five trees per site were photographed
twice a week using a digital camera (model Panasonic Lumix DMC-FZ 38). Pictures
were taken with the same camera settings between 09:00 and 12:00 of the south-facing
branches. As no tripod was used, photographs were taken by the same person, which
allowed for an approximately uniform height.

Analysis of photographs was carried out with the graphic software program Windows
Paint. Buds of a whole picture section, containing at least 120 buds, were counted and set
as 100 %. Bud stages were assigned only after completing this initial step for all
photographs. This was necessary to get an overview of all the bud phenophases and to
identify five stages. In order to minimize conflicting estimation of bud stages by
individual errors, pictures were analyzed by the same person on successive days. Buds
that were not swollen yet (P1) were assigned to the dormant winter stage and not counted
or included in the analysis. Thus, counting started when most of the buds were already in
the swollen stage (P2) and ended when fully developed flowers or leaves (P5) were
visible. In order to compare the tree crowns with each other, a phenological index (PI)
was calculated for which percentage shares of each relevant stage (P2-P5) were added
together and divided in the following way:

PI[%] = P5 % + (P5 % + P4 %) + (P5 % + P4 % + P3 %) + (P5 % + P4 % + P3 % + P2) %] /4 (1)

Tab. 1: Exemplary numerical data for the calculation of the Phenological Index (PI [%]).

P1 P2 P3 P4 P5 L)
N 0 45 59 25 17 146
% of 146 0 30.8 40.5 17.1 11.6 100
PI[%] O 100 69.2 28.7 11.6 52.4

2.8 Data analyses

All statistical analyses were conducted and figures were generated with the statistic
program STATISTICA (Statsoft, version 9). All graphs show one-way ANOVA'’s,
whiskers display standard errors (coefficient=1), outliers and extreme values are not
shown. For all statistical analyses, location (urban, suburban,or time (year, month, and
day) was chosen as the independent variable. Assumptions of normality were tested by
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the Shapiro-Wilk test and accepted if p-values were > 0.05. Where required, original data
were log-transformed.

In generalized linear models, repeated-measures ANOVAs were calculated to clarify the
effect of the current temperature gradient along the sites from urban to rural over the
period of 20 months (July 2010 - February 2012). In order to display differences in
temperature between the locations at different times of the day, temperature data were
split into four 6-hour time zones per day (0:00-06:00, 06:00-12:00, 12:00-18:00 and
18:00-24:00). For corrected atmospheric CO, data, a one-way ANOVA and a post hoc
test (Tukey HSD) could be conducted as assumptions were met.

Stem growth rates were calculated using relative values in percent [%] generated from
diameter values in centimetre [cm]. Cessation of stem growth was defined as an
incremental growth of <0.1 %. As neither normal distribution nor homogeneity of
variance could be reached for monthly stem circumference data, and the loss of some
dendrometer cords led to an unbalanced design, differences between locations were
tested with the Kruskal-Wallis test. Instead of using a post hoc test for differences
between two groups at a time, Mann-Whitney-U-tests were used for each site. For annual
stem growth data and tree crown measurements, assumptions for ANOVA were met and
a one-way ANOVA with the Tukey HSD test were calculated for each species.

For analyses of budding, statistical analyses were conducted for both species when the
majority of buds of at least one studied tree had entered stage P2. This was approximated
by using photographs taken on April 4™ for Acer and April 15" for Tilia. The bud
development, as expressed by the “PI”, was used for both species as the dependent
variable, and sites as the independent variables.

The normal distribution was not found in the budding records and even transformed data
(arcsin square root) did not show normal distributions. As Lindman (1974), however,
describes the F-Test (ANOVA) to be remarkably robust to deviations from normality and
homogeneity in variances matched with budding data, a one-way ANOVA was
calculated.

To calculate linear correlations between interval-scaled temperature and bud burst or soil
moisture and bud burst, daytime temperatures were averaged over single months from
November 2010 to March 2012. Because data violated parametric assumptions as they
were not normally distributed, the Spearman’s correlation coefficient (r) was calculated.
For both species only graphs with the highest correlation coefficients between PI and
temperature, and PI and soil moisture, are shown. Differences in soil moisture between
the sites of Tilia x vulgaris and Acer platanoides were calculated separately for each
species, with one-way ANOV As and subsequent post hoc tests (Tukey HSD).

In order to find significant differences in soil nutrients between the sites, one-way
ANOVAs followed by Tukey HSD tests were calculated for each species to show
heterogeneity of urban soils.
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3 RESULTS

3.1 Temperature

Measurements of temperature from summer 2010 to the end of winter 2012 verified the
gradient from urban to rural sites. Significantly different temperatures occurred between
the locations in all seasons from summer 2010 to March 2012 (Fig. 2) although the
seasonal and annual temperatures in 2010-2011 and 2011-2012 differed clearly: Seasonal
temperatures diverged between the years by up to 3.1° C (autumn 2010 vs. autumn
2011). Temperatures in summer 2011 were approximately 1.1-1.5° C lower than in 2010,
while temperatures of ambient air in autumn 2011 and winter 2011/2012 were noticeably
higher than in autumn and winter of 2010/2011. However, significantly highest
temperatures were continuously documented for the urban location compared to the other
locations in all seasons. Differences in ambient air temperature were highest between 0
and 6 o’clock and then decreased in the course of the day. In spite of that, differences
inatmospheric temperatures between the locations were still significant in most cases.
From 18-0 o’clock temperatures at the rural sites hadn’t fallen as much as those at the
suburban and rural sites. Thus, differences in atmospheric temperature between the urban
and all other study sites increased again. For the whole time span highest temperatures at
the urban location were followed by temperatures at the suburban and finally the rural
sites. Although in the beginning of studies interpolated atmospheric temperatures at the
rural location were assumed to be equal for all rural sites, data showed significantly
higher atmospheric temperatures at the sealed sites in both years almost continuously.
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Tab. 2: Significant differences in atmospheric temperatures between the locations and differently sealed
sites calculated by Tukey-HSD-tests. Abbreviations and symbols: *** = p <0.001, ** = p <0.01, * =0.05,
n.s. = not significant.

2010-2011 2011-2012
Daytime Location Summer Autumn Winter Spring Summer Autumn Winter
0_6 u-su skook sk kksk kook sk kksk ook sk kosk sk kosk sk
u-rs ksksk skskok ksksk skskok ksksk ksksk ksksk
u-rus skook sk kksk kook sk kksk ook sk kosk sk kosk sk
Su-1s n.s. ok ok n.s. n.s. n.s. ook
Su-rus skook sk KKk kook sk kksk ook sk kosk sk kosk sk
rS-rus ksksk skskok ksksk skskok ksksk ksksk ksksk
6_12 u-su skook sk KKk kook sk kksk ook sk kosk sk kosk sk
u-rs ksksk skskok ksksk skskok ksksk ksksk ksksk
u-rus skook sk kksk kook sk kksk ook sk kosk sk kosk sk
Su-rs ksksk skskok ksksk skskok ksksk ksksk kskosk
Su-rus kosk sk kksk kook sk kksk ook sk kosk sk kosk sk
rS-rus ksksk skskok ksksk skskok ksksk ksksk kskosk
12_18 u-su K3k kksk ook sk n.s. kosk sk kook sk kook sk
u-rs n.s. skskok ksksk n.s. ksksk kskosk skskosk
u-rus ook sk kksk ook sk n.s. kosk sk kook sk kook sk
su-rs ke n.s. ke n.s. ke n.s. e
Su-rus ook sk kksk ook sk n.s. kosk sk n.s. kook sk
IS-TuS ke o * n.s. ke n.s. n.s.
18_24 u-su kook sk kksk ook sk kksk n.s. ook sk kosk sk
u-rs ksksk skskok ksksk skskok ksksk kskosk ksksk
u-rus kook sk kksk ook sk kksk ook sk ook sk kosk sk
Su-rs n.s. skekesk ksksk skskok ksksk n.s. ksksk
Su-rus n.s. kksk kosk sk kksk kosk sk ook sk kosk sk
rS-rus n.s. skskok ksksk n.s. ksksk ksksk kskosk
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3.2 CO,

In atmospheric CO, concentrations along the urban-to-rural gradient, a difference of
approximately 25 and 23 ppm CO, was documented in 2010 and 2011, respectively. For
both years, data of Tilia- and Acer-sites were lumped together as differences between the
sites of the same location were marginal. Figure 3 visualizes the gradient in bar charts:
Significantly higher CO; contents were measured for the urban location compared to the
unsealed rural sites in 2010 (398 vs. 374 ppm) and 2011 (406 vs. 384/383 ppm).
Significant differences in atmospheric CO, contents also occurred between the urban and
suburban location in both years. In 2011, CO, contents were measured at sealed and
unsealed rural sites. Here, differences were low and not significant.

415
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390 11
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375 igs
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urban suburban rural sealed rural unsealed urban suburban rural sealed rural unsealed
2010 2011

Fig. 3: Atmospheric CO, contents in 2010 and 2011 measured at study sites at the urban, suburban and
rural location. Whiskers show mean standard error. Letters above bars indicate significances between
locations calculated by a post hoc Test (Tukey HSD) after one-way ANOV As, *** =p <0.001.

Figure 4 visualizes differences in monthly taken data of atmospheric CO, contents at
urban, suburban and rural sites in 2010 and 2011. Clearest differences appeared between
urban and rural sites at the beginning (April) and the end (September) of the vegetation
period in both years. In June, differences in atmospheric CO, concentration were small,
but still differed significantly from each other. Comparison of CO, concentration
between all sites of the rural location showed no significant differences.
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2010 and 2011. Whiskers show mean standard error. Letters above bars indicate significances between the

locations calculated by a post hoc Test after Kruskal-Wallis testing, *** = p <0.001.
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3.3 Soil

3.3.1 Soil profiles

Soils of all studied sites showed typical ‘urban soil’ characteristics. They have been and
still are influenced by human activities and therefore, the World Reference Base (WRB)
names this soil type ‘Anthrosol’. The soil taxonomy refers to the often not clearly
definable young horizons and categorizes them into the class of ‘Entisols’. German soil
sciences summarize anthropogenic influenced or anthropogenic modified soils as
‘Kolluvisols’. In the following, soil profiles of all eight study sites are described.

Urban sites

- : AT .
Fig. 5 a, b: Tilia x vulgaris was planted in a green lane
disrupted by access pavements. The profile was dug in
a distance from the tree stem of about 1.5m.
Excavation was done up to a depth of approximately
40 cm.

