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SUMMARY

Urbanisation and climate change are major global change drivers affecting biodiversity and
plant species. In future, more and more people will live in cities and urban land cover will
continue to increase. Thus, plant species will be faced with habitat changes and even loss.
Concomitantly, climate is changing and this is predicted to result in elevated temperature and
atmospheric CO, levels as well as different precipitation patterns (e.g. less precipitation in
summer). Some of today’s environmental conditions in urban areas reflect changes expected
in the course of climate change. Urban environmental conditions differ strongly from those in
rural areas. Urban areas usually feature high degrees of soil sealing, high population density,
heavy traffic, enhanced air and soil pollution, high CO, levels, high nitrogen deposition, and
low water availability. Along gradients of decreasing urbanisation from urban to rural areas,
these environmental factors decrease in intensity. Another important factor in urban areas is
the strong direct human impact.

Conserving and promoting biodiversity in cities is important for the conservation of local
biodiversity, environmental education, improvement of human well-being, and maintaining
ecosystem functions of vegetation. Urban areas are especially rich in plant species due to
small-scale habitat heterogeneity, geological diversity and the occurrence of non-native
species. Within a city, species richness is generally lower in highly urbanised areas and highest
in moderately urbanised areas. Non-native species are closely associated with urban areas and
have increased in proportion during the past century. One reason for their success is
preadaptation to the dry and warm environmental conditions in urban areas.

Climate change will influence phenology, range, and distribution of species as well as the
composition and dynamics of communities. Some species might go extinct locally, while new
species are expected to migrate. Hence, novel communities will develop. Changes in
phenology and latitudinal or altitudinal range shifts can disrupt biotic interactions or alter
former synchrony between species. Competition and plant-herbivory interactions may also
change in future. However, species may also adapt to the changing conditions (i.e. niche
shifts).

The studies of this thesis aim to detect patterns in the urban flora of Hamburg (i.e.
spontaneously occurring vascular plant species) at different scales and to identify underlying
drivers. The analyses range from a general investigation of species distribution in the entire
city of Hamburg to analysing species richness in select habitats and to study the responses of a
single species to climate change. In all studies, a major focus is on changes along urbanisation
gradients.

In Chapter 2, a study was conducted on a large scale considering the entire city of Hamburg.
Here, areas of high species richness were identified and richness distribution patterns in the
city of Hamburg were assessed by analysing a floristic mapping dataset on the scale of 1 km”.
Besides total species richness, proportions of non-native, endangered, and thermophilic
species were investigated. Differences in plant species richness were analysed between three
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urbanisation zones. With multiple regression analyses, effects of urban structure, habitat, and
environmental conditions on the distribution of species richness measures were tested.

Total species richness per 1 km” was 274 + 60 on average and differed only slightly between
the urbanisation zones in contrast to other cities. Species richness increased with habitat
diversity and decreased with Ellenberg indicator values (EIV) for nutrients. The proportion of
non-native species increased with mean annual temperature and decreased with EIVs for
moisture, while the proportion of endangered species increased with EIVs for moisture and
decreased with EIVs for nutrients. The proportion of thermophilic species could be explained
by mean annual temperature. Some of the emerging patterns probably differ from those in
other cities due to Hamburg’s central port harbouring a particular flora. Besides the expected
high proportions of non-native species, high proportions of endangered species were also
found in this area. The results of the study contribute to identifying drivers of biodiversity in
cities and can thus be used to develop measures for the conservation of urban biodiversity.

In Chapter 3 the study aim was to disentangle the effects of environmental conditions and
spatial structure on the distribution of plant species on a large scale using the city of Hamburg
as a case study. Furthermore, tests dermined whether species proxy data are better suited
than original species distribution data for understanding general biodiversity pattern in urban
environments.

Using the same floristic mapping data as in Chapter 2, general patterns in plant species
distribution were first tested by cluster analysis. Second, redundancy analyses (RDAs) were
used to determine the most important environmental variables for species’ and species
proxies’ (genera, communities and traits) distribution patterns. Third, we applied variation
partitioning to differentiate between environmental and spatial effects. Considering the
complex spatial structure in urban environments, Moran’s eigenvector maps (MEM) were
used. Species composition reflected Hamburg’s geography, indicating effects of both historical
environmental conditions and urbanisation on species distribution. The port area and semi-
natural habitats were richest in plant species. The variation explained by the considered
variables increased in the RDAs from species (24 %) and genera (36 %) to trait (60 %) and
community (61 %) data. Including spatial structure in variation partitioning detected the
impact of spatially structured environmental variables (induced spatial dependence). Hence,
the combination of species proxy data with advanced multivariate analyses accounting for
complex spatial pattern is well suited to analyse the distribution of biodiversity in urban
systems. Results obtained using species proxy data could be used for comparisons of
biodiversity patterns between cities in the future.

Chapter 4 deals with an interdisciplinary study assessing the long-term urban heat island (UHI)
in Hamburg. Since long-term data on the UHI are scarce, a new proxy dataset derived from
floristic mapping was used: Under the assumptions that plants integrate environmental
conditions over time, Ellenberg indicator values for temperature (EIT) were derived to
summarise the overall temperature preferences of the occurring plant species. The EIT showed
a clear heat island pattern, were highly correlated with existing measurements, and showed
increased values in densely built urban classes. Consequently, EIT were considered suitable as
UHI proxies. EIT were related to a large number of typical UHI predictors, of which the
normalised difference vegetation index (NDVI) explained most variance followed by
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temperature variables derived from remote sensing data. Hence, floristic mapping data can be
successfully applied in other research fields.

In Chapter 5, species richness and species composition of select habitats along an urbanisation
gradient in Hamburg were investigated on a smaller scale than in the previous studies.
Vegetation composition and edaphic conditions in two habitat types, riparian (natural) and
wasteland habitats (anthropogenic), were analysed to test whether these differ along natural
and anthropogenic gradients and whether emerging patterns can be related to urbanisation.
Vegetation relevés of vascular plant species were conducted at nine sites of each habitat type
and soil samples were taken. With regression models, species numbers, soil pH, and
conductivity of river and wasteland sites were related to distance to the city centre as a proxy
for urbanisation. Total plant species number, soil pH and soil conductivity were not correlated
with distance to the city centre at either site. Species number did not differ between habitat
types, while soil pH was higher at wasteland sites and conductivity was higher at riparian sites.
Corresponding to the results of Chapter 2, species richness did not differ along the
urbanisation gradient on this smaller scale.

The aim in Chapter 6 was to investigate how the non-native species Senecio inaequidens,
originating from South Africa, responds to biotic interactions with native species under future
climate change. In three experiments simulating climate warming, germination of §.
inaequidens and its performance in response to competition and herbivory were analysed. This
study considers potential differences in six populations along an urbanisation gradient in
Hamburg on the small scale of individual plants. Germination was favoured by higher
temperatures. Interspecific competition and elevated temperature influenced growth and
biomass production of S. inaequidens. Differences in growth and biomass production between
populations could not clearly be related to urbanisation intensity. However, the results of the
herbivory experiment indicate that S. inaequidens is able to rapidly adapt to local conditions.
Plants from highly urbanised areas were more strongly attacked by herbivores than plants
from less urbanised areas and they exhibited a different defence strategy against herbivores.
Changes in these patterns due to climate warming could not be detected. However,
S. inaequidens might rapidly adapt to future enemies and changing environmental conditions,
and has the advantage that, due to its South-African origin, the species is already adapted to
warm and dry conditions.

Overall, the results from the studies of this thesis showed that Hamburg’s spatial conditions
differ from those of other cities and thus plant species and species richness distribution
patterns are rather specific. Urbanisation intensity could be well defined by the definitions of
urbanisation derived from environmental and spatial variables as well as by plant species
composition. The results of this thesis can be used to compare future species richness and
composition with the patterns derived here to estimate future impacts on vegetation in the
course of climate change. The application of results from analyses of floristic mapping data is a
promising avenue for integrating botanical and floristic studies into other research areas, e.g.
climatology.

The analysis of floristic mapping data in this thesis can help identify valuable areas for
conservation practice and hence provide important impacts for urban planning. In Hamburg,
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nature conservation will need to pay special attention to both the port vegetation and the
vegetation of semi-natural habitats in Hamburg, since these areas are richest in species and
harbour rare and endangered plant species. Hence, conservation measures should focus on
dry grasslands, wasteland and semi natural habitats, i.e. by designating nature reserves and
developing habitat networks.