Tilia x vulgaris

As the genesis of soil originated from
tree pits, refilled with a sandy substrate
and rubber waste, the soil profile
showed a typical A-C horizon sequence

jAh1-jAh2-M-Cv

" of an ‘Anthrosol’ (‘Norm-Kolluvisol”)

from fine sand containing small detritus
and carbonate. Substrates beneath 4 dm

2 surely still generated from human
" activity as borings with a “Piirckhauer”

contained remains of settlement here.
In the first 12cm the Ah-horizon
clearly contained lava granulates. The
type of soil changed from silty sand to
pure sand and in a depth of 37 cm the
soil was defined as the highly
weathered C-horizon with very low
bulk density. Bulk density was also
very low in the first 2 cm, but rose
slightly from the A- to the M-horizon.
Indeed, content of humus was high in
the uppermost horizon, but moisture

I was low due to the coarse pore of sandy
* substrate and changed swiftly into a

little fertile (dystric) substrate. Fine

| roots in the upper horizons occurred

densely while they together with coarse

roots appeared in low density from 12 cm on in the M-horizon. Neither in borings with
the “Edelman-borer” which were conducted for soil excavation nor in the soil profile

itself, any edaphon was found.
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Acer platanoides

Soil excavation showed the A-C profile of
a ‘Calcaric-Regosol’
(‘Sour-Pararendzina’) with the horizon-
sequence:

jAh-jICv-jelCv1-jelCv2.

Directly below the pavement, streets of
ants appeared and holes of earthworms
were recognized. Similar to the Tilia-site,
tree pits were filled with a sandy substrate
that evoked low soil moisture due to little
water holding capacity. Clearly differing
Fig. 6 a, b: Soil profile for Acer platanoides was from the soil of Fhe Tﬂia_.SIte’ however, was
dug in a distance from the tree stem of about the natural basic material of gravel and
1.5 m. Therefore, a pavement slab had to be lifted.  carbonate holding pure sand that was
Piirckhauer - borings helped identifying  soil  pniveq within tree pit construction. The
characteristics. )

loose substrate of the C-horizon already
appeared after 3cm. In a depth of
approximately 8 cm building rubble like
tile rests increased carbonate content. High
sealing and little space forced strong roots
of trees to switch to the surface. A dense
net of fine roots below the paving slab was
characteristic. Bulk density was moderate
and decreased slowly in the dug up 35 cm.
Content of humus was high in the Ah-
horizon with low soil moisture. Within the
next centimetres, water content swiftly
further decreased. Fine roots in the upper
horizons occurred densely in the first 8§ cm.
~ In deeper layers no roots were found.
Understorey species in the tree bases were rarely found. Occasionally Hordeum murinum
and Taraxacum spec. were observed.
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Suburban sites

g— o

Fig. 7 a, b: At the suburban site, Tilia x vulgaris was
planted into green strips and a soil profile was dug
about | m away from tree stem.

Tilia x vulgaris

A typical ‘Anthrosol’ with the horizon
sequence

jAh-M-Cv

. was found. As digging was easy and no

conduits were in the direct surrounding
of the profile construction, soil in a depth
of more than 55 cm could be exposed
and showed up the original natural soil
(starting with another Ah-horizon). The
sandy substrate in all depths of the
uppermost anthropogenic soil showed
only low moisture and soil bulk density.
Humus contents were high in the first
12 cm, decreased to the loose substrate of
the C-horizon that started in a depth of
approximately 30 cm, and then increased
again at a depth of about 55 cm, where
the original Ah-horizon began.

Contrary to the urban sites, rooting of
trees was strong: In the first 12 cm
intensity of fine roots was moderate and
also coarse roots appeared. In the
C-horizon and the original Ah-horizon,
no roots could be observed.

Besides the grass, found understorey vegetation was Poa annua, Taraxacum spec. and

Plantago major.
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¥, Acer platanoides

For the suburban Acer-site a ‘Regosol’
with the horizon sequence

jAh1-jAh2-jCv1-jCv2

was found. A-horizons up to a depth of
12cm were of silty sand substrate.
From this depth on the C-horizons
followed. They were loose and
allowed digging up a soil profile to a

, ) depth of about 36 cm. In the surface
Fig. 8 a, b: Acer platanoides at the suburban site was

planted into green strips. Soil sealing underneath the turf layer ((_)_2 cm), humus C.Ontent of the
grass in form of lawn-grating slabs appeared and left ~Ah-horizon was very high and only

open a free surface of about 30 %. little lower within the next centimetres.
: SN Z In the C-horizon that started from
approximately 12 centimetres, content
of humus was marginal. For the whole
. profile, moisture was low but
! increased to some degree in the
lowermost depth. Rooting intensity
was moderate to high in the Ah-
horizon but very low to absent in
depths from 12 cm on where the loose
substrate of the C-horizon began.
Carbonate could not be proved in any
depth. As in the other profiles before,

L the studied soil was anthropogenic
filled soil. Consplcuously often the grass strip was contaminated with dog mess.
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Sealed rural sites

strips that were frequently interrupted by
paved building drives. Partly, tree bases
were planted with spring flowers.

Fig. 9 a, b: Trees were planted into green

Tilia x vulgaris

Trees at the sealed rural sites rooted in a typic
‘Anthrosol” with the dug up horizon sequence

jAh-M-IICV.

Anthropogenic filled substrates were of silty sands
| up to a depth of approximately 35cm. The

uppermost layer, building the Ah-horizon in the
first 10 cm only slightly differed from the
following M-horizon. However, slags were
characteristic here. Both horizons showed
moderate humus contents and low bulk densities.
Soil moisture was low for both horizons but higher
in the Ah-horizon for those tree bases that were
planted and watered by residents. However,
density in rooting of Tilia x vulgaris was higher in
the deeper M-horizon: While in the Ah-horizon
only fine roots stretched out, the deeper M-horizon
was moderately colonized by fine and coarse roots.

i Below the M-horizon a change in substrates was

found: In a depth of about 35 cm a loose C-horizon

1 from loamy sand was stripped. Different from all

other studied sites, rubber waste was not found and
negative tests on carbonate content underlined
these observations.

Overall, green strip characteristics were
heterogeneous. Partly tree bases were planted,
watered and raked. Besides planted spring flowers,
the understorey consisted of seedlings of
Quercus spec. and Crataegus spec., as well as
grasses like Poa annua and Hordeum murinum.
Closeness of the soil profile to a hedge of

Carpinus betulis implemented the abundance of these seedlings. In the not horticulturally
cultivated tree bases, edaphon was not found except for one beetle larva.

27



Results

L 4

Fig. 10 a, b: Green strips at the sealed rural
sites for Acer were narrow. Supplementary
to the filling of tree pits a humus substrate
coated tree bases.

Acer platanoides

The soil profile dug in the Acer-site showed the
horizon sequence of a typic ‘Anthrosol’ that was
overlaid by application of a mull. Therefore, the
horizon sequence was defined as

jAh1-jAh2-M1-M2.

Loamy silts were the substrates within the first
30 cm of Ah-horizons. In spite of the loamy
character and high humus contents, soil moisture
was weak and aggregates of soil substrates were
hardly built. Bulk density was very low. Fine
roots were found in strong frequency in the first
15 cm. In the Ah2-horizon from 15-30 cm dense
rooting was even stronger and accomplished by
moderate abundance of coarse roots. A sharply
restricted occurrence of coarse soil in the Ah2-
horizon was peculiar. Building waste was only
found in steel wires and carbonate content was
tested negative. The M-horizon from 30-60 cm
was of sandy silt and rooting densities decreased
with increasing depth. In spite of high humus
contents, also in the M-horizon soil moisture was
weak and bulk density was very low. In a depth
from 60 cm the substrate excavated changed to
silty sand.

Understorey of roadside trees was planted and
covered the grass strip completely. Most often

Rosa species were found. Besides Crataegus spec. seedlings of the studied trees grew in

the strip.
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Rural unsealed sites

Fig. 11 a, b: Tilia x vulgaris was planted
into a green strip that was disrupted by a

dry drainage
driveways.

channel

and private

Tilia x vulgaris

The profile exhibited an anthropogenic impacted
‘Cambisol” with a change of layer and the
horizon sequence

jAh1-M-IIfAh-IIBv.

The surface soil consisted of loamy sand
substrates and the soil fabric was partly coherent

despite low soil moisture. Humus content was

high in the uppermost layer and still moderate in
the M-horizon from 10-24 cm. The intensity of
rooting, however, was only moderate and coarse
roots were not observed in the anthropogenic
soil. The high content in rubber waste that was
supplied by a positive testing on carbonate was
special to the clearly anthropogenic formed
topsoil. Moreover, the high degree of soil sealing
was noticed. The change of layer appeared in a
depth of approximately 24 cm. The fossil Ah-
horizon was of carbonate-free silty sand and was
not rooted. This is also true for the following
subtype-specifying Bv-horizon. The typical
colour reflects release and oxidation of [Fe] due
to chemical weathering.

Understorey was hardly found and grass strips
showed only weak and patchy growth.
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Fig. 12 a, b: Trees were planted into a wide green
strip that was disrupted by a ditch drainage and
private driveways. The profile was dug about 1 m
from tree stem.

Acer platanoides

The soil profile exhibited the horizon
sequence

jAh-jM1-jM2-jM3-jM-Go

of a ‘Gleyic Anthrosol’. The Ah-horizon
had a depth of about 10 cm and was very
rich in humus. Soil moisture in contrast,
was weak and according to that, the
plasticity of soil samples, too. Bulk
density was low and fine roots had
developed moderately. The content of
humus decreased within the following
two M-horizons only little and soil

7 moisture stayed at a low level. In spite of

that the soil fabric changed from single
grains to a little more sticky fabric. Bulk

. density was higher than in the uppermost
° horizon. From 10 cm on, first coarse roots

were detected while appearance of fine

=~ roots decreased continuously. In a depth
from 60 cm on, no roots were found

anymore. First oxidative characteristics

. were found in the jM2-horizon in a depth
© of 15-29 cm: Few ochre coloured spots

signalizing oxidation of iron compounds were found and in the M-Go-horizon they
appeared in a moderate frequency implying influences of groundwater.

Edaphon was rarely found in form of earthworms and besides horticultural trimmed lawn
only mosses on tree barks and at the tree bases were documented.
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3.3.2 Correlation between specific soil characteristics and stem increment
2011-2012

In Table 3 ranking is listed for humus content (H) and sandiness (S) singularly and as a
mean of both values. Soil quality ranking followed the scheme:

H: H4>H3 >H2>HI > HO0

S: loamy (1) > silty (u) > sandy (s)
- Ls > Uls > S14 >S13 > S12 > Us > Su4 > Su3 > Su2 > Ss

Best soil quality was ranked as ‘1°, lowest quality as ‘4’. Highest humus contents were
marked ‘H4’, lowest ‘HO’. In soil structure letters were written in upper cases when this
type of soil was predominant, lower cases were used for lower proportions of a soil type.
Numbers after letters (e.g., S12, S13) indicate contents of minor soil type, rising from 1 to
4. Humus content was validated higher regarding soil quality for tree growth than soil
structure and therewith the sealed rural Tilia-soil was ranked ‘2° (H 2, S 3) while the
suburban soil was ranked ‘3’ (H 3, S 2).

Tab. 3: Soil quality ranked by humus content and sandiness for studied soils of Acer platanoides- and
Tilia x vulgaris sites.

Soil texture

Acer SOM (2 humus content, H) (£ sandiness, S) Ranking
urban H4, H1, H1, H1 Su2, Ss, Ss, Ss 4,424
suburban H4, H3, H1, HO Su2, Su2, Ss, Su3 3;32>3
sealed rural H4, H4, H4, H4 Uls, Uls, Us, Su4 L1=>1

unsealed rural H4, H3, H3, H3, H1 S12, S13, Sl4, Ls4 2;2>2

Soil texture

Tilia SOM (2 humus content, H) (£ sandiness, S) Ranking
urban H4, H3, H2, H1 Su2 ,Ss, Ss, Ss 4;4>4
suburban H4, H1/4, H1, H3 Su2, S12, Ss, Sl4 3;22>3
sealed rural H3, H3, HO Su3, Su3, Su2 2:3>2
unsealed rural H4, H3, H3, H1 S12, S13, Su4, Su4 L1=>1
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In sites of both species ranking displayed an urban to rural gradient. Findings in general
reflect the stem growth of studied trees. The higher the ranking for soil quality was (i.e.
1>2>3>4), the higher stem growth appeared to be. However, a correlation between soil
quality and tree stem increment was only found in Tilia as graphics below suggest
(Fig. 13). In a spearman’s rank correlation the R was low in Acer (17%; p= 0.08) while in
Tilia more than 42% of stem increments were explained by soil ranking (p= < 0.001).
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Fig. 13: Relation between stem increment and soil ranking for 7ilia x vulgaris and Acer platanoides.

3.3.3 Soil moisture

Month-specific differences in soil water content

Differences in soil water content between the examined months from 2011 to 2012 are
shown in Figure 14. As the pattern between all sites appeared similar, monthly data were
summed and locations were not taken into account. Overall, water content was low in
late spring and high in mid and late winter for both species. Moreover, a decline of soil
water content from the surface (0-10 cm) to a depth of 20-30 cm was found. Soil
moisture decreased from approximately 14 to 7 % w/w from the topmost to the deepest
soil layer in May / June 2011 and 2012 and from 21 to 13 % w/w in January and March.
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Soil moisture 2010-2011

ﬁﬁﬂﬂﬁﬁﬁﬁﬁﬁ
ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ

May/June November January March May May/June November January March May

Tilia Acer

Fig. 14: Mean soil moisture from May 2011 to May 2012 in depths from surface to -30 cm, error bars show
mean standard error.

Site-specific differences in soil water content

As the patterns of soil moisture were similar in all studied depths and months, data were
summed for each site. Figure 15 clearly points out significantly higher soil moisture at
the sealed rural sites. Moreover, data show differences between the Tilia- and the Acer-
sites: While except for ‘rural sealed’, the Tilia-sites hardly differed from each other, soil
moisture was much lower at the urban Acer-site compared to all other sites.

[+

F=10.94 B F=57.84 T

16 P= | P 1
B

Rk

A
T
=

e
e

soil moisture [%]
5
L

: 5]

urban suburban rural sealed rural unsealed urban suburban rural sealed rural unsealed

Tilia . Acer

Fig. 15: Site-specific mean soil moistures from May 2011 - May 2012 in depths from surface to -30 cm,
error bars show mean standard error, letters above bars indicate significant differences according to Tukey-
HSD-Tests after one-way ANOVAs; F and p values refer to log-transformed data, p***= <0.001.
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3.3.4 Correlation between soil moisture and stem increment 2012

Neither in any depth nor month circumference growth of tree stems and soil moisture
showed a correlation. This is true for 7ilia as well as for Acer.

3.3.5 pH

The pH values were acidic at all studied sites. Tilia- as well as Acer-sites showed highest
values of approximately 6-6.5 at the urban sites, while soil probes taken from the
suburban sites were most acidic (5.1-5.7; Fig. 16). At the rural location, differences in pH
were marginal in all soil depths for Tilia-sites. At the Acer-sites differences in soil pH got
more prominent with increasing depths. Yet, differences were not significant.
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Fig. 16: Site specific mean pH values at studied sites of Tilia x vulgaris and Acer platanoides in three
depths from surface to -30 cm, error bars show mean standard error. Letters above bars indicate significant
differences according to Tukey-HSD-Tests after one-way ANOV As, p***=<0.001, p**= <0.01, p* =0.05,
p(*)= marginal significance >0.05, n.s.= not significant.
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3.3.6 Soil electrical conductivity

Soil conductivity from the topmost layer to a depth of 20-30 cm ranged between 51 and
188 uS/cm for Tilia and between 90 and 204 uS/cm for Acer-sites (Fig. 17). Highest
values were measured at the sealed rural sites both for Tilia and Acer. However,
significant differences hardly appeared between the sites of the species.
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Fig. 17: Site specific mean electrical conductivity of the soils from sites of Tilia x vulgaris and
Acer platanoides in three depths from surface to -30 cm, error bars show mean standard error. Letters
above bars indicate significant differences according to Tukey-HSD-Tests after one-way ANOV As, p***=
<0.001, n.s.= not significant.

3.3.7 Nutrient analyses
Carbon [C], Nitrogen [N], C/N

Contents of carbon and nitrogen clearly differed both between sites and species (Fig. 18).
In Tilia-sites, significant differences in carbon and nitrogen content of the soils only
appeared between sealed and unsealed sites. In Acer differences rarely occurred between
the sealed and unsealed sites but within the sealed sites. Overall, significant differences
occurred more than twice as often at Acer- than at Tilia-sites.
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Tilia x vulgaris

Tilia-sites showed decreasing soil carbon contents from urban to rural in all depths. In
the topmost soil layer, values ranged from 4.9 % w/w at the urban to 1.9 % w/w at the
unsealed rural site. Carbon at the sealed rural site, however, was significantly higher than
at the unsealed rural site. With increasing depth, site differences weakened and only
differences between the urban and the unsealed rural site remained significant. Nitrogen
showed an almost identical pattern of differences between the sites: Highest soil nitrogen
contents were measured at the urban (0.3), lowest at the unsealed rural site (0.1). In
general, the sealed rural site had higher soil nitrogen contents than the unsealed rural site.
These differences were significant in a depth of 10-20 cm.

Acer platanoides

In Acer-sites, a gradient from low soil carbon contents at the urban site (1.2 % w/w in 0-
10 cm) to high contents at the sealed rural site (4.4 % w/w in 0-10 cm) was proven. In all
soil depths, C contents at the sealed rural site were more than three times higher at the
urban site and fell from topmost to deepest layer. Soil carbon content at the unsealed
rural site, however, was clearly lower than at the sealed rural site. Here, it differed
significantly in both the upper and lower soil layer. As in Tilia, the pattern of soil
nitrogen contents appeared almost equal at the Acer-sites. Soil N content was very low at
the urban site and hardly fell from surface to the deepest layer (~0.05% w/w). At the
sealed rural site, soil N contents were more than three times higher (0.3, 0.2 and
0.2 % w/w). Similar to Tilia-sites, the sealed site showed higher contents of nitrogen in
the soil than the unsealed site at the rural location.

37



Results

C/N ratios at studied sites ranged between 14 and 21. A trend for decreasing ratios from
urban to rural sites was found (Fig. 19).

30
28 F=3.87 F=6.36
26 p= * p= *
24
g 22 a
9 20 I
S 18 A ab
16 Iz éz iE B b == b
14 = v p—— =
12
30
28 F=4.91 F=5.48
26 p= b p= *x
e 24
Z g 22 A a X
AN 20
0 O' 18 I AB AB I ab i:
16 = ok
14 . SE5¢
12
30
28 F=1.78 Ff 5.:?0
26 p= n.s. a -
g 24 a
o 22
Q20 I I ab ~
Q = e b
16 L o
1 A
12
urban suburban sealed rural unsealed rural urban suburban sealed rural unsealed rural
Tilia Acer

Fig. 19: Site specific mean C/N ratios of the soil taken from different depths at sites of Tilia x vulgaris and
Acer platanoides. Error bars show standard error. Letters above bars indicate significant differences
according to Tukey-HSD-Tests after one-way ANOVAs, p**=<0.01, p* =0.05, n.s.= not significant.

Tilia x vulgaris

For Tilia-sites, the C/N ratio of the soils decreased continuously from urban to rural sites
and it rose with increasing depth (Fig. 19). Significant differences between the sites were
found in the soil layers of 0-10 and 10-20 cm. C/N ratios stayed under 20 in all depths
and at all sites.

Acer platanoides

Likewise, C/N ratios of the soils decreased from the urban to the rural Acer-sites and rose
with increasing depth (Fig. 19). A continuous decline was not found, however, as the
high C/N ratio at the sealed rural site interrupts the pattern: C/N ratios were higher than
at the suburban and unsealed rural site and lower than ratios for the urban site. C/N ratios
of soils from the urban sites were significantly higher than those from the unsealed rural
site in all soil depths.

38



Results

Phosphor [P]

Contents of soil phosphor varied in a range from 54.6 mg/kg at the unsealed rural Tilia-
site to 173.6 mg/kg at the urban Acer-site (Fig. 20). Significant differences in P content
within one species appeared only in greater soil depths.
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Fig. 20: Site specific mean P contents of soils from sites of Tilia x vulgaris and Acer platanoides, error bars
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Tilia x vulgaris

Site-specific differences in soluble soil P contents were low for the urban and rural sites
in all depths. Values ranged between 117.6 mg/kg (urban, 0-10 cm) and 54.6 mg/kg (rural
unsealed, 20-30 cm). Samples of the suburban site showed distinctively higher soil P
contents in all depths (154.8 mg/kg, 136.4 mg/kg, 128.9 mg/kg). In the soil layers of 10-
20 and 20-30 cm soil P contents of the suburban site were significantly higher than those
from the other sites.

Acer platanoides

Soil P contents were highest at the urban site and lowest at the rural location in all
depths. Nevertheless, P contents from urban and rural sites only differed significantly in
the deepest layer. Here soil P content was almost three times higher at the urban than at
the rural sites (173.6 vs. 62.3, and 58.3).
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Potassium [K]

Soil potassium contents ranged from 242 to 118 mg/kg for Tilia-sites and from 188 to
93 mg/kg for Acer-sites (Fig. 21). In general, soil K concentration at the sealed sites
neither differed for 7ilia nor for Acer. Contents fell from the topmost to the deepest soil
layer for both species. Except for the unsealed Tilia-site, K concentrations in the deepest
layer were similar and differed by only ~60 mg/kg in both species.