More studies on the impact of climate change on urban plant species richness and composition
are needed to fully estimate future changes in vegetation patterns. One possible approach is
the investigation of single species in experiments: Here, the results of this thesis indicate that
the non-native S. inaequidens will be able to adapt locally to changing conditions.
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Urbanisierung und Klimawandel sind wichtige Faktoren des globalen Wandels, die Biodiversitat
und Pflanzenarten beeinflussen. In Zukunft werden immer mehr Menschen in Stddten leben
und die Verstadterung wird weiter zunehmen. Daher werden Pflanzenarten mit
Habitatveranderungen und auch -verlusten konfrontiert sein. Gleichzeitig verandert sich das
Klima, so werden ein Anstieg von Temperatur und atmospharischer CO,-Konzentration sowie
sich verandernde Niederschlagsmuster (z.B. ein Rickgang von Sommerniederschlagen)
prognostiziert. Einige heutige Umweltbedingungen in Stadten spiegeln die im Zuge des
Klimawandels zu erwartenden Verdnderungen bereits wider. Umweltbedingungen in Stadten
unterscheiden sich stark von denen in landlichen Gebieten. Sie zeichnen sich typischerweise
durch einen hohen Versiegelungsgrad, hohe Bevolkerungsdichte, starkes Verkehrsaufkommen,
erhodhte Luft- und Bodenverschmutzung, hohe CO,-Konzentrationen, hohe
Stickstoffdepositionen und geringe Wasserverfiigbarkeit in Boden aus. Die Intensitdt dieser
Umweltfaktoren nimmt entlang eines Urbanisierungsgradienten mit zunehmender Distanz
zum Stadtzentrum ab. Ein weiterer wichtiger Faktor in Stadten ist der starke anthropogene
Einfluss.
Schutz und Forderung der Biodiversitdt in Stadten ist wichtig, um sowohl die lokale
Biodiversitiat zu bewahren, Okosystemfunktionen der Vegetation zu erhalten, als auch das
menschliche Wohlbefinden zu verbessern und Umweltbildung zu ermoglichen. Auf Grund
kleinskaliger Habitatheterogenitat, geologischer Vielfalt und dem Vorkommen von nicht-
heimischen Arten ist die Flora von Stadten besonders reich an Pflanzenarten. Innerhalb einer
Stadt ist der Artenreichtum in stark urbanisierten Bereichen in der Regel am geringsten und in
moderat urbanisierten Bereichen am grofSten. In Stadten sind haufig viele nicht-heimische
Arten zu finden, ihr Anteil hat im letzten Jahrhundert stark zugenommen. Einwandernde
Pflanzenarten sind hdufig warmeliebend und daher gut an die warmeren und trockenen
Bedingungen in Stadten angepasst.
Es ist zu erwarten, dass der Klimawandel die Phdnologie und die Verbreitung von Arten sowie
die Zusammensetzung und die Dynamik von Pflanzengemeinschaften beeinflussen wird. Einige
Arten konnten lokal aussterben, andere neu einwandern, dabei wiirden sich neue
Artengemeinschaften bilden. Verdanderungen in der Phanologie sowie in der Ausbreitung von
Arten kénnen biotische Interaktionen stéren und die Synchronisation von Arten verandern.
Dariber hinaus koénnen sich kiinftig Konkurrenzverhaltnisse zwischen Pflanzenarten und
Pflanzen-Tier-Interaktionen verdndern. Es ist aber auch moglich, dass sich Arten an sich
verandernde Bedingungen anpassen, z.B. durch eine Verlagerung ihrer 6kologischen Nische.
Diese Arbeit hat das Ziel, auf unterschiedlichen Skalen Muster in der urbanen Flora von
Hamburg aufzudecken und die zu Grunde liegenden Einflussfaktoren zu identifizieren. Die
Untersuchungen reichen von einer Analyse der Artenverbreitung im gesamten Hamburger
Stadtgebiet liber die Untersuchung von Artenvielfalt in ausgewdahlten Habitaten bis hin zu
Studien zu den Auswirkungen des Klimawandels auf eine einzelne Art. Im Fokus standen dabei
jeweils Veranderungen entlang von Urbanisierungsgradienten.
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In Kapitel 2 wurde eine Studie durchgefiihrt, die das gesamte Hamburger Stadtgebiet
betrachtet. Durch die Analyse eines Datensatzes einer floristischen Kartierung auf der Skala
von 1 km? wurden Gebiete mit hohem Artenreichtum identifiziert und die Verbreitung des
Artenreichtums untersucht. Neben dem Gesamtreichtum wurden auch Anteile nicht-
heimischer, gefahrdeter und thermophiler Arten analysiert. Unterschiede im Artenreichtum
wurden zwischen drei Urbanisierungszonen getestet. Mit multiplen Regressionen wurden
Effekte von Stadtstruktur, Habitat und Umweltbedingungen auf die Verbreitung der
Artenvielfalt getestet.

Der Gesamtartenreichtum pro km? betrug im Mittel 274 + 60 und unterschied sich — im
Unterschied zu anderen Stiadten — kaum zwischen den Urbanisierungszonen. Die
Gesamtartenzahl pro km?2 nahm mit zunehmender Habitatdiversitit zu und mit zunehmendem
Ellenberg Zeigerwert (EIV) fir Nahrstoff ab. Der Anteil nicht-heimischer Arten nahm mit
zunehmender mittleren Jahrestemperatur zu und mit zunehmendem EIV fiir Feuchte ab, der
Anteil gefahrdeter Arten nahm hingegen mit zunehmendem EIV fiir Feuchte zu und mit
zunehmendem EIV fir Nahrstoffe ab. Der Anteil thermophiler Arten konnte durch die mittlere
Jahrestemperatur erklart werden. Einige dieser ermittelten Muster unterscheiden sich von
denen anderer Stadte durch den zentralen Hamburger Hafen, der eine besondere Flora
aufweist. Neben dem zu erwartenden hohen Anteil nicht-heimischer Arten kommen im
Hafengebiet auch viele gefahrdete Arten vor. Die Ergebnisse der Studie tragen zu der
Identifizierung von Einflussfaktoren auf Biodiversitat in Stadten bei und kénnen daher genutzt
werden, um MaBnahmen zum Schutz der stadtischen Biodiversitat zu entwickeln.

Das Ziel der Studie in Kapitel 3 war, die Einflisse von Umweltbedingungen und raumlicher
Struktur auf die Verbreitung von Pflanzenarten im urbanen Raum getrennt zu betrachten.
Wieder wurde auf der Skalenebene von ganz Hamburg gearbeitet AuBRerdem wurde
untersucht, ob aus den Artdaten abgeleitete Proxies besser fiir das Verstdndnis von
Biodiversitdatsmustern in urbanen Gebieten geeignet sind als die Artdaten selbst. Hier wurde
dieselbe Datengrundlage aus der floristischen Kartierung genutzt wie in Kapitel 2. Zunachst
wurde der Datensatz mit einer Clusteranalyse auf generelle Muster in der Verbreitung der
Hamburger Pflanzenarten getestet. Danach wurden mit Redundanzanalysen (RDA) die
einflussreichsten Umweltvariablen fir die Verbreitung der Arten und Artenproxies (Gattung,
Pflanzengemeinschaft  und  ,traits’)  ermittelt. Dann  wurden mithilfe  von
Variationspartitionierung Umwelt- und Raumeffekte separiert, als Raumvariablen wurden
hierbei aufgrund der komplexen Struktur in Stadten ,Moran’s eigenvector maps’ (MEM)
verwendet.

Die Artenzusammensetzung spiegelte die Hamburger Landschaft deutlich wieder, dies deutete
auf die Beeinflussung der Artenverbreitung durch sowohl historische Umweltbedingungen als
auch Urbanisierung hin. Das zentrale Hafengebiet und naturnahe Habitate waren am
artenreichsten. Die Variation, die durch die Umweltvariablen in den RDAs erklart wurde, nahm
von Art-(24 %) und Gattungs- (36 %) zu ‘trait’- (60 %) und Pflanzengemeinschaftsdaten (61 %)
zu. Die Einbeziehung der rdaumlichen Struktur in der Variationspartitionierung zeigte den
starken Einfluss von rdumlich strukturierten Umweltvariablen auf, Raum und Umwelt waren
demnach schlecht trennbar. Es wurde gezeigt, dass die Analyse von Artenproxies mit
umfangreicher multivariater Statistik unter Einbeziehung der raumlichen Struktur gut geeignet
ist, um die Verbreitung von Biodiversitat in urbanen Systemen zu analysieren. Die Ergebnisse
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der Analysen der Artenproxies konnten zukinftig fiir den Vergleich von Biodiversitdtsmustern
mit anderen Stadten genutzt werden.

Kapitel 4 befasst sich mit einer interdisziplindren Studie, in der die langzeitige stddtische
Warmeinsel (UHI) in Hamburg untersucht wird. Da es kaum langfristige Daten zur UHI in
Hamburg gibt, wurde ein neuer UHI-Proxy-Datensatz aus Daten aus der o.g. floristischen
Kartierung generiert. Unter der Annahme, dass Pflanzen Umweltbedingungen lber die Zeit
integrieren, wurden Ellenberg Zeigerwerte flir Temperatur (EIT) aus den Artdaten ermittelt.
Diese reprasentieren die Temperaturpreferenzen von Pflanzenarten in Bezug auf ihr
Verbreitungsgebiet. Die EIT wiesen ein deutliches UHI-Muster auf, waren stark mit
vorhandenen Messungen korreliert und waren in dicht bebauten Stadtklassen erhéht und
daher gut als UHI-Proxy geeignet. Die EIT waren mit zahlreichen typischen UHI-Pradiktoren
korreliert, von denen der normalisierte differenzierte Vegetationsindex (NDVI) sowie
temperaturbezogene Pradiktoren, die aus Fernerkundungsdaten gewonnen wurden, die
meiste Varianz erklarten. Es wurde gezeigt, dass Daten aus floristischen Kartierungen auch in
anderen Forschungsgebieten erfolgreich angewendet werden kdnnen.