350

300 A F=21.28 F=10.38
e 250 = A A p= p= n.s.
o 200 e I I
2 5 I T
& o
100 ==
50
350
— 300 F=14.29 F=0.69
- p= Hokek p= n.s.
' 250 A
£
? g 200 I A A
N
g’ & 150 == I = I I I
—_ 100 B
! 50 —
350
300 F=7.46 F=0.93
p= p= n.s.
g 250 A
o 200 AB
@ 150 I :AE I I I
N
5 T T
50 =
urban suburban sealed rural unsealed rural urban suburban sealed rural unsealed rural
Tilia Acer

Fig. 21: Site specific mean soil K content at sites of 7ilia x vulgaris and Acer platanoides. Error bars show
standard error. Letters above bars indicate significant differences according to Tukey-HSD-Tests after one-
way ANOVAs, p***=<0.001, p**=<0.01, n.s. = not significant.

Tilia x vulgaris

For the sealed rural sites, mean soil K content of Tilia was 216 mg/kg in the topmost
layer. The unsealed rural sites had a significantly lower content of potassium
(103 mg/kg) than all sealed sites. This pattern continued in all soil layers to K contents of
168 to118 mg/kg for the sealed sites and 43 mg/kg for the unsealed rural site.

Acer platanoides

Soil K contents of all Acer-sites did not differ significantly from each other in any depth
and a clear pattern for potassium concOentrations was not found. Soil K contents slightly
decreased with increasing soil depth.
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3.4 Stem circumference increment

Stem increment of Tilia x vulgaris and Acer platanoides differed between the years. In
all years, Tilia showed highest growth, whereas increments of Acer were lowest.
Nevertheless, similar patterns appeared in stem growth at the sites in 2010, 2011 and
2012. Low growth of Tilia and Acer at the sealed urban sites was evident and a trend for
higher stem growth from urban to rural appeared for both species in all studied years.
Strongest stem increment was measured in June 2010 and 2011. This might also be true
for 2012, but data cannot prove this as monthly data acquisition was not conducted from
April to July in 2012. Ending of growth was earliest at the urban site in all years. In the
following, graphics are shown for stem circumference increment of the examined trees
for the years 2010, 2011 and 2012 (Fig. 22-25). Months that show beginning and ending
of growth as well as the months of strongest increment are visualized. In the following
text, remarkable differences between the sites and conspicuous characteristics are named
for each year and species subsequently. As neither normal distribution nor homogeneity
of variances for monthly increment of stem circumferences could be reached, non-
parametric pair wise comparisons were conducted.

3.4.1 Comparison of monthly growth
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Fig. 22: Monthly stem circumference changes for Tilia x vulgaris and Acer platanoides 2012, error bars
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Tilia x vulgaris 2010

Negative stem growth was measured at all sites in April (Fig. 22). Despite higher
circumference decrease from urban to rural, significant differences between the sites
were not found in spring. In the month of highest growth (June) significant differences
between the sites were obvious: At the rural location stem increment was 0.99% and thus
roughly twice as high as at the suburban (0.49%) and still much higher than that of the
urban site (0.61%). Cumulated growth data for the months July to October were similar
in this time period for all locations and showed no significant differences. Cessation of
stem circumference growth for the urban and suburban site was considered for August
and October, respectively.

Acer platanoides 2010

Negative stem growth in April showed a pattern similar to Tilia: While stem
circumference decrease was low at the urban site (-0.08%), shrinkage of tree stems at the
suburban and unsealed rural site showed pronounced negative growth (-0.21 and -
0.28%). Growth in June was highest at all sites and did not differ significantly from each
other. In July, however, differences in growth between the sealed sites and the unsealed
rural site were significant (not shown): Growth at the sealed sites had decreased rapidly,
while increment at the unsealed rural site was still more than twice as high (0.24 and
0.25% versus 0.51%). Increment rates for August to October showed significantly higher
growth at the unsealed site than at the urban and suburban site. Ending of growth was
documented in August for trees at the urban and suburban site.

2011
3.0
H=7.14 H=7.21
25
p= n.s. p=
20
T 15
Q
<< 10
05 a b ab ab
0.0 —— I———| Ic——l e
-0.5
3.0
Y H=11.87 H=2.62
o 25 _ s -
et p= p= ns.
- 2.0
c
o £ 15 C
E % 1.0 A AB B
(V] 05 |—_.?| [%l
1
Q 0.0
E -0.5
3.0
25 H=4.34 H=0.91
“ p= n.s. p= ns.
% 2.0
S 15
O, 1.0
>
=] 05
=
0.0 — J—
-0.5
urban suburban rural sealed rural unsealed urban suburban rural sealed rural unsealed
Tilia Acer

Fig. 23: Monthly stem circumference changes for Tilia x vulgaris and Acer platanoides 2011, error bars
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Tilia x vulgaris 2011

Slightly positive growth was measured in April and increment of stems was already
strong in May at all sites (

Fig. 23). Higher growth from urban to rural was significant in most cases along the sealed
temperature-gradient (i.e. urban, suburban, rural sealed) from May to August (not
shown). Similar to 2010, increments of stems decreased at the urban site in July and
ceased in August. Growth at the suburban and both rural sites reached cessation in
September. A renewed growth of 3 of 8§ trees at the urban site caused a high mean value
in stem increment rates in September and led to a high variance here. Hence,
nonparametric testing between the urban and all other sites showed no significant
differences in growth. The end of stem growth, however, appeared for most of the urban
trees in October (not shown).

Acer platanoides 2011

Increment of stem circumference for Acer was low throughout 2011 at all sites. This is
particularly true for trees at the urban site: Strongest mean increment was less than
0.33% in June (

Fig. 23). Moreover, the time span of vegetative growth was short at the urban site:
Increment had not started in April yet and cessation of Acer platanoides stem growth was
already reached in July. Growth at the other sites was higher and longer. However,
significant differences in stem circumference growth rarely appeared: Differences in
growth neither occurred between the temperature-gradient sites nor between the sites
with different soil sealing. Cessation of stem increment was documented in August for
the suburban and rural sealed sites and in September for the unsealed rural site. An
enhancement of stem circumference growth was measured in October at all sites. Indeed,
this was highest at the unsealed rural site, but still below 0.1%.
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Tilia x vulgaris 2012

In 2012, increment of stem circumferences was similar along the sealed temperature-
gradient sites. Only a slightly higher (though significantly) stem growth from urban to
rural was calculated (Fig. 24). Differences in stem growth mostly appeared between
sealed sites and unsealed site. In August, averaged growth was almost three times as high
at the rural unsealed site compared to the adjacent sealed rural site (0.41 and 0.14%).
Overall, the difference in length of growth is remarkable: Urban trees ceased growth in
August, suburban trees in September, and trees of both rural sites in October.

Acer platanoides 2012

Differences in growth of stem circumferences along the sealed temperature-gradient sites
did not appear to be significant. In the time span “April-July”, Acer platanoides at the
sealed rural site showed lower increment than trees at the urban and suburban site (Fig.
24). Significant differences in growth appeared between sites of different soil sealing but
not between the sites with comparable soil sealing. With increasing distance between the
sites, strength of significances increased simultaneously. For the sealed sites, cessation of
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stem circumference growth was reached in September, showing marginally higher
increment rates from urban to rural. Positive stem growth at the unsealed rural site was
found as late as in October.

3.4.2 Comparison of annual growth

Site-specific comparison

Figure 25 shows the site-specific pattern of increasing stem growth from the urban to the
rural sites per year. In Figure 26 the stem growth of every study year is shown.

Annual stem growth 2010/2011/2012
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Tilia x vulgaris 2010-2012

In 2011 as well as in 2012, differences in yearly stem increments of 7ilia were significant
only between the sealed and unsealed sites. Tree stem circumferences in 2011 increased
by 1.59% at the urban site, whereas increment rates for 7i/ia were less than two third of
this in 2010 and 2012 (0.98 and 0.95%). The mean increasing rate for the unsealed rural
site of Tilia x vulgaris in 2011 and 2012 was approximately twice as high (2.57 and
2.38%) as in 2010 (1.28%).

Acer platanoides 2010-2012

Contemplating the rural sites in Figure 25 for the years 2011 and 2012, higher stem
growth at the unsealed than at the sealed rural site is obvious. Due to high variances in
stem growth within the sites, significant differences were not revealed, however.
Comparing growth of the sites between the years, differences were conspicuous
(Fig. 25): In 2011, circumference increment of stems at the urban site was low. At the
unsealed site, stem growth in 2010 and 2011 was nearly the same, but clearly lower than
in 2012 (1.57 and 1.52% versus 2.24%)).
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Site-unspecific comparison
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Fig. 26: Comparison of annual stem growth from 2010 to 2012. Data of sites ‘rural sealed’ were excluded
for both species to provide comparable data sets. Letters above bars show significant differences between
sites calculated by Tukey HSD tests after one-way ANOVAs, error bars show + standard error, p***=
<0.001, p**=<0.01.

In site-unspecific comparison of stem increment, differences in annual growth become
evident for both species (Fehler! Verweisquelle konnte nicht gefunden werden.):
Lowest growth of Tilia in 2010 compared to strongest stem increment in 2011 was
significant according to ANOVA. By contrast, growth of Acer in 2011 was weakest.

Strongest increments were measured in 2012 and differed significantly from 2010 and
2011.
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3.5 Crown plumbing

3.5.1 Site-specific differences in crown volume

Crown volumes in 2012 differed both between the sites and the species (Fig. 27).
However, differences between the sealed sites of 7ilia x vulgaris were at least partly
evoked by human activities: Pruning of trees in late summer 2011 reduced the tree crown
volume of rural trees at the sealed site severely, whereas crowns of urban and suburban
Tilia trees were not trimmed. Therefore, tree crown volume was lowest at the sealed rural
site and differed significantly from the suburban site (p <0.01). At the unsealed rural
site, thinning of T7ilia tree crowns was moderate and reduced crown volumes were not
significantly smaller compared to the other sites.