In Kapitel 5 wurden Artenreichtum und Artenzusammensetzung von Pflanzen einzelner
Habitate entlang von Urbanisierungsgradienten in  Hamburg untersucht, die
Untersuchungsskala ~ war  hier  kleiner als in den  vorherigen Kapiteln.
Vegetationszusammensetzung und Bodenbedingungen in zwei Habitattypen, entlang eines
Flusses (naturnah) und auf Brachflichen (anthropogen), wurden in Hinblick auf Unterschiede
entlang von naturnahen und anthropogenen Gradienten und deren Bezug zur Urbanisierung
analysiert. Die GefalRpflanzenvegetation wurde auf jeweils neun Flachen beider Habitattypen
aufgenommen, auferdem wurden Bodenproben genommen. Mit Regressionsmodellen
wurden Artenzahl, pH-Wert und Leitfahigkeit des Bodens der Fluss- und Brachflachen in
Beziehung zur Distanz zur Stadtmitte (als Proxy fiir Urbanisierung) gesetzt. Artenzahl, pH-Wert
und Leitfahigkeit des Bodens waren in beiden Habitattypen nicht mit der Distanz zur
Stadtmitte korreliert. Die Artenzahl unterschied sich nicht zwischen den Habitattypen. Der pH-
Wert war hoéher auf den Brachflaichen, wahrend die Leitfahigkeit auf den Flussflaichen hoéher
war. In Ubereinstimmung mit den Ergebnissen aus Kapitel 2 gab es auch auf einer kleineren
Untersuchungsskala keine Unterschiede im Artenreichtum entlang des
Urbanisierungsgradienten.

In Kapitel 6 wurde untersucht, wie die in Deutschland nicht-heimische Pflanzenart Senecio
inaequidens (heimisch in Sidafrika) auf biotische Interaktionen mit heimischen Arten unter
Bedingungen des zukiinftigen Klimawandels reagiert. In drei Experimenten, in denen
Klimaerwarmung simuliert wurde, wurde Keimung sowie Wachstum und Biomasseproduktion
von S. inaequidens unter Konkurrenz und Herbivorie analysiert. Diese Studie untersucht auch
potentielle Unterschiede zwischen sechs Populationen entlang eines Urbanisierungsgradienten
in Hamburg auf der Skala von einzelnen Pflanzen.

Die Keimung von S. inaequidens wurde durch erhohte Temperatur gefordert. Interspezifische
Konkurrenz und erhohte Temperatur beeinflussten Wachstum und Biomasseproduktion.
Unterschiede in Wachstum und Biomasseproduktion zwischen Populationen konnten nicht
direkt auf Urbanisierungsintensitat zurlickgefihrt werden. Allerdings deuten die Ergebnisse
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aus dem Herbivorie-Experiment darauf hin, dass sich S. inaequidens schnell an lokale
Umweltbedingungen anpassen kann. Pflanzen aus stark urbanisierten Gebieten wurden
starker von FraRfeinden angegriffen als Pflanzen aus weniger stark urbanisierten Gebieten und
nutzten eine andere Verteidigungsstrategie gegen Herbivore. Klimawandelbedingte
Veranderungen dieser Muster konnten jedoch nicht festgestellt werden. Trotzdem ist zu
erwarten, dass sich S. inaequidens schnell an zukiinftige FraBfeinde und eine sich verdandernde
Umwelt anpassen wird. Zudem hat die Art den Vorteil, dass sie aufgrund ihrer Herkunft bereits
an warme und trockene Umweltbedingungen angepasst ist.

Zusammengefasst zeigten die Ergebnisse dieser Arbeit, dass sich Hamburgs raumliche Struktur
von der anderer Stadte stark unterscheidet und daher Artenreichtum und —zusammensetzung
recht spezifisch sind. Die Urbanisierungsintensitat konnte durch die erarbeiteten Muster aus
Pflanzenarten, Umwelt und Raum sehr gut abgebildet werden. Die Ergebnisse dieser Arbeit
konnen mit zukilnftigen Mustern des Artenreichtums und der Artenzusammensetzung
verglichen werden, um zukiinftige Verdanderungen der Vegetation durch den Klimawandel
genau abschatzen zu kénnen. Die Integration von botanischen und floristischen Studien in
andere Forschungsgebiete, z.B. durch die Anwendung in der Klimatologie, ist sehr
vielversprechend.

Die Analyse floristischer Kartierungsdaten in dieser Arbeit kann zur Identifizierung wichtiger
Gebiete flr den Naturschutz beitragen und daher auch wichtige Impulse flr die Stadtplanung
geben. In Hamburg sollte der Naturschutz ein besonderes Augenmerk auf die Hafenflora und
die naturnahen Habitate legen, da diese Gebiete besonders reich an Pflanzenarten, auch an
gefahrdeten Arten, sind.

Hier sollte der Naturschutz besonders Trockenrasen, Brachflichen und naturnahe
Lebensrdume fokussieren, indem z.B. neue Schutzgebiete ausgewiesen und Verbundkorridore
entwickelt werden. Zudem ist es wichtig, mehr Studien zu den direkten Einflissen des
Klimawandels auf Artenreichtum und —zusammensetzung in Staddten durchzufiihren, ein
moglicher Ansatz ist hier die Untersuchung einzelner Arten in Experimenten. Hierbei haben die
Ergebnisse dieser Arbeit gezeigt, dass sich die nicht-heimische Art S. inaequidens lokal an sich
verandernde Bedingungen anpassen kann.









1 INTRODUCTION

1.1 URBANISATION

Major drivers of global environmental change, i.e. land use and cover, biogeochemical cycles,
climate, hydrosystems, and biodiversity, affect (and are in turn affected by) urban ecosystems
(Grimm et al. 2008). In future, more and more people will live in cities. By 2050, 67 % of the
world’s population is expected to live in urban areas, while for Europe approx. 83 % and for
Germany approx. 81 % of the populations are projected to live in cities (United Nations
Population Division 2011). Concomitantly, urban land cover is predicted to increase by 1.2
million km? globally by 2030. This is almost three times the area from 2000 (Seto et al. 2012).
Urban land expansion differs significantly between regions; most urbanisation will likely take
place in developing countries (Seto et al. 2012, Glineralp and Seto 2013). Future expansion of
urban land will result in habitat loss for species, especially in global biodiversity hotspots (Seto
et al. 2012).

Geographically, a city is defined as a compact settlement area with high population and
building density (predominantly multi-storeyed buildings), functional division (e.g. inner city,
residential areas, and recreation areas), differentiated social structures and a division of
labour, economic efficiency, high traffic density and concentration as well as economic,
political and cultural significance for the surrounding rural areas (Heineberg 2006, Schubert
and Klein 2011). There is no consistent definition of “urban” worldwide. The U.S. Census
Bureau defines urban areas by a minimum population density of 186 people per km? (Pickett
et al. 2011), whereas in Europe, a settlement area is considered urban if its population density
exceeds 500 people per km? and it has at least 50,000 inhabitants (Federal Statistical Office of
Germany 2012). Moreover, the term “urban” is often defined differently in natural and social
sciences: social scientists refer to areas with high human population density, while natural
scientists refer to areas under human influence (Mclntyre et al. 2000). For integrating both
views when defining an urban study site, McIntyre et al. (2000) suggest a description of the
attributes of demography, physical geography, socioeconomics, and cultural factors in
ecological as well as social urban studies. To overcome the problematic urbanisation measures
that are solely based on population density and do not distinguish urbanisation intensities
within a city’s area, attempts have been made to quantify integrative urbanisation measures
and to transfer them to other cities (e.g. Luck and Wu 2002, Hahs and McDonnell 2006, du Toit
and Cilliers 2011). However, Andersson et al. (2009) point out that it is difficult to generalise
patterns and correlations between urbanisation variables. For the city of Stockholm (Sweden),
they found the variables of soil sealing, population density and household density to be
interchangeable, but this does not necessarily hold true for other cities.
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1.2 ENVIRONMENTAL CONDITIONS IN URBAN AREAS AND
URBANISATION GRADIENTS

Environmental conditions in urban areas are heavily altered by anthropogenic impact. Urban
areas are characterised by a high degree of soil sealing, high population density, heavy traffic,
enhanced air and soil pollution, high nitrogen deposition, and low water availability (Pouyat
and McDonnell 1991, Lovett et al. 2000, McKinney 2002). Along gradients of decreasing
urbanisation from urban to rural areas, these environmental factors decrease in intensity.
Moreover, urban climatic conditions are extremely variable and differ from those in rural
areas.

The morphology of a city (e.g. height, width and density of buildings) differs from rural land
surfaces and affects the diurnal pattern of heating (cooling at night and solar heating during
the day) (Grimmond 2007). Within urban areas, temperatures are higher compared to their
rural surroundings, a phenomenon called the ‘urban heat island’ (UHI) effect (Oke 1982,
Arnfield 2003, Figure 1.1). Due to construction materials, soil sealing, anthropogenic heat flux,
and air pollution, the urban surfaces store heat and the cooling process is much slower than in
rural areas (Oke 1982, Grimmond 2007). Hence, the UHI is strongest at night during clear and
calm conditions (Oke 1982). The maximum heat island intensity increases with greater
population size of a city (Oke 1973). Precipitation patterns in urban areas are less certain to
explain (Lowry 1998), because they strongly depend on local conditions. Urban areas can
provoke higher precipitation on the leeward side of a city (5 % to 51 %; overview in Hoffmann
2009). Wind velocities also differ between urban and rural areas. Wind conditions in cities are
highly variable in built-up areas, since strong turbulences and channelling effects can develop
on small scales depending on building structure and density (Bornstein and Johnson 1977, Dutt
1991). Furthermore, air pollution is higher than in rural areas as a result of emissions from
traffic, industry, power stations, and households, namely the concentrations of NO, NO,, CO,
03, SO,, and particulate matter (Kuttler 2008). CO,-concentrations are also higher in urban
areas than in rural surroundings, but vary during the course of days and weeks (Idso et al.
2001, George et al. 2007).

Urban soils are fairly dry, because rain water runs off immediately on sealed soils or drains due
to coarse soil compounds. Therefore, water is only available for vegetation for a short time, if
at all (Wittig 1991, Arnold and Gibbons 1996). Urban soils are also very heterogenic due to the
altered natural soil conditions from agricultural and horticultural use, construction works,
introduction of building material from various sources and soil sealing. Cities are more often
located in areas with high geological diversity that promoted the ability to grow a settlement
into a city (Kuehn et al. 2004). In general, urban soils are more alkaline than rural soils, with
higher NaCl concentrations due to the use of de-icing salt (at least in temperate zones) and
enhanced heavy metal and nutrient concentrations as a result of atmospheric deposition
(Gilbert 1989, Pouyat and McDonnell 1991, Wittig 1991, Pickett et al. 2001, Scheffer 2008,
George et al. 2009).

In urban areas, the impact by humans is more pronounced than in less densely populated
areas. Human activities like building measures, gardening, and landscaping as well as
recreational activities subject urban areas to frequent disturbance (Rebele 1994).
Consequently, urban habitats are highly dynamic. The urban landscape is also highly diverse,
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featuring a patchwork of different habitat types that developed under the influence of
geology, land-use history and urbanisation.
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Figure 1.1 Diagram of a schematic urban heat island (UHI) in a mid-latitude city with clear and calm
weather showing the relation of a) city structure and b) temperature distribution. Modified according to
Oke (1982).

1.3 HISTORY OF URBAN ECOLOGY

Urban ecology is the study of living organisms in relation to their abiotic and biotic
environment in towns and cities (Sukopp 2002). It is “the study of urban systems from an
ecological perspective; an emerging field within ecology that strives to understand human
interactions in ecological systems in and around urban areas and to develop theories and
analyses that include human communities as fundamental components of ecological systems”
(Cook et al. 2013).

For a long time, cities have been ignored by ecologists and seen in a rather negative light due
to the resulting air, water, and soil pollution (Botkin and Beveridge 1997). However, the study
of urban biodiversity has received more and more attention in the last few decades. Early
studies analysed the flora of single castles, ruins, walls, gardens, cemeteries, and parks
(Sukopp 2002). During and after World War I, several studies on vegetation development on
bombed sites and ruins were conducted in Europe (e.g. Salisbury 1943). Consequently,
vegetation mappings of entire cities were carried out, spatial and temporal changes in urban
plant communities and their causes were assessed, and maps and atlases of city floras were
compiled (Pickett et al. 2001, Sukopp 2002).

To fully understand urban effects, urban ecology must not only include the densely populated
city areas, but also the less populated surrounding areas (Pickett et al. 2011). Grimm et al.
(2000) distinguish between ecology in cities and ecology of cities. Accordingly, studies on
ecology in cities investigate how ecological patterns and processes differ in cities compared to
other environments. Effects of the city on the ecology of organisms inside and outside of the
city are also studied, e.g. distribution and abundance of animal and plant populations, air
pollution and meteorology, patch-specific ecological pattern and processes, edge effects, and
interactions between native and non-native species. Grimm et al. (2000) define ecology of
cities as the way cities process energy or matter relative to their surroundings, e.g. whole-
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system mass balances of nutrients, patch dynamics, effects of land-use change, whole-system
metabolism, spatial distribution of resources and populations, and estimation of a city’s
ecological footprint. Current urban ecological theory “view(s] cities as heterogeneous, dynamic
landscapes and as complex, adaptive, socioecological systems, in which the delivery of
ecosystem services links society at multiple scales” (Grimm et al. 2008). The role of cities for
biodiversity conservation is also gaining in importance, as the conservation of novel urban
ecosystems has been proposed due to their ecosystem services and social functions (Kowarik
2011).

1.4 URBAN AREAS AND VEGETATION

1.4.1 EFFECTS OF URBANISATION ON VEGETATION

Concomitantly with changing environmental conditions along urbanisation gradients, the
proportion of semi-natural and natural habitats decreases with increasing urbanisation.
Ecosystems in cities can be classified by the “four natures approach” (Kowarik 1992) in regard
to their transformation from pristine environmental conditions due to urbanisation. “Nature of
the first kind” comprises remnants of the pristine natural landscape, e.g. forests, peatlands and
water bodies; “nature of the second kind” is ecosystems that are characterised by agricultural
use, e.g. grassland, cropland and horticultural sites. “Nature of the third kind” comprises the
ornamental “nature” of e.g. parks, gardens and green roofs, while “nature of the fourth kind”
incorporates spontaneous urban vegetation, e.g. on wasteland sites, roadsides, and urban-
industrial sites.

The flora of an urban area originates from three sources: species originally present in the area,
regionally native species that colonise novel urban habitats, and non-native species introduced
by humans (Williams et al. 2009). The authors identify four filters that act as selection
pressures on urban vegetation: habitat transformation, habitat fragmentation, urban
environmental effects and human preference, of which the latter two are unique to cities.
Furthermore, they hypothesise how urbanisation changes floras and predict that novel urban
environments will promote simple plant communities. These are comprised of species not
usually found in the above-mentioned remnant habitats, which possess particular traits that
tolerate urban conditions. Hence, urbanisation also selects for specific species traits (Kuehn et
al. 2004, Williams et al. 2005, Thompson and McCarthy 2008, Knapp et al. 2010). For instance,
short plants, small- and light-seeded plants as well as plants of forest, riparian and wetland
sites are threatened by urbanisation (Dolan et al. 2011, Duncan et al. 2011), while species able
to cope with urbanisation are often wind-pollinated, animal-dispersed, have mesomorphic,
scleromorphic or succulent leaves and have an annual or biennial life cycle (Knapp et al. 2008).
The combination of particular traits can lead to a higher probability of extinction of a species in
urban habitats (Williams et al. 2005).

The urban climate leads to a prolonged growing period due to the warmer climate and fewer
days of frost and also influences the phenology of plant species. Plants in highly urbanised
areas often flower earlier than plants of the same species in less urbanised areas due to the
UHI effect (Franzen 1955, Roetzer et al. 2000, Mimet et al. 2009). Furthermore, temperature
influences species distribution. Species are therefore expected to mirror temperature
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conditions (e.g. UHI) in urban areas. Those which prefer or are adapted to rather warm
habitats (thermophilic species) are predominantly found in the urban centre, for instance
Ailanthus altissima (Mill.) Swingle (Kowarik and Saeumel 2007).

Direct human impact is another important effect of urbanisation on vegetation in cities.
Socioeconomic factors like family income and housing age can affect plant diversity (Hope et
al. 2003); education level and immigration status can be related to vegetation cover (Luck et al.
2009). Moreover, richness of non-native invasive species is strongly correlated with housing
variables (housing densities and growth; Gavier-Pizarro et al. 2010). Landscaping or pest
control can severely affect urban vegetation. Other activities like pet keeping or bird feeding
act primarily on urban fauna (Cook et al. 2013), but can affect vegetation indirectly. Moreover,
rather local impacts like trampling or cutting can alter urban vegetation.

Biotic homogenisation can be defined as the replacement of local biota with non-native
species, usually introduced by humans, leading to a higher similarity between regions
(McKinney and Lockwood 1999), but can also be attributed to urbanisation (Kuehn and Klotz
2006). Since all cities were built for human purposes, disturbance of vegetation took place in a
similar way. During urbanisation, habitats of native species are often destroyed while new
habitats are created. These appeal for rather few species that are able to adapt to urban
conditions. Consequently, the same species become widespread in cities worldwide (McKinney
2006). Wittig and Becker (2010) detected floristic homogenisation between cities within
Europe and in comparison to a North-American city when analysing spontaneous vegetation
around tree bases. Regarding Germany, homogenisation has been found for native species in
urbanised areas, whereas non-native species' were more heterogeneous than in less
urbanised areas (Kuehn and Klotz 2006). This is confirmed in a study by Lososova et al.
(2012b), who further compared the differentiation of non-native species between different
urban habitats and found lower differentiation in highly urbanised habitats. They conclude
that species not native to the area but already with a long residence time (i.e. archaeophytes:
introduced before 1492) contribute to homogenisation, while non-native species with a
shorter residence time tend to differentiate floras between European cities. Homogenisation
due to increasing urbanisation was also found on the community scale in urban woodlands,
where total and native species were most diverse in areas of low urbanisation (Trentanovi et
al. 2013). On the contrary, Celesti-Grapow and Blasi (1998) did not detect a homogenisation
effect when comparing the flora of five Italian cities.

To detect the impact of urbanisation on vegetation, studies along urbanisation gradients have
been useful, since “the magnitude and nature of the change in the physical, chemical, and
biotic environments that are associated with urbanisation provide an unprecedented suite of
‘experimental manipulations’ that ecologists can utilise” (McDonnell & Pickett 1990). Studies
along urbanisation gradients have been used to analyse changes in plant species composition
and functional traits (Williams et al. 2005, Vallet et al. 2008, Brunzel et al. 2009), seed bank
and soil characteristics (Pellissier et al. 2008) and ecosystem processes in forest ecosystems
(McDonnell et al. 1997); see McDonnell and Hahs (2008) for a review on gradient analyses in
the past decades and future research questions. Furthermore, urbanisation gradients can be
used as a ’'space-for-time substitution’ for projected climatic changes in landscapes, because

! Throughout this thesis non-native species are defined as species introduced to the area after 1492, so-
called neophytes.
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factors like temperature and CO,-concentration often change gradually with urbanisation
(Ziska et al. 2004, Carreiro and Tripler 2005, George et al. 2009).