In contrast, Acer platanoides was not pruned back at any study site. Crown volumes of
Acer at the suburban site were significantly lower than at the other sealed sites. Trees at
the unsealed rural site had most extensive crowns. In spite of obvious differences, crown
volumes of Acer platanoides from sealed sites and the unsealed site did not differ
significantly.
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Fig. 27: Site-specific mean crown volumes of Tilia x vulgaris and Acer platanoides 2012, letters above
bars show significant differences between sites calculated by a post hoc test (Tukey HSD) after one-way
ANOVA, error bars show =+ standard error, F and p values refer to original data for 7ilia and to log-
transformed data for Acer, p** = <0.01.
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3.5.2 Correlation between crown volume and stem increment 2012
Tilia x vulgaris

For the urban site, a slight positive relation between crown volume and stem growth was
proven (Fig. 28, left): The overall fit for the regression model explained approximately
56 % of the variation of data (p > 0.08). On the contrary, data for the suburban site did
not show a correlation. Crown volume and stem increment of trees at the sealed rural site
were also slightly related to each other, with a r* = 0,59 (not shown).

Acer platanoides

Correlation between volume of tree crowns and increment of stem circumferences was
poor: (p > 0.95, r? < 0.001) at the urban site (not shown). For the unsealed rural site, data
assume a negative correlation between crown volume and stem growth. However, as high
and low stem growth was measured for trees of variable crown sizes at all sites, p-values
were well above the significance level of < 0.05 (Fig. 28, right).
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Fig. 28: Relationship between crown volume and stem circumference increment for 7ilia x vulgaris and
Acer platanoides. The figure shows positive (7ilia) or negative (Acer) correlation for the urban site and the
unsealed rural site.
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3.6 Bud development of Tilia x vulgaris and Acer platanoides

Bud development 2011
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Fig. 29: Bud development 2011 for Tilia x vulgaris (right) and Acer platanoides (left) from March 21 to
April 25", PI: Mean phenological index calculated by mean percentage stage of bud burst per tree. Lower
cases indicate significant differences in PI between Acer-sites, upper cases between Tilia-sites. Whiskers

show standard errors.

Tab. 4: Results of an ANOVA on the phenological index of Acer platanoides at different locations.

P-values are given as: *** <(0.001, ** <0.01, * <0.05.

Date F P
04.04. 12.23 otk
08.04. 7.03 *x
11.04. 6.54 ok
15.04. 4.56 *
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Acer platanoides

In the observed time span, bud development of Acer platanoides at the urban site was
always further advanced than at the other sites (Fig. 29). Already on April 1%, few buds
in stage P3 were detected at the urban site, while buds at all other sites still were in stage
P2. On April 4" bud burst had started at all sites. At that time, urban trees had reached a
PI of nearly 50%, whereas bud development at the suburban site was still low (26.2%).
PI’s of trees at the rural sites was between early urban and late suburban development.
Development of flower buds had almost ceased at the urban site on April 11™ while it
was still in progress at the suburban and both rural sites. The latter showed similar bud
stages with slightly higher PIs at the unsealed rural site. Up to the last observation date
on April 15" this pattern persisted: Urban trees showed significantly higher PI’s than
suburban trees, rural trees hardly differed in flower bud development (Tab. 4).

Buds of urban Acer trees not only developed earliest but also fastest. At the urban site,
slowing down of bud development appeared only after nearly full development of flower
buds (88.2%) was reached on April 8". Likewise, buds developed fastest from April 4™
to April 8™ at the sealed rural site but showed a remarkably lower PI on April 8™: Slower
development of tree buds already appeared at a PI of 66.2 %. For trees at the unsealed
rural site, slowing down of bud development occurred later, on April 11", when Acer
trees had reached a PI of approximately 79.2 %. At the suburban site, bud development
was fastest between April 4™ and April 11", Overall, development was slower and
clearly later than at the other sites.

Tilia x vulgaris

Burst of Tilia tree leaf buds occurred later than for Acer trees: First budding was visible
on April 11™ on some urban trees, while Tilia x vulgaris at all other sites did not show
leaf buds dehisced yet. PI was highest at the urban site for the whole time span (Fig. 29).
Different than for Acer trees, Pls of suburban Tilia closely followed bud development of
urban trees and did not significantly differ from urban tree Pls at any time. Buds of rural
Tilia x vulgaris developed latest and just as for Acer trees, PI’s were nearly identical at
both rural sites with little higher Pls for trees at the sealed compared to the unsealed site.
Overall, significantly different PIs between the sites appeared rarely throughout the
observation time (Tab. 4).

As the Figure 29 shows, curves for the PIs of the suburban and rural sites were close to
each other. The only statistical difference for bud development appeared on April 18"
when the PI of urban trees had already reached well above 50 % while it was still below
40% at the sealed rural site. At this point in time, bud development diverged farthest
from each other. Subsequently, bud development slowed down moderately for urban
trees and accelerated at the rural sites. For suburban trees bud development hardly
changed its rate. On April 25" bud development was fully completed at all sites.
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4 DISCUSSION

4.1 Reliability and weaknesses of applied methods

Measurements of climatic conditions were conducted directly at the sites of studied trees,
1.e. within the borders of the city of Hamburg. The location assumed as ‘rural’ is located
in a residential area that may be better defined as ‘peri-urban’. However, in spite of this,
documented atmospheric temperatures have already revealed distinct differences between
the inner city and these peri-urban locations showing a temperature difference from
‘urban’ to ‘rural’ of about 0.9 K.

Temperature

Differences in air temperature were estimated per month based on mean daily
temperature values (DWD). Thus, the temperature-gradient assumed for the period 1971-
2000 had been based upon estimated temperatures that did not consider within-day
differences. The value of the actual temperature-gradient is a mean 24h value, therefore.
From 2010-2012, microclimatic deviations from these approximated values could be
directly measured for the studied sites and at close intervals that allowed for daily
temperature-curves.

CO;

In order to verify a gradient in atmospheric CO, contents, measurements were conducted
with a mobile IRGA. Despite trying to measure under similar conditions on each study
day, the atmospheric CO, documented might have been affected by several
circumstances:

a. Measurements at chosen sites were not always taken at the same survey mark. It
is likely that microclimatic differences within sites had occurred and were not
taken into account.

b. The height and position of the ambient air probe head of the IRGA was not fixed
for measurements.

c. The temporal component of decreasing CO, over the course of the day was
considered by calculating a correction factor. Yet, these diurnal CO,
measurements were only taken at one site per location. That means, individual
microclimatic characteristics at measured sites were not considered in the
calculation of the correction factor.

Soil analyses

Analyses of urban soils are elaborate and costly. For reliable statements on correlation
between soil and tree vitality factors like stem growth, soil samples need to be taken
along the entire vertical and horizontal root dimensions of trees. With respect to conduits,
samples were only calculated for depths up to 30 cm. Because of the laborious sampling
process, soil data had to be approximated by relatively few samples. Additionally, a
sampling design including soil samples from various distances to the tree stem may have
shown important variation in nutrient and water content.
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Stem growth

Measuring incremental growth of tree stems by D1 measure cords turned out to be a
simple and relatively inexpensive method to obtain reliable data without damaging the
tree. Nevertheless, cords and their position should have been controlled more often as
they were fixed with only a spiral spring to allow for stem growth against marginal
resistance. Because of loss or misalignment of cords (strong stem growth or human
interference), there are missing data points. Reconstructing data would have been
possible if new tapes could have been fixed exactly at the same stem height. Therefore,
the exact position of measure cords should have been marked at initial attachment (e.g.,
by a water resistant pen or a pin).

Excluded trees

The postponed identification of species in summer 2010 showed five Tilia trees at the
unsealed rural site to be of another species. Data of these were not included in further
studies. Furthermore, two trees at the urban T7ilia site with a lower degree of tree base
sealing and obviously less often or less severe pruning were excluded from later
calculations. Thus, only data from 73 trees instead of 80 were used for analysis.

Crown plumbing

The number of trees studied with respect to crown volume was small; only eight trees per
site were measured for height and width. In order to calculate the degree of correlation
between crown volume and stem growth, only trees of the same site could be taken into
account. However, small sample sizes did not allow for a conclusive statement on this
correlation.
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4.2 Roadside trees along urban to rural gradients

In a review paper, Dobbertin (2005) discussed the usefulness of growth measurements as
indicators for the vitality of trees and the stress to which they are exposed. He
emphasized that stress-inducing factors can affect vitality of trees immediately or over
longer time periods. In urban areas, stresses resulting from root damage, specific
atmospheric climate and soil characteristics occur for most roadside trees and affect them
over longer time periods (e.g., Balder 1998, Pauleit et al. 2002, Saxbe et al. 2003,
Cekstere and Osvalde 2010). Additionally, other stresses like defoliation of tree crowns
due to insect calamities, drought or pruning of crowns lead to immediate reactions in
growth of trees. Moreover, use of de-icing salt in roadsides leads to an absorption of Na"
and CI ions that destroy cellular tissues and results in leaf burn (Cekstere et al. 2008).

This thesis comprises observation data of tree vitality and environmental factors from the
vegetation periods of three consecutive years. Therefore, long-term influences of the
examined factors on tree vitality or growth can be made only with caution.

4.2.1 Temperature and CO,

Generally, high atmospheric temperature and CO, were found to increase plant growth
(e.g., FACE experiments, reviewed by (Ainsworth and Long 2005). Plants, and trees in
particular, have an optimal range for atmospheric temperature in which photosynthesis is
maximisedRising temperatures of up to 3° C by 2100 (Rechid et al. 2014), therefore,
probably will not harm the production of carbohydrates but potentially increase biomass
production by accelerating photosynthesis. Thus, when considering CO, and temperature
as the sole factors responsible for distinguishing tree growth in the city alone, highest
tree growth of roadside habitats would be expected at the warmest sites with highest
atmospheric CO, concentration at the urban core. However, a positive correlation
between ambient temperature or CO,, and stem growth could not be found in this study.
At the urban sites, highest ambient temperatures and CO, were measured, while growth
was lower compared to suburban and rural sites.