In addition, it is important to mention that most of the studies on the effects of urbanisation
on biodiversity have been conducted in developed countries — but these effects differ little in
developing countries, although here, fewer resources are consumed, pollution is lower and
less land is urbanised (Pauchard et al. 2006). However, more research on the effect of
urbanisation on ecosystems is needed to improve conservation measures, e.g. in South
America (Pauchard et al. 2006).

1.4.2 SPECIES RICHNESS IN URBAN AREAS

Cities are generally rich in plant species and the richness is mostly higher than in surrounding
rural areas (Pysek 1993, Kuehn et al. 2004, Wania et al. 2006, see also Jim and Chen 2009 for
contradictory results). The numbers of plant species and plant communities increase with
growing city sizes and numbers of inhabitants (PySek 1993). One reason for high plant species
richness is small-scale habitat heterogeneity in urban areas, e.g. the mixture of novel
anthropogenic and (semi-)natural remnant habitats arising from differing intensities of human
impact and alteration (PySek 1993, Zerbe et al. 2003). Another reason is geological diversity:
cities have often been established in areas with diverse geological substrates, where natural
resources for construction have been provided. This geological diversity promotes plant
species richness (Kuehn et al. 2004). In addition, non-native species contribute to urban plant
species richness: since cities are centres of trade and traffic, they are often introduced here
first and subsequently become naturalised in surrounding rural areas (e.g. Wittig 2004;
Kowarik 2011; see 1.4.3.).

Within cities, species richness patterns vary: species richness is generally lower in highly
urbanised areas, but can be highest in moderately urbanised areas (Gilbert 1989, Kent et al.
1999, McKinney 2008). Here, habitat diversity is often high, because the typical urban
landscape mixes with rural components, e.g. semi-natural remnant habitats like forests.
Building density is usually lower and leaves room for gardens etc. Moreover, species richness
and composition differ strongly between land-use types (e.g. Celesti-Grapow et al. 2006;
Wania et al. 2006, Wang et al. 2012) and can even differ between typical urban land-use types
only (Godefroid and Koedam 2007, Lososova et al. 2012a).

1.4.3 NON-NATIVE SPECIES IN URBAN AREAS

The successful establishment of non-native plant species in a new range depends on
overcoming different barriers and can therefore be divided into different stages (Richardson et
al. 2000). First, plants need to overcome geographical barriers aided by human transport
(introduction). When environmental barriers, e.g. abiotic and biotic conditions, as well as
barriers to reproduction are overcome, naturalisation follows. Subsequent invasion is defined
as the “spread into areas away from sites of introduction” (Richardson et al. 2000). For this
stage, dispersal barriers must be overcome and the species must cope with abiotic and biotic
situations in the area. Often, disturbed communities are invaded, whereas the invasion of
undisturbed communities requires the overcoming of a further barrier (Richardson et al. 2000).
Possible pathways of introduction are summarised by Hulme et al. (2008), distinguishing
between intentional and unintentional introductions.
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Species often perform differently in their native range compared to their introduced range.
Whether a plant species is able to successfully invade an area can depend on different
factors — several hypotheses are discussed in invasion biology (Bossdorf 2013; Figure 1.2.). The
enemy release hypothesis states that, during their introduction into a new range, plant species
are released from their native herbivores and other enemies. Hence, they are able to rapidly
increase in distribution and abundance (Keane and Crawley 2002). Following the observation
that invasive plants are often taller and produce more biomass in their new range than in their
native range, the hypothesis of evolution of increased competitive ability (EICA) has been
formulated (Blossey and Noetzold 1995). The EICA hypothesis predicts that, under the same
growing conditions, individuals of a species from the introduced range will produce more
biomass than individuals from the native range and that specialised herbivores will perform
better on individuals from the introduced range. Plants in the introduced range reallocate
resources from herbivore defence to growth and production. Studies testing the EICA
hypothesis revealed different results, which have recently been discussed e.g. by Felker-Quinn
et al. (2013) who overall found little support for the hypothesis in a meta-analysis. Callaway
and Ridenour (2004) attribute invasion success of non-native plant species to the possession of
new biochemical weapons that are not present in native species and can therefore affect them
negatively (novel weapon hypothesis).

Enemy release

Evolution of resource
competitive abbility \

EICA hypothesis

Phylogenetic
distance

Evolution of —
allelopathic potential

SSQUDAISBAU| pue
JUBUIWOpP paseaJdu|

©
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Figure 1.2 Overview of different hypotheses that attempt to explain the increased dominance and
invasiveness of plants in their induced range and the relationships between them. From Bossdorf (2013).

Non-native plant species are often closely associated with urban areas (Roy et al. 1999,
Deutschewitz et al. 2003, PySek et al. 2004; see 1.4.2.) and comparisons between urban
floristic compositions in the past and at present mostly revealed an increase in non-native
species (Godefroid 2001, Chocholouskova and PySek 2003, Dolan et al. 2011, see also PySek et
al. (2004), who found no change in the proportion of non-natives). Often originating from
warmer regions, many non-native species are pre-adapted to the dry and warm environmental
conditions of urban areas. Non-natives are also associated with disturbance (Lake and
Leishman 2004), which occurs frequently in most urban ecosystems.
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Most non-native species in Europe have been introduced intentionally (Lambdon et al. 2008),
e.g. for ornamental purposes like Fallopia japonica (Houtt.) Ronse Decraene (Beerling et al.
1994). Ornamental and horticultural plant species can escape from private and public gardens
and explore new habitats (Rusterholz et al. 2012), accounting for 52 % of all naturalised non-
natives in Europe (Lambdon et al. 2008). The occurrence of non-native species in urban areas
is furthermore due to traffic and trade operations. Roadsides and railway tracks can act as
migration corridors for invasive species and vehicles can promote long distance dispersal (Ernst
1998, von der Lippe and Kowarik 2007). Trade actions have served as introduction pathways
for several non-native species; for example, Senecio inaequidens DC. was accidently introduced
by wool import from South Africa (Ernst 1998). In Europe, 64 % of all naturalised non-native
species occur in industrial habitats and 59 % on arable land, parks, and gardens (Lambdon et
al. 2008). Amongst the habitat types invaded most in Denmark were ruderal and man-made
habitats, while riparian and swamp habitats were least invaded, also indicating a strong
relation between anthropogenic impact and invasions (Thiele et al. 2009). However, projected
future species richness of non-natives in Switzerland was driven more by temperature than by
urbanisation. Nevertheless, urban regions will gain most in new non-native species (Nobis et
al. 2009).

Although Botham et al. (2009) found in a study in Great Britain that non-natives do not
necessarily spread from urban habitats into the rural surroundings, the number and
percentage of non-native species often decreases with distance to the city centre (e.g. Celesti-
Grapow and Blasi 1998; Zerbe et al. 2003, Brunzel et al. 2009).

1.4.4 IMPORTANCE OF VEGETATION IN URBAN AREAS

Vegetation in cities is important in various aspects. First of all, since cities are particularly rich
in plant species, urban vegetation contributes substantially to regional and worldwide
biodiversity. Furthermore, vegetation has a positive influence on urban climate in summer,
which can be advantageous for human inhabitants in times of heat waves. Vegetation can
reduce mean radiant temperature in cities (Lindberg and Grimmond 2011). Above green areas
(e.g. parks, green spaces), temperature increases resulting from the UHI effect can be reduced
by vegetation (Oke 1982) due to lower heat storage capacity. Vegetation in urban areas can
reduce energy consumption by air-conditioning in buildings through shading and can improve
air quality, cool the air by evapotranspiration, and block wind (Akbari 2002, Nowak 2010,
Leung et al. 2011).

Vascular plant species richness in urban areas has been shown to be closely related to the
richness of other taxa and can therefore be used to predict an area’s overall species richness
(Brauniger et al. 2010). Obviously, urban vegetation provides habitats for other organisms and
therefore influences animal species richness and distribution (Faeth et al. 2011). Robinson and
Lundholm (2012) showed that habitat provision was higher in spontaneous urban vegetation
than in managed lawns and semi-natural urban forests. Wasteland sites can also be important
habitats for animals (Angold et al. 2006).

Urban areas furthermore play a role in carbon sequestration. Although cities emit large
amounts of CO,, urban green space acts as a carbon sink, but carbon storage differs strongly
between habitat types (Strohbach and Haase 2012). Urban forests can help reduce
atmospheric CO,; Nowak and Crane (2002) estimated that urban trees store 700 million tonnes
of carbon in the US.
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The importance of spontaneous vegetation in cities is still underestimated and to fully tap into
its ecological, social and aesthetic potential, management strategies need to be developed (Del
Tredici 2010).

1.5 CLIMATE CHANGE AND BIODIVERSITY

Global average surface temperature increased by 0.74°C + 0.18°C in the 20" century, while the
warming rate over the past 50 years (0.13°C/decade) was nearly twice that of the last 100
years (0.07°C/decade) (Trenberth et al. 2007). This increase is very likely a result of the
observed rise in anthropogenic greenhouse gas concentrations. During the second half of the
20" century, the increase in greenhouse gas concentration was at least five times higher than
in any other period of similar length prior to the industrial era. Concomitantly, average
temperatures in the northern hemisphere were higher than in any other 50 year period in the
last 500 years (Jansen et al. 2007).

In future, global temperature is projected to increase by 1.7 to 4.4°C (A1B scenario) at the end
of the 21* century. Expected future changes in climate vary from region to region (IPCC 2007).
In Europe, annual mean temperatures are projected to rise more than the global mean. Future
climate projections estimate a temperature increase between 2.3 and 5.3°C (A1B scenario,
depending on the model) until the end of the 21% century. Precipitation patterns are not
projected to change as consistently as temperature changes: While annual precipitation is
expected to increase in northern Europe, a decrease in southern Europe is projected. Overall,
precipitation is estimated to change between 0 to 16 % and -27 to -4 % depending on the
model (A1B scenario). In central Europe, winter precipitation is projected to increase, while
summer precipitation is generally expected to decrease (Christensen et al. 2007).