Onset of stem growth indeed appeared earliest at the urban and, thus, the warmest sites in
2011. However, longer growing seasons for 7ilia and Acer were not found. Although
ambient urban autumn temperatures were well above 5° C for a longer time than at the
suburban or rural sites, the end of the growing period appeared earliest at the central city
sites for both species. Linking low growth of studied urban trees and short growing
seasons to higher temperatures might be a logical step. A possible explanation for this
might be that rates of photorespiration increase more than photosynthesis at high
temperatures (Gozlinski and Gej 1984). RuBisCo, the enzyme that binds CO, in C3
plants, also constantly binds O, and produces CO, Production of carbohydrates is
obstructed and thus cell growth is reduced. Zhang et al. (2005) found a depression in net
photosynthesis in Parashorea chinensis (an emergent tree species in Southeast Asian
rainforests) at high atmospheric temperatures. They suggested that a high proportion of
electrons was allocated from the electron chain of photosystem II to photorespiration to
protect the tree’s photosynthetic apparatus. This may have accounted for the low levels
of midday photosynthesis. In addition to photorespiration, cellular respiration both at day
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and at night reduces the net carbohydrate production of plants. Moreover, respiration at
night is enhanced at higher temperatures and reduces net carbohydrate production. In
Lolium perenne, Nijs et al. (1989) showed that higher darkrespiration under low
irradiance but higher temperatures counterbalances the increased carbon gain of
increased atmospheric CO,. If losses in carbohydrates through respiration are greater
than yields through photosynthesis, increasing temperatures can lead to a net decrease in
biomass production. This seems to be the case for Tilia and Acer trees in roadside
habitats in the present study:

Monthly measurements of ambient CO, in this thesis showed lowest concentrations at the
rural location and in the summertime. Although carbohydrate production was not
measured directly in this study, stem growth in summer can serve as an indicator for
carbohydrate production. In addition to the negative effects of higher atmospheric
temperature, also the results of IRGA measurements suggested high CO; values to be
negatively correlated to stem growth. With respect to the annual patterns in CO, content,
these findings support the propositions of Berry and Colls (1990a, 1990b) that a higher
sum of a photosynthetically active area in summer compared to that in spring and autumn
reduces CO, content. In other words, CO is particularly high in the colder months as a
result of the warming. Pataki et al. (2007) emphasized the higher natural CO,
consumption in summer in greener rural areas than in urban sites and also mentioned
high CO, content in winter due to anthropogenic gas combustion. Measurements taken
over the years 2010 and 2011 are in line with these observations. CO, content was lower
with the increasing presence of greening from urban to rural sites and from sealed rural to
unsealed rural sites.

If only temperature and CO; are considered as the explanatory factors for tree growth in
this study, lower growth of stems could be predicted for higher respiration (for urban
trees, especially night-time darkrespiration). This might have minimised net carbohydrate
production of Tilia and Acer more strongly at the urban than at the rural location.
Regarding atmospheric CO, content, Ziska et al. (2003) showed clearly higher growth of
Ambrosia artemisiifolia at the urban compared with suburban and rural locations in
Maryland (USA). Although the difference of atmospheric CO, content between the study
sites was small, the authors suggested a link between ambient CO, and growth of weeds.
In contrast, I did not find any significantly positive effect of CO, content on the growth
of trees in this research study. This can be explained by a number of reasons: the small
differences in CO, concentration (appr. 25 ppm, compared to several 100s ppm
differences in CO, content of designed experiments) along the studied gradient, the
highest CO, concentration during winter when trees were not ready to use it, and the
particularly lower contents in summer, and the possibly overruling effect of other factors.

Overall, I infer that the influences of ambient temperature and CO; on stem growth of
Tilia x vulgaris and Acer platanoides were only marginal for the short time span of
observation covered in this study and other stress factors had stronger impacts on tree
growth. For example, I found higher growth of rural trees of both species at the unsealed
compared to the sealed sites, although differences in ambient temperature and CO, were
negligible.
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4.2.2 Soil characteristics and soil sealing

The quality of a site for plants regarding vitality and growth is known to be controlled by
soil characteristics rather than by climatic factors (Collie and Schumacher 1953). The
studied soils were developed from natural substrates deposited during the last ice ages
but they have been severely disturbed by anthropogenic influences like refilling of
excavated boreholes, and tree- and building-pits. Microclimatic site differences and
diverse management practices have resulted in a mosaic of soils in cities, characterised
by site-dependent chemical and physical properties.

One of the most important physical factors in urban soils for rooting and aboveground
growth of trees is bulk density (e.g., Balder 1998, Hiller and Meuser 1998, Pauleit 2003,
Scharenbroch and Catania 2012). In the present study, bulk density was not measured
directly and characterisations of soil compaction were collected by subjective
observations. Soil moisture, however, may give indirect information about the substrate
quality of the examined soils for growth, such as capacity for water and nutrient storage,
resistance to rooting growth and possibility for spreading. In the following paragraphs,
the importance of soil moisture, aeration, nutrients, pH, and electrical conductivity (£
salinity) for the growth pattern of roadside trees are discussed.

Soil moisture

Variation in soil moisture is closely linked to climate. Periods of high ambient
temperatures with longer duration decrease soil moisture, while precipitation and low
temperatures increase or stabilise soil moisture. Schoenholtz et al. (2000) reported in his
review a close positive correlation between soil moisture and tree growth. Bauweraerts et
al. (2014) concluded drought to be a severe stress factor for the growth of trees. In a
study on the effects of heat waves on seedling growth of Quercus rubra and Pinus taeda,
the authors found that heat waves produced more stress than uniformly applied heat of
the same amount. Levels of CO, and soil water were considered to be potentially
interacting factors and elevated CO, partially mitigated the negative effects of heat
waves. However, results of their studies also showed drought to be a more severe stress
factor than heat waves.

Tilia x vulgaris is known for its limited drought resistance. In a climate-species-matrix
(KLAM), Roloff et al. (2008a, 2008b) categorised this species as part of group 3.1,
which is characterised by low drought resistance but high frost hardiness. The GALK-
Arbeitskreis Stadtbdume (2006) (Municipal Gardens and Parks Heads Conference)
estimated the resistance of 7ilia x vulgaris to urban climate, including the deficiencies in
water storage of sealed soils and soils with high compaction, as problematic for the same
reason. Acer platanoides, with higher drought resistance and frost hardiness, was
categorised as part of group 2.1 in the KLAM. However, sensitivity to drought as a
consequence of higher bulk density in urban soils was rarely found in a literature review
by Roloff et al. (2008a, 2008b). Perhaps because of the higher drought resistance and
frost hardiness, the GALK-Arbeitskreis Stadtbdume (2006) found only a slight limitation
for the suitability of Acer platanoides in plantings along urban roadsides.
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In urban regions, trees often have to make use of their plasticity in rooting structure as
groundwater is difficult to reach (Balder 1998). They develop a dense network of shallow
roots in order to provide an sufficient supply with near-surface water and nutrients (e.g.,
Bijoor et al. 2011, Bauerle and Centinari 2014).

Results of this study do not corroborate the prediction of higher stem growth with higher
soil moisture at the rural location. Soil moisture at the sealed sites was higher than at the
unsealed ones but stem growth was lower here. Most likely, this is due to the overlay of a
well-humified layer of organic matter (i.e. 'mull'; Ad-Hoc-Arbeitsgruppe Boden 2005) at
the Acer site and an overall high organic content of the soil at the 7ilia site. Substrates
offered high capacity for water storage and additional watering of tree bases by residents
at the sealed Tilia site kept soil moisture high. Roots of urban linden and
Acer platanoides surely have lost their natural propensity to spread into deeper horizons
due to lack of space and damage through road- and building-work or the installation of
conduits. Therefore, trees have been forced to use soil water found in the first 30 cm
more intensively. Lack of space and the resulting density of shallow roots were
conspicuous at the sealed urban Acer site and the strongly compacted suburban Tilia site.
In spite of their high flexibility and ability to adapt to given soil conditions, roots still
suffer from low water supply, especially those of Tilia x vulgaris, as they have to
compete for water and nutrient sources with the herbaceous plants and shrubs planted at
their bases. Moreover, findings may support the assumption that soil moisture is not a
good measure of plant-available water. In addition to soil water, soil aeration can also
limit above- and below-ground growth of urban roadside trees (e.g., Balder 1998,
Kutschera and Lichtenegger 2013).

Soil aeration

Roots in highly sealed urban soils often suffer from low porosities implying low aeration.
Rahman et al. (2013) suggested a deficit in oxygen results from paving, which inhibits
cell respiration and, thus, healthy rooting and adequate nutrient uptake. Most likely, this
led to reduced growth of Pyrus calleryana along roadsides in Manchester, UK. Overall,
sealing seems to be a major factor that influenced stem growth of the studied roadside
trees. Water and nutrient supply for the tree is provided by fine roots and by symbiotic
ecto- (Tilia) or endo- (Acer) mycorrhiza. Lack of water and oxygen as a consequence of
soil compaction and sealing often leads to dieback of fine roots and of mycorrhiza.
Alzetta et al. (2012) reported lower health of root tips and colonization by
ectomycorrihiza in roadside linden trees compared with urban park trees in Padova, Italy.
Here, low root and mycorrhiza performance was related to high soil compaction. Besides
bulk density and low porosity, the lowering of the groundwater table can also negatively
affect roots and, thus, the vitality of urban trees. The soil profile excavated at the
unsealed rural Acer site showed ochre coloured spots in the deeper horizons, which
indicate varying groundwater table. In urban soils, changing groundwater tables are
characteristic and represent a major challenge for tree roots (Blume et al. 2014). The
unsealed rural Acer site, however, was the only site where these changes were visible.
Here, soil under the grass—strip did not seem to be compacted and allowed tree roots to
expand widely in the substrate of medium bulk density.
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The growth of Acer platanoides here was the highest for all Acer sites; however, the
negative effects of low aeration on growth of tree stems may have been negligible
overall.

Unfavourable conditions for plants and urban roadside trees in particular may not only
occur as a result of physical deficits, like reduced water-holding capacity and infiltration
or high bulk density and consequent low aeration (e.g., Jim 1998, Streckenbach 2012)
but also as a result of the chemical conditions. However, chemical soil quality (e.g.,
content of macro- and micronutrients, and heavy metals) from urban to rural areas of a
city does not change in a predictable way because of the high spatial variability and
patchiness of urban soils. Diverse chemical parameters characterise urban soils. Cekstere
and Osvalde (2013) found soil chemical properties and pH as well as de-icing salt to
affect the growth of urban linden trees in the city of Riga, Lettland, and Scharenbroch et
al. (2005) showed that adding bio-char and bio-solids to increase nutrient supply of urban
trees worked better than adding NK fertilizers. Scharenbroch and Catania (2012)
developed an index comprising the minimum data set (MDS) of parameters that might be
used to classify the suitability of urban soils for tree growth (Urban site quality index,
USQI). They studied physical, chemical and biological components of urban soils in a
residential area of Chicago (IL), USA, and found soil texture, soil pH and soil organic
matter (SOM) to be the key factors affecting vitality and growth of urban trees. In studies
at hand, the soil texture and bulk density as well as SOM were estimated directly in the
field, based upon the description of soil profiles (Ad-Hoc-Arbeitsgruppe Boden 2005).
Only pH and the available fraction of nitrogen (N), phosphorus (P), and potassium (K),
as well as electrical conductivity, were analysed in the laboratory.

Nutrients, pH and salinity

Soils both function as sources and sinks for elements and pollutants (De Kimpe and
Morel 2000, Sauerwein 2011). Urban soils are characterised by elevated pH and salinity,
increased content of environmental contaminants, reduced organic matter content, and
altered microbial populations (e.g., Stach 1969, Eckstein et al. 1974, Pfeiffer 1988, Craul
1999, Pouyat et al. 2007). Although litter decomposition is enhanced within cities
(Dorendorf et al. 2015), nutrient content of urban soils are mostly very low because leaf
litter, tree branches and further tree debris are often taken out of the natural cycle (e.g.,
Timilsina et al. 2014). Low N content, for example, can be a typical characteristic of
urban soils because N is accumulated in organic top soil layers, which are rarely found in
urban areas (e.g., De Kimpe and Morel 2000, Sieghardt et al. 2005). Although nitrogen
deposited by NOx-emissions may be high in cities, N is often low in urban soils due to
physical deficiencies and quick percolation of plant-available nitrogen. However, it has
to be kept in mind that urban soils are extremely heterogeneous and nitrogen in soils
close to streets or in sidewalks may be high due to gas exhaust from cars and excrement
of pets (e.g., Balder 1998, Sieghardt et al. 2005).

In agriculture, the ratio of C and N is used to classify soils and C/N ratios function as an
indicator for soil quality concerning biomass production (e.g., Craul 1992, Finck 2007) .
In the present study, highest growth was found at locations with low C/N ratios where
content of N was relatively high compared to C. At the urban Acer site, absolute values
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of C and N were low. To explain these values, we can assume that the low input of leaf
litter (constant removal of SOM) and the very high degree of sealing promoted reduced
overall decomposition level of organic matter. At the urban Tilia site, however, C and N
were the highest values measured at any site even though growth of urban linden trees
was the lowest. As calculations for the C/N ratio show, concentrations of C and N are not
the only determinants of soil quality with respect to tree growth. In fact, a wide range of
C/N ratios was calculated for both urban Tilia and Acer sites. In contrast, the rural sites
for both species showed a narrow range of C/N ratios for sealed as well as for unsealed
sites. Like in soil moisture, this is most likely due to the substrates under 7ilia and Acer
at the sealed rural sites. Due to grass verges here, both sites are able to accumulate more
water and leaf litter. Furthermore, horticultural amelioration of tree bases by residents
has been carried out for trees at the sealed rural 7ilia site until the present. Concerning
the unsealed rural sites, the 7ilia site showed a good balance between C and N although
their absolute values were low, most likely due to the very sandy substrate of the tree pits
here. The same is true for the unsealed rural Acer site, although the sandiness of the grass
verge was lower.

Phosphorus is also vital for plants and plays a key role in energy supply and growth (e.g.,
Gurevitch et al. 2002, Finck 2007). The plant-available fraction of P in soils is often low,
however. For soils examined in this study, a gradient of higher to lower plant-available P
was found from urban to rural locations for the Acer sites. The P content of the 7ilia sites
were inconsistent but showed a similar trend of decreasing content from urban to rural
locations and from surface to deeper soil layers. Elgharably and Ito (2014) demonstrated
that the availability of P is negatively related to soil salinity. Moreover, they found
microbial activity and, therefore, N and P availability in coarser soils to be higher than in
dense fine clay soils. These findings predict for higher P availability with low salinity
and coarse soil texture. The present results, however, are not in agreement with this
prediction of higher P availability in less saline or coarser soils. However, for high P
release, the abundance of apatites is mandatory. Urban soils often show higher P
concentrations due to high content of rubber waste and resulting apatite. The results of
this present study are in line with this observation. At the suburban Tilia site, soluble P
content was highest and so was the content of rubber waste when estimated directly from
the soil profile at sites. Growth of trees was not highest here, however, and weakest
growth was found at the urban location for the Acer sites, where P was the highest.

Another essential macronutrient for plant growth is potassium. In its plant-available state,
K originates from potassium feldspar, common and hydrous mica or is washed into soils
through precipitation (Finck 2007, Schachtschabel et al. 2010). Scharenbroch and
Catania (2012) showed positive effects of NK fertilizer on urban tree growth. However,
positive effects of bio-char and bio-solids on tree growth were much greater. In the study
for this thesis, plant-available K did not show especially high or low concentrations at
any site except for the unsealed rural Tilia site, where concentrations of free K" ions was
low. However, growth of tree stems was highest here, and a positive correlation between
plant-available potassium and stem growth is not supported by the present results.

Incorporating the content of all studied soil elements, soil pH is decisive in converting
them into plant-available forms. Moderately acidic pH values in soils foster, for example,
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the release of phosphates out of apatite (e.g., Gurevitch et al. 2002, Finck 2007,
Schachtschabel et al. 2010). Kazlauskaite-Jadzevice et al. (2014) as well as Doichinova
et al. (2014) also showed that the solubility and availability of heavy metals is increased
in urban soils by low pH values. In natural soils, acidity increases over time. Urban soils
are neutral to alkaline in most cases, as rubber waste containing Ca’" can be often found
in roadside tree or other built-up substrates. However, all examined soil samples in this
study were moderately acidic and thus within the optimal range for N, P, and K release
from mineral forms and availability for plants (Schroeder 1992, Finck 2007). Obviously,
the different plant-available nutrient contents found in the soils were not the results of
unfavourable (alkaline) pH values.

In the 1970s and 1980s, high Na" and C1 ions in the soil played a major role in damages
recorded for roadside trees in Hamburg (Eckstein et al. 1977, Petersen and Eckstein
1988, Pfeiffer 1988). However, as a consequence of more restrictive legislations, the use
of de-icing salts has been reduced in Hamburg during the last decades (Eckstein 2000,
Daumling 2012). In the soils of the roadside trees investigated in this thesis, conductivity
in soil samples was low and did not differ significantly between the sites. Overall,
conductivity at the 7ilia and Acer sites did not show an impact on the growth of studied
trees. It could be speculated, however, whether the somewhat higher growth of trees at
the unsealed rural compared to the sealed rural sites might hint at the use, and negative
effect, of de-icing salt at the sealed rural site, where the highest conductivity values were
found. However, the detrimental effects of high salinity on roadside trees would be
visible earlier in leaf parameters like leaf margin necrosis than in reduced stem, branch or
twig growth (e.g. Brahe 1974, Eckstein 2000).

Analyses of soil parameters in this study did not indicate that any single soil nutrient
limited growth of Tilia x vulgaris or Acer platanoides trees at the studied sites in
Hamburg. When studied soils were ranked from 1 to 4 according to the parameters of
humus content (£ SOM) and sandiness (£ soil texture) (see Tab. 3) for both species, a
positive relation between soil quality and stem growth was found. Although the unsealed
rural Tilia site represented the sandiest site with the lowest nutrient concentrations,
growth of tree stems was highest here. In the unsealed rural Acer site, nutrient content
was only slightly higher but growth of tree stems was highest here, too. Trees of sites
with higher plant-available nutrient content did not show the highest growth. This
supports the assumption that nutrient content alone is not the salient characteristic to
define urban soils. Interpreting the results on stem growth and nutrient concentration, it is
most probable that they are not directly linked with each other.

As differences in soil pH were marginal in the studied soils and were in the favourable
range for nutrient availability at all sites, I infer that the physical soil parameter of bulk
density, and thus soil sealing, is a more important parameter affecting growth of urban
roadside trees in Hamburg. For example, I found higher growth of trees at the unsealed
rural sites with lower nutrient content in both species than at the sealed rural sites with
higher nutrient content. It is likely that the observed detrimental effects on tree growth
resulted from reduced soil aeration, evoked by high bulk densities, and low absolute soil
water content and availability for trees.
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4.2.3 Crown volume

In early life stages, crown volume and stem diameter have been shown to be positively
correlated in several broadleaved trees (Hemery et al. 2005). A correlation between
crown volume and stem growth was also found in young trees of
Cunninghamia lanceolata (Mei and Sun 2013). In this study on urban trees, however,
there was only a weak positive correlation between tree crown and stem growth in 7ilia x
vulgaris and it was even negative in Acer platanoides. In general, urban roadside trees
have to cope with a reduced photosynthetically active area due to pruning or even
topping of tree crowns. Moreover, they have to face the stresses resulting from the often
enormous wounds acting as entry points for pathogens. These might be the possible
reasons for results that deviate from those of Hemery et al. (2005) and Mei and Sun
(2013).

In spite of severe pruning of Tilia x vulgaris at the sealed rural site in 2011, stem growth
was not reduced in 2012 compared with stem growth of trees at this site in 2011. In 2012,
annual growth of pruned trees at the rural location was even slightly higher than at the
urban and suburban site, where no pruning had been carried out. This shows that pruning
had no detrimental effect on wood development of trees in 2012, and it also indicates that
stem growth might be independent from the photosynthetically active area, at least within
the study period. Yet, comparing stem growth of the European linden at the severely
pruned sealed rural site with that at the only slightly pruned unsealed rural site shows
differences in stem growth. Strongly pruned linden trees revealed lower growth than
those that were only cut for maintenance. Thus, it seems that the quality and quantity of
pruning is important for stem growth. In more detail, the quality and quantity of pruning
of tree crowns at the rural location probably determined whether tree growth was
stimulated or inhibited. Several studies on trees have indicated that the divergent
reactions of trees to pruning may depend on the quality and quantity of pruning. For
example, stem growth of Norway spruce (Picea abies (L.) Karst) was shown to be
stimulated by moderate pruning (Pokorny et al. 2012). Monterey pine (Pinus radiata (D.
Don) was shown to have reduced stem growth but significant stimulation of epicormic
growth due to pruning (Lange et al. 1987). Roloff (2013) also emphasized the more
pronounced epicormic growth of heavily pruned Tilia in cities.

In this thesis, the relation between crown volume and stem growth in 2012 was slightly
positive for Tilia x vulgaris as trees with larger crowns had higher growth. This same
relation was found along the urban-to-rural temperature-gradient as well as in
comparison of linden trees within the urban location. Epicormic growth was not studied
in detail at any location. Using visual comparisons, epicormic growth at stem bases of all
rural linden trees seemed comparably high, although pruning differed in quantity and
quality. Thus, pruning did not seem to have affected the allocation of above-ground
biomass to epicormic shoots or stem growth. For Acer platanoides at the unsealed rural
site, a negative relation between crown volume and stem growth was found when
estimated crown volumes measured in late winter before stem growth had started were
related to annual stem growth from 2012.
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When comparing crown volumes to stem growth of Acer platanoides between locations,
however, a positive relation becomes evident: tree crowns at the urban sites were small
and stem growth was low, whereas crowns and stem growth of trees at the rural location
were higher.