The warmer climate over the past 30 years has already influenced the phenology, range, and
distribution of species as well as the composition and dynamics of communities. Furthermore,
recent latitudinal and altitudinal range shifts have often been caused by general warming
(Walther et al. 2002). Hence, it can be expected that future climate change will have an even
more severe impact on species and communities. Modelling results show that many European
species will probably be threatened by climate change; thus the magnitude of climatic impacts
differs between biogeographic regions (Huntley et al. 1995, Thuiller et al. 2005). Between 6
and 29 % of plant species in Europe are expected to be extinct by 2050, depending on the
intensity of climate change and the dispersal scenario (Thomas et al. 2004). Similarly, species
distribution ranges in Germany will shift and some species might go extinct locally. Species
with small distribution ranges are most vulnerable (Pompe et al. 2008). Pompe et al. (2009)
modelled future distribution ranges of 1,200 plant species in Germany under climate change
and found that increasing temperatures would reduce the area of suitable climate conditions
for 60 % of the species.

A changing climate offers migration possibilities for new species that are not yet in the area
and the Iberian Peninsula was identified as a possible species pool for the future German flora
(Bergmann et al. 2009). In future, climate is predicted to change faster than e.g. after the last
glacial period due to strong anthropogenic influences (Huntley 1991, IPCC 2007).
Consequently, species will need to migrate rapidly; individual migration rates depend on
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dispersal mode (Cunze et al. 2013). Parmesan and Yohe (2003) estimated range shifts of 6.1
km on average per decade towards the poles for animal and plant species.

However, effects of future climate change on biodiversity are complex and several interactions
between global change drivers and other biodiversity drivers like physiology, natural
disturbance and species interactions will lead to various changes in future biodiversity (Figure
1.3). Hence, model results should be interpreted carefully. Willis and Bhagwat (2009) review
studies that yielded different results depending on the factors included and the scale studied.
Hof et al. (2011) argue that species’ ability to cope with rapid climate change might be
underestimated, because species have already survived rapid changes in the past.

GLOBAL Atmospheric Precipitation Temperature Human Dimensions
CHANGE Chemistry Changill;lg meags. Changin? means, Land use and management;
CO0, CH,; N0 variability an variability and technological change; demographic
DRIVERS Eah extreme events extreme events changeo?:axpectaﬁgn},; valggs a[:.“.;
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- emergence; breeding «
Ecosystem Function c_g
Primary productivity; >
decomposition; nutrient Mg I I =
mineralization; rganisms >
hydrological cycles Dispersal; colonization; ;
migration O
>
Micro-evolutionary Species Interactions g
Responses Competition; facilitation;
Adaptation in place via mutualism; herbivory;
genetic change predation; parasite/pathogen
v interactions
BIODIVERSITY

(pattern) D
RESPONSE I

Figure 1.3 Diagram of the interaction between global change drivers, mediating drivers and biodiversity
response in terrestrial ecosystems. From Hagerman and Chan (2009).

According to Bellard et al. (2012) there are three directions of species’ response to climate
change on the community scale. Species can change along three axes: 1) the spatial axis, e.g.
the above-mentioned range shifts, 2) the temporal axis, e.g. the response with a changed
phenology to abiotic factors that change cyclically over time, and 3) the ‘self’ axis, e.g. adapting
themselves to changing conditions in physiology or behaviour. If populations fail to adapt
along one or more of these axes, they will go extinct locally or even globally.

Changes in phenology as well as latitudinal and altitudinal range shifts can disrupt interactions
between species by temporal and spatial mismatches. When the involved species have
responded differently to climate change, former synchrony is altered. While some interactions
may be disrupted, new interactions may emerge, e.g. former potential interactions between
species that have not yet been realised due to different distribution ranges (Schweiger et al.
2010). Effects of climate change on interactions between plants and insects are difficult to

20



INTRODUCTION

determine, because they affect all behavioural, physiological, and molecular interactions on
lower organisational scales (Delucia et al. 2012). Generalist species are likely to profit more
than specialists from the combined future effects of climate change and non-native species,
for example they may be pre-adapted to switch hosts when conditions change (Schweiger et
al. 2010, Delucia et al. 2012). In the case of a disruption of predator-prey and plant-insect
interactions, food sources can become lost or pollinator and host ranges can be diminished —
this could consequently lead to species extinctions (Parmesan 2006, Schweiger et al. 2010,
Delucia et al. 2012, Schweiger et al. 2012). Hegland et al. (2009) state that overall, the
structure of pollinator networks seems robust against changes due to climate warming.
However, insect phenologies can be more advanced than plant phenologies, resulting in lost
synchrony (reviewed in Visser and Both 2005). If insects are able to reproduce faster due to
warming and generate multiple generations per year, damage to plants may increase. Elevated
CO, can alter plant tissue composition and therefore food quality for herbivores as well as
defence mechanisms against herbivores (DeLucia et al. 2012). Studies of interacting effects of
elevated temperature and CO, on plant-insect interactions on any scale are still scarce
(DeLucia et al. 2012, see Niziolek et al. 2013 for a study example).

Moreover, competition is an important process regulating plant communities’ response to
changing climate. The effect of elevated temperature can differ between species grown in
monoculture and in mixture (Brooker 2006, Verlinden et al. 2013). The response to elevated
CO, is also strongly species-dependent and can hence alter future competitive dynamics in
communities. Furthermore, elevated CO, can have different impacts on native and non-native
species and promote non-native species’ dominances (Brooker 2006). Possible changes in
competition dynamics cannot (yet) be generalised; more research is needed (Brooker 2006,
Verlinden et al. 2013). In future, native competitors that are not able to adapt as fast as the
non-native species might suffer even more from changing climate and environmental
conditions (Schweiger et al. 2010). Facilitation under climate change has rarely been studied.
Facilitative interactions might help plant species survive otherwise less suitable environmental
conditions by expanding the realised ecological niche, especially in extreme environments
(Brooker 2006).

Generally, future effects of interactions on species are manifold and difficult to predict. Hence,
it has proved useful to incorporate interactions into models for predictions of future
biodiversity (Urban et al. 2012, Blois et al. 2013).

Instead of range shifts, species may also adapt to the changing conditions in response to
climate change (i.e. niche shifts). Adaptation of plant populations to current conditions has
been demonstrated in several studies, but little is known about the interaction of local
adaptation and climate change (Jump and Penuelas 2005). The role of adaptation seems to be
underestimated, but since the rate of climate change is projected to be faster than most
species’ migration potential, the pressure to adapt to the new conditions will be high (Jump
and Penuelas 2005, Cunze et al. 2013). The ability of rapid evolution could lead to a successful
adaptation to climate change (Maron et al. 2007, Lachmuth et al. 2011). Over a latitudinal
gradient in Europe, Wasof et al. (2013) found evidence of shifts in realised niches in common
understorey plant species. Furthermore, phenotypic plasticity can buffer individual plants
against environmental changes in the short term. Therefore, plants could be expected to react
plastically, also regarding long-term changes due to climate change (Jump and Penuelas 2005).
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Concomitantly with local adaptation and phenotypic plasticity, environmental maternal effects
and genetic drift can play an important role in phenotypic variation of invasive populations in
response to climate (Monty et al. 2013).

Hagerman and Chan (2009) review recent approaches of biodiversity conservation in future
climate to reduce extinction risks of species. In regard to adaptation measures, new protected
areas should be established and existing reserves should be connected via migration corridors
that species are able to shift ranges and to enhance evolution potential by increasing
population size and diversity. In addition, they propose the establishment of spatial buffer
zones around habitat types that species can migrate outside core reserves in response to
climate change and of dynamic reserves, e.g. protected areas whose locations and levels of
protection can change over time and space. Lastly, they propose assisted colonisation as an
active measure to help species overcome barriers as well as accelerating movements.

CLIMATE CHANGE AND BIODIVERSITY IN URBAN AREAS

Solecki and Marcotullio (2013) state that “the role of cities in climate change is not well
understood” and give three key aspects related to urban biodiversity that are especially
vulnerable to climate change: the quality and extent of urban habitats, the provision of green
infrastructure and ecosystem functions, and urban wetlands. If climate change causes a
decline in urban biodiversity, a large proportion of the world’s population may no longer be in
contact with nature and attention to biodiversity conservation may fade. Furthermore,
deploying options for adaptation to climate change and maintaining ecosystem functions of
vegetation in cities will fail (Solecki and Marcotullio 2013).

In general, urban areas harbour many ruderal species that are able to react quickly to changes
in climate. Species introduced from warmer areas which are better adapted to elevated
temperature and drought have often established in cities (e.g. Ailanthus altissima, Robinia
pseudoacacia L., Hordeum murinum L.; Sukopp and Wurzel 2003). A general increase in
thermophilic species in urban areas in the final decades of the 20™ century in the Dutch flora
was found by Tamis et al. (2005). Urbanisation did not fully explain this change, so it was partly
attributed to climate change since concomitantly, temperature was increasing. Not all studies
comparing floras and vegetation between two or more time steps in cities related changes in
floristic diversity and composition to climate changes (e.g. Tait et al. 2005, Pysek et al. 2004),
but urbanisation and climate change are often difficult to distinguish. The increasing number
of non-native plant species in Brussels can be related to suitable habitat conditions in cities
that could have been created by both urbanisation and climate warming (Godefroid 2001).
Gregor et al. (2012) see the increasing number of non-native species in Frankfurt between
1880 and 2000 linked to climate change. Chocholouskova and Pysek (2003) found no effects of
climate change (indicated by Ellenberg indicator values for temperature) when comparing
historical floristic data from 1880 with data from the 1960s and 1990s in Pilsen, although
species composition changed. Luo et al. (2007) relate differences in plant phenology in Beijing
to both climate and urbanisation (e.g. UHI) and expect phenological responses to be stronger
in urban areas than in rural areas.
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1.6 HAMBURG AS A CASE STUDY

The Free and Hanseatic City of Hamburg is located in the north of Germany and is the
country’s second largest city with 1.8 million inhabitants and an area of 755 km? (Figure 1.4a).
Settlement and traffic areas cover 60 %, 8 % are water bodies, 25 % agriculture and 8 %
woodland (Federal Statistical Office of Germany 2011). Furthermore, 8 % of Hamburg’s area is
nature reserves. Hamburg has Europe’s second largest seaport, which is located close to the
city centre and covers 72 km?; it covers nearly 10 % of the city area (HPA 2013). The river Elbe
crosses through the city and flows into the North Sea. Hence, the river is still under tidal
influence in Hamburg and small relic tidal freshwater wetlands can be found. The city of
Hamburg is also a federal state of Germany and borders the federal states of Schleswig-
Holstein to the north and Lower-Saxony to the south, both separated by the river Elbe.

a) b) - :
[ Glacial valley of the river Elbe

{ Weichsel moraines

o Saale moraines -

Figure 1.4 a) Location of Hamburg in Germany, b) Geology of Hamburg influenced by glacial periods
(Saale-glaciation and Weichsel-glaciation). Saale moraines were dissected by the glacial valley of the
river Elbe, while Weichsel moraines reached Hamburg only in the very north-eastern area. Modified
according to Ehlers (1995).

Hamburg’s present landscape is heavily influenced by glacial periods. Saale moraines covered
large areas of the city and were dissected by the glacial valley of the river Elbe. The later
Weichsel moraines only reached Hamburg in the very north-eastern area (Ehlers 1995, Figure
1.4b). During the Holocene, alluvial sediments were deposited in the glacial valley and with sea
level rise the region was waterlogged (Ehlers 1995). Fertile marsh habitats developed in the
river valley and on the moraine based areas the so-called geest landscapes formed, which are
characterised by dry, mostly sandy and unfertile soils. The marsh areas have been under
intensive agricultural use for centuries, mainly for vegetable-, flower-, and fruit-growing, and
have been heavily anthropogenically altered. The port area is also strongly altered and built
up. The geest areas have been used for forestry (since the 18" century) and also for
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agriculture. Today, the northern geest areas are mostly built-up areas in decreasing density of
soil sealing towards the city border (Poppendieck et al. 2010; Figure 1.5).

Land-use and habitats

Airport [ Grassland and pastures
I Port I Forest
I Railway system [ Herb-dominated habitats
Il Traffic I Peatland
[ Industrial sites Poor grassland/dwarf shrub heath
I Dense housing . Shrubberies and clearings
I Multi-storeyed housing [l Floodplains
I Single housing Headwater

Rural housing Lakes and ponds
I Other housing I Rivers and streams
[ Crop plants P Tidal-freshwater sites

I Ornamental plants

Kilometres

Figure 1.5 Distribution of land-use and habitat types in Hamburg based on the biotope type mapping of
the Ministry for Urban Development and Environment of Hamburg (2006).

24



INTRODUCTION

Due to its proximity to the North Sea and the Baltic Sea (80 km and 70 km, respectively) the
city has a temperate and oceanic climate, characterised by mild winters, moderately warm
summers and precipitation throughout the entire year (Hoffmann and Schluenzen 2010). The
mean annual temperature is 9°C and annual precipitation is 752 mm (data: German
Meteorological Service (DWD) 2010; reference period 1971-2000). The main wind direction is
southwest. The precipitation pattern depends on the impact of the “Harburger Berge” in the
south and the geest areas at the river Elbe banks. The precipitation maximum is in the north of
the city and the minimum in the southeast, which indicates an increasing continental impact
(Hoffmann and Schluenzen 2010; Figure 1.6). Despite being a very “green” city, Hamburg
exhibited a mean UHI effect of 1.1 K for the decade 1988-1997. The UHI has been found to be
more pronounced when minimum temperatures are observed. Here, urban temperatures are
up to 3 K higher than those from the rural reference station. Due to the higher building
densities, urban surfaces like buildings and sealed areas store heat during the day and release
heat during the night, which contributes to higher temperatures at night than in rural areas
not built up (Schluenzen et al. 2010; Figure 1.7).
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Figure 1.6 Distribution of a) mean annual temperature [°C] and b) annual precipitation [mm)] in
Hamburg for the reference period 1971-2000 (data: German Meteorological Service (DWD) 2010).

Projected future changes in temperature and precipitation for Hamburg have been calculated
by Jacob et al. (2008). Here, minimum and maximum changes in both variables are projected
from the emission scenarios A1B, B1, A2 for 2021-2050 and 2071- 2100 relative to a control
period from 1961-1990 for all seasons. For Hamburg, projected precipitation will change
moderately in 2021-2050 (in winter between 4 and 12 % and in summer between -7 and 8 %),
but changes will more pronounced for 2071-2100 (in winter between 19 and 23 % and in
summer between -13 and -11 %). Temperature is projected to increase by 0.9 to 1.8°C in
winter and 0.7 to 1.4°C in summer in 2021-2050 and by 2.5 to 3.6°C in winter and 1.8 to 2.9 in
summer in 2071-2100. Overall, precipitation is thus projected to increase in winter and to
decrease in summer, while temperature is projected to increase over all seasons, but this will
be most pronounced in winter.
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Regarding future changes in the UHI, different regional climate models yield different results
(Hoffmann et al. 2012): results from the REMO (REgional MOdel; Jacob and Podzun 1997)
suggest no change in the average UHI in future, while results from the CLM (Climate Local
Model; Rockel et al. 2008) indicate significant changes in UHI. Here, an increase for the months
of July and August and a decrease in other months results in a slight decrease if averaged over
the year (Hoffmann et al. 2012).
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Figure 1.7 Mean annual cycle of temperature differences [K] for a) daily mean temperatures, b) daily
maximum temperatures and c) daily minimum temperatures for the decade 1988-1997. Differences are
based on the differences of six climate stations (#1=Fuhlsbittel, #3=Wandsbek, #4=St.Pauli,
#15=Ahrensburg, #24=Kirchwerder and #34=Neuwiedenthal, all in the city of Hamburg with the
exception of Ahrensburg) to the climate station Grambek in the eastern rural surroundings of Hamburg.
From Schluenzen et al. (2010).

URBAN ECOLOGY IN HAMBURG

The earliest published study of urban ecology in Hamburg (to the author’s knowledge)
investigated differences in the beginning of flowering of Forsythia x intermedia in spring across
the city of Hamburg (Franzen 1955). In cooperation with a local newspaper, inhabitants were
asked to report the date and the location where at least ten flowers of a plant were open.
Plants in densely built-up areas and south-facing slopes of the Elbe river valley flowered earlier
than plants in less densely built-up areas in the outskirts. This result is in accordance with
studies from other areas (e.g. Roetzer et al. 2000, Mimet et al. 2009) and can be related to the
UHI.
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Studies on animal species richness revealed decreasing insect species richness with increasing
urbanisation (Denys and Schmidt 1998, Weller and Ganzhorn 2004). The members of the
Botanical Association of Hamburg e.V. conducted a comprehensive floristic mapping of
spontaneous vascular plant species (presence/absence). The mapping took place from 1995 to
2009 and was mainly done by volunteers. The city was divided into grid cells of 1 km? that
were mapped repeatedly during different seasons and over the entire mapping period. The
resulting distribution maps of the plant species occurring in Hamburg were published in an
atlas in 2010 along with articles on Hamburg’s nature as well as its different habitats, climate,
and soil. Altogether, 1,643 species were mapped (Poppendieck et al. 2010).

1.7 AIMS AND OUTLINE OF THE THESIS

The overall aim of this thesis was to detect patterns in the urban flora of Hamburg (i.e.
spontaneously occurring vascular plant species) and to identify underlying drivers related to
urbanisation and climate change. The analyses were conducted using different scales. These
range from a broad macroecological scale to a small-scale investigation of a single species, i.e.
from a general investigation of species distribution in the entire city of Hamburg to species
richness in select habitats and to responses of a single species to climate change. In all studies,
a major focus was placed on changes along urbanisation gradients. The results shall contribute
to the discussion of the effects of future climate changes on species richness, species
composition, and biotic interactions of non-native and native species.

Why study effects of climate change in urban areas? Since urbanisation is increasing
worldwide and cities are particularly rich in plant species, it is important to be able to estimate
future changes in urban biodiversity. Urbanisation and climate change have similar effects on
ecosystems and plant species, because in urban areas ambient temperature is usually higher
than in rural areas (UHI effect) and species’ response to elevated temperature therefore can
already be studied today. The study of ecological changes along urbanisation gradients can
provide insights into expected changes due to global change.