Conclusive statements on the correlation between crown volume and stem growth are
difficult to make as the very limited number of studied trees reduces the explanatory
power of the statistical analyses. The apparently negative putative correlation between
crown volume and stem growth in Acer at the unsealed rural site might be due to the low
number of comparable studied trees. For Tilia, this might be true as well. Moreover, the
reactions of urban trees to crown-pruning probably not only depends on the severity of
the pruning but also on species characteristics (Roloff 2013).

4.2.4 Summary on stem increment influencing factors

The growth of urban roadside trees in Hamburg were mostly likely influenced by all the
studied parameters: atmospheric temperature and CO; content, soil pH and salinity, soil
moisture and nutrient content (C and N content, C/N ratio, phosphorus and potassium) as
well as crown volume. Clear answers on the amount of variability in stem growth
accounted for by each factor cannot be given, as these factors interact with each other
and influence growth of tree stems at different levels (e.g., Balder 1998, Pauleit 2003,
Alzetta et al. 2012). With respect to global warming, the results do not indicate that
growth of roadside trees mainly depends on climatic factors like atmospheric temperature
and CO,. Trees of both species showed higher growth at the colder rural location with
lower atmospheric CO, concentrations than at the warmer urban sites with higher CO,
concentrations. The correlation between atmospheric temperature and CO,, and stem
growth appeared to be negative, implying wood biomass production to be more
pronounced for Tilia and Acer at lower temperatures and lower CO; levels. Indeed,
Tilia x vulgaris and Acer platanoides will most likely shift northwards with global
warming, but they may also be able to tolerate the temperature increase of 2-3 K that is
projected by the year 2100 (IPCC 2007, Rechid et al. 2014). However, the total sum of
negative influences, especially the effects of chemical and physical soil parameters in
heavily urbanised parts of cities (e.g., Alzetta et al. 2012) seem to override the potentially
positive influences of higher atmospheric temperatures and CO, concentrations on the
growth of the studied trees. The effect of soil conditions on urban roadside trees may be
illustrated in the comparison between trees at the sealed and unsealed rural sites within
one species. The growth of trees seems to be more strongly impacted by C/N, P, K, pH,
salinity, sealing, bulk density, plant available water and aeration of roots than
atmospheric temperature or CO, concentration.

Not only in view of climate change but also with regard to the global shift in rural to
urban areas, studies on different varieties or cultivars of native trees should be carried out
in cities to forecast their future vitality and growth in heavily urbanised areas (e.g.,
Pauleit 2003, Xu et al. 2006). Pauleit et al. (2002) studied urban forestry practises in
several European cities and assessed the variety in species as too low. Sjoman et al.
(2012) reviewed urban tree databases from ten major Nordic cities and found very low
diversity, especially in roadside trees. The requirements for trees suitable for planting in
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European cities are currently the subject of several research studies. In order to find the
optimal urban roadside tree resistant to limitations in vitality or growth due to the urban
climate, several subspecies of Acer platanoides are being tested along urban roadsides on
behalf of the GALK in diverse cities in Germany, for example. Sabg et al. (2003)
reviews findings for the choice of urban trees in the Northern countries and stresses the
incremental planting of alien species that are adapted to warmer climates here. They
advised for intensive studies on clones of suitable species and spreading their use over
different parts of one city to ensure the highest possible protection against insect
calamities and diseases. Based on findings regarding urban trees, a climate species matrix
developed by Roloff et al. (2008a, 2008b) or the GALK-list for roadside trees, 2006, can
work as a tool for urban landscape planners in choosing tree species resilient to their
specific urban climate.

4.2.5 Bud development

On a global scale, data on onset and cessation of growth indicate a lengthening of the
growing season by about 10-20 days during the last few decades. This extension of the
growing season is associated with recent global warming (e.g., Beaubien and Freeland
2000, Linkosalo et al. 2006, Vitasse and Basler 2012). To forecast further shifts in
phenological development of plants in times of climate change, an impressive number of
studies have addressed the change in timing and length of the growing period (Chuine
2000, Ahas et al. 2002, Chmielewski et al. 2004, Luo et al. 2006, Dantec et al. 2014). In
general, all studies have found progressively earlier spring activities and relate it to
climatic warming.

In view of tree budding, the sum of days above 5° C for some period of time in winter
and early spring (thermal time) is decisive for the phenological development of a plant
(Gurevitch et al. 2002). In trees, thermal times required for budburst depend on previous
chilling times (Kozlowski et al. 1991). Fu et al. (2012) indicated that the combination of
chilling time in winter and warming in spring are important for budburst. Already by the
1980’s, Murray et al. (1989) had studied the phenological responses of European trees in
relation to climate warming and found species with low chilling requirements (number of
days <5° C) and thermal times (like the early-spring flowering plant Crataegus
monogyna) to flush distinctively earlier under warmer conditions.

Along the wurban-to-rural gradient in this study, significant differences in bud
development were found both for 7ilia x vulgaris and Acer platanoides. Urban sites with
significantly higher daily atmospheric temperatures had earlier bud development of
flowers (Acer) and leaves (7ilia). Differences in phenology between the suburban and the
rural locations, however, were generally small and not significant. This might be due to
only small differences in atmospheric temperature between the suburban and the rural
sites.

Roetzer et al. (2000) also found a trend for plants to flower earlier in urbanized areas than
in the corresponding rural areas but also reported an earlier and stronger forcing of pre-
spring flower buds as opposed to full-spring flowering trees, irrespective of location (i.e.
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urban or rural). In addition, Ahas et al. (2002) found phenological events occurring in
pre-spring to be more sensitive to warming than full-spring phenophases, too.

However, Zacharias (1972) showed that the beginning of flowering of Tilia euchlora
varies also within the urban area, reflecting the microclimatic variability within the urban
core. A similar microclimatic variation within the urbanized area might have also
affected trees in Hamburg. Nonetheless, results in this study on bud development
strongly verified the positive correlation between atmospheric temperature and
phenological events both in Acer platanoides and Tilia x vulgaris.

In the present study, recorded chilling times with temperatures < 5° C in autumn and
winter 2010/2011 lasted for a total of more than 2000 hours (based on 30 min interval
recordings) or 79 continuous days at the urban location. Thus, the chilling demands for
Acer and Tilia were most likely easily fulfilled (Kozlowski et al. 1991, Wesotowski and
Rowinski 2006, Caffarra and Donnelly 2011) at this urban location in Hamburg and even
more at the cooler suburban and rural locations. In summary, the results on the
phenological development of roadside trees presented in this thesis might have resulted
from three causes: differences in air temperature between early spring and full spring, air
temperature differences between the urban and rural locations, and differences in species
requirements (Wesotowski and Rowinski 2006) for bud development between Acer and
Tilia.

With respect to soil conditions, different degrees of soil sealing most likely did not
influence the timing of bud burst in the studied trees. Their development was almost
identical between the sealed and unsealed rural sites for both species. Although swelling
of buds appeared slightly earlier at the sealed than at the unsealed sites, differences were
not significant for Acer or Tilia. However, an effect of soil conditions on the
phenological development of urban trees was recently reported by Oztiirk et al. (2015),
who found the leaf development to be positively related to soil temperature.
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5 KEY FINDINGS

Regarding the most influential factors on stem growth and vitality of the urban roadside
trees Tilia x vulgaris and Acer platanoides, results of the present study indicate the
following:

la. The atmospheric climatic factors air temperature and CO, were not the decisive
factors influencing stem growth of urban roadside trees in Hamburg. High atmospheric
temperatures at night, however, might affect the net photosynthesis rate by draining
carbohydrates produced during the day to fuel respiration at night.

1b. The relative influence of each studied factor on tree growth was difficult to estimate
by results generated by single-factor studies and was confounded by interactions with
additional factors that most probably masked the influences of rising atmospheric day-
temperatures and CO; concentrations.

2. Findings indicate the fundamental influence of tree pit characteristics on urban
roadside trees even though studied features of urban soils could not explain this
phenomenon:

o Nutrients in studied soils were not limiting for tree growth.
o Soil pH was optimal for nutrient uptake.

o Soil conductance was much lower than found in studies conducted in the 1980s
on roadside soils in Hamburg, displaying the effects of decreased use of de-icing
salt.

In terms of soil physics, however, it can be assumed that the sealing of tree bases seemed
to be negatively correlated to stem growth of trees.

3. An unusual finding of this thesis is the shift in vegetation cycles at the warmer urban
climate: Trees of both species started stem growth and budding earliest at the urban
location but also ceased growth earliest so that their growing seasons were not
lengthened.

4. In terms of phenology, these results on budding of the studied trees underline a
positive correlation between temperature and beginning of tree phenophases. Earlier
onset at the warmest urban sites argues for a dependency of bud development of
Acer platanoides and Tilia x vulgaris from temperature.
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6 OUTLOOK

The results of this thesis raise the question of whether native trees in north European
cities might be even able to profit from the warmer atmospheric temperatures predicted
with climate change by enhanced growth. However, earlier budding trees are exposed to
higher risks of frost damage by sudden cold snaps which might decrease their overall
vitality in the future. Given the various urban factors that affect tree growth negatively,
the focus of urban forestry should be on the overall health and resistance of urban
roadside trees, and special attention should be paid to the design of tree pits. Significant
increases in tree pit size have been advocated by researchers in this field for years (e.g.
Pauleit 2003). Moreover, the quality of soil that is used to fill tree pits and the
microclimate of the planting site need to be studied in more detail as the soil not only
provides a safe and firm substrate for rooting, but is also the source for nutrients, oxygen
and water. In the late 1990s, Jim (1998) suggested setting aside natural soils collected
from natural areas, or areas similar to natural conditions, and filling tree pits from these
reserves when planting roadside trees in cities. However, the specific conditions along
roads in cities ask for optimized artificial substrates which satisfy the needs for tree
growth and at the same time are able to withstand stressors like soil compaction. The
standard soil substrates used in roadside tree plantings in cities in Germany today seem to
fulfill many of these requirements but are characterized by a too high soil pH for optimal
tree growth.

Water-use efficiency and thus adaptation to drought stress differs among tree species.
Gillner et al. (2015) found Acer platanoides to have extremely low water use efficiency
and drought resistance and thus suggested to choose shady stands for Acer species.
Within the next years, I assume drought stress to be the urgent problem for trees in
European cities and especially those planted along roadsides. In the future, it should be
investigated how drought and the interplay with other urban stressors affect vitality and
growth of roadside trees and how negative impacts of these stressors can be minimized.
Further, comparative studies on tree species should unravel which species and/or
cultivars are able to withstand future urban climates. In order to allow for best possible
growth conditions for roadside trees in cities also with comparatively small tree pits, the
quality of artificial soil substrates need to be studied more intensively. Not only tree
species should be tested but also different soil substrates and their capacity to enhance
tree vitality.
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