The main research aims were (1) to detect important drivers for plant species richness and
plant species distribution in a city, (2) to assess whether plant species richness and plant
species distribution differ between urbanisation zones or along urbanisation gradients, (3) to
investigate the impact of spatial structure on plant species distribution in an urban area and
whether it can be distinguished from environmental drivers, and (4) to estimate to what
extend the derived patterns can be related to climate (e.g. temperature and precipitation).
Another aim was to investigate (5) whether plant species composition contains information
about the long-term air temperature distribution (e.g. UHI) within an urban area. Finally, on
the smallest scale, (6) a case study was conducted to assess how an invasive non-native plant
species responds to interactions with native species under elevated temperature.

The thesis is structured as follows:

Chapter 2 deals with the identification of drivers of biodiversity in cities. The distribution of
vascular plant species richness in the city of Hamburg is assessed in relation to urban structure,
habitat, and environmental conditions with a special focus on non-native, endangered, and
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thermophilic species. Furthermore, an urbanisation index is developed for the city. The article
was published in Urban Ecosystems in 2013. The author of this thesis planned the study,
prepared the data, conducted the statistical analysis and wrote the manuscript.

Schmidt KJ, Poppendieck HH, Jensen K (2014) Effects of urban structure on plant species richness
in a large European city. Urban Ecosystems 17(2):427-444. doi: 10.1007/s11252-013-0319-y

Chapter 3 aims to disentangle effects of environmental conditions and spatial structure on the
distribution of plant species in the city of Hamburg and deals with the study of general plant
species distribution patterns and the underlying spatial and environmental effects. The article
was submitted to Landscape Ecology. The author of this thesis planned the study, prepared the
data, conducted the statistical analysis and wrote the manuscript.

Chapter 4 deals with the introduction of a new proxy dataset for the UHI derived from plant
species composition data (plant species’ temperature preferences) covering the city of
Hamburg. In an interdisciplinary study, UHI proxies were consequently related to a large
number of typical UHI predictors. The article was published in Climate Research and was
written in cooperation with Benjamin Bechtel (Institute of Geography), who is the first author.
The author of this thesis prepared the floristic data, wrote the parts of the manuscript that are
related to ecological and floristic issues, created Figure 4.3, and contributed to discussing and
rewriting parts of the manuscript during the review process.

Bechtel B & Schmidt KJ (2011) Floristic mapping data as a proxy for the mean urban heat island.

Climate Research 49: 45-58. doi: 10.3354/cr01009

Chapter 5 deals with vegetation composition in two select habitat types and changes in
species richness along an urbanisation gradient in Hamburg. Scale-wise, by investigating only
select habitats, the study connects chapters 2 to 4 comprising the entire city and chapter 6
dealing with a single species. The author of this thesis planned the study, conducted the
fieldwork, conducted the statistical analysis and wrote the chapter.

Chapter 6 deals with the non-native and invasive plant species Senecio inaequidens DC. and its
biotic interactions with native species in its invaded range under climate change.
Experimentally, S. inaequidens populations from different origins along an urbanisation
gradient in Hamburg were subjected to elevated temperature under herbivory and
competition. The author of this thesis planned the study, conducted the competition and
germination experiments, supervised the herbivory experiment, conducted the statistical
analysis and wrote the manuscript. The herbivory experiment was conducted by Jonathan
Steinke und Dennis Schulze in the framework of their BSc. thesises, they both contributed to
the discussion.

For consistency throughout this thesis, all published or submitted chapters were changed from
American English to British English when necessary and abstracts were left out. Furthermore,
the figures and tables were renumbered and all references were summarised at the end of the
thesis.
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2.1 INTRODUCTION

Environmental conditions in cities are strongly altered compared to the environment of
surrounding rural areas. Urban ecosystems have developed under strong anthropogenic
impacts, resulting in novel ecosystems. Cities are characterised by a high degree of soil sealing,
high population density, heavy traffic, enhanced air and soil pollution, high nitrogen
deposition, and low water availability (Pouyat and McDonnell 1991, Lovett et al. 2000,
McKinney 2002). These environmental factors decrease in intensity from urban to rural areas.
Due to the urban heat island (UHI) effect, cities also feature higher temperatures than the
surrounding rural areas (Oke 1982). With more and more people living in cities, urban
ecosystems and their biodiversity will be affected even stronger by human activity in the
future. The study of urban biodiversity and ecosystems is of great importance, since vegetation
in cities contributes to several ecosystem functions like carbon sequestration (Nowak and
Crane 2002), temperature reduction (Susca et al. 2011, Lindberg and Grimmond 2011), habitat
provision (Faeth et al. 2011, Robinson and Lundholm 2012), and human psychological well-
being (Fuller et al. 2007). Therefore, the issue of conservation of typical urban habitats has
been raised in several publications (e.g. Niemeld 1999, Lawson et al. 2008, Kowarik 2011).
Here, assessments of predictors of species richness in cities might be of great assistance in
identifying important areas and developing well-suited measures for conservation. Despite the
anthropogenically altered environmental conditions, cities are generally rich in plant species.
Often the richness is higher than in rural areas (but see Jim and Chen 2009).

Small-scale habitat heterogeneity, e.g. the mixture of novel anthropogenic and (semi-)natural
remnant habitats, is one reason for high plant species diversity (Pysek 1993, Zerbe et al. 2003).
Moreover, geological diversity favours plant species richness: cities have often been
established in areas with diverse geological substrates, where natural resources for
construction have been provided (Kuehn et al. 2004). High anthropogenic disturbance can also
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promote particular plant species. Further, plant species richness in urban areas has been
related to habitat type (Lososova et al. 2011), city area, number of inhabitants (PySek 1993),
and socioeconomic factors (Hope et al. 2003). Urbanisation can have different effects on the
richness of different groups of plant species. Non-native species are often closely associated
with urban areas (Pysek 1998, Roy et al. 1999, Dunn and Heneghan 2011). Since cities are
centres of trade and traffic, non-natives are often found here first and subsequently become
naturalised also in more rural areas (e.g. Wittig 2004, Kowarik 2011). Furthermore, they mostly
originate from warmer regions and are therefore adapted to the dry and warm conditions of
city centres. The number and percentage of non-native species often decreases with distance
to the city centre (e.g. Celesti-Grapow and Blasi 1998, Brunzel et al. 2009). On the contrary, the
majority of rare and endangered species are absent from urban areas. They are rather
restricted to natural and semi-natural habitats and are often specialist species adapted to
specific environmental conditions. These habitats, e.g. wetlands or dry grasslands, have been
negatively affected the most by urbanisation through fragmentation or even loss. Thus,
urbanisation can be a great threat for specialist species (van der Veken et al. 2004, Knapp et al.
2009, Dolan et al. 2011). Since cities show distinct temperature differences, strong
temperature preferences of species should have a great impact on plant species distribution
within a city (e.g. Ailanthus altissima (Mill.) Swingle; Kowarik and Saeumel 2007). Species
which prefer or are adapted to rather warm habitats (thermophilic species) are therefore
expected to be found predominantly in the urban centre.

Within a city, plant species richness has been found to be generally higher in suburban areas
than in urban and rural areas (Gilbert 1989, Kent et al. 1999, Zerbe et al. 2003). Suburban
areas are extremely heterogeneous given that urban and rural landscape components intermix
here. However, species richness and its predictors are often scale-dependent (Pautasso 2007,
Walker et al. 2009). Studies on species richness patterns on smaller scales within an urban
agglomeration found that species richness and composition differ strongly between land-use
types (e.g. Celesti-Grapow et al. 2006, Wania et al. 2006, Wang et al. 2012). Godefroid and
Koedam (2007) even detected differences between typical urban land use types only.
However, few studies have analysed urban species distribution data mapped on smaller grid
scales of approx. 1 km? including all existing habitats in a spatially comprehensive way (e.g.
Kent et al. 1999, Godefroid 2001, van der Veken et al. 2004).

Our study is conducted in the city of Hamburg, which is considered a hotspot of plant species
richness in Germany (approx. 1,100 km? grid size, Haeupler 2000), harbouring about 1,600
plant species (Poppendieck et al. 2010). The high total species richness can be explained by the
encounter of four different landscape regions formed during glacial periods with their
respective floras, namely the glacial valley of the river Elbe, Weichsel glaciation moraines and
two types of Saale glaciation moraines. Furthermore, the diverse habitats along the river Elbe
contribute to species richness (Poppendieck et al. 2002). On smaller scales, however, no
comprehensive analysis of the distribution of species richness within the city has been
conducted so far.

The aim of our study is to describe the small-scale distribution of plant species richness in
Hamburg and to identify its possible predictors by analysing floristic mapping data on a 1 km?
grid. As measures for species richness we use total, non-native, endangered, and thermophilic
species richness. First, we test differences in species richness variables between three different
urbanisation zones (high, medium and low degree of urbanisation). Second, we relate species
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richness to several predictors representing urban structure, habitat, and environmental
conditions by using multiple regressions.
We address the following questions:
= Does species richness differ between different urbanisation zones?
= How are the four species richness measures distributed in Hamburg, and what
patterns emerge?
= (Can plant species richness patterns in Hamburg be explained by urban structure,
habitat, and environmental conditions?

2.2 METHODS

2.2.1 STUDY AREA

Hamburg, Germany’s second largest city, is situated in the north of the country (53.55 °N, 10.0
°E, 6 m a.s.l), about 80 km from the North Sea and 70 km from the Baltic Sea (Figure 2.1). It has
1.8 million inhabitants and extends over an area of 755 km?. Settlement and traffic areas cover
60 % of the area, 8 % are water bodies - the river Elbe and the port (Europe’s second largest
seaport) are characteristic for Hamburg. Being a federal state, Hamburg covers not only urban
but also rural areas. It comprises 25 % agricultural and 6 % woodland areas (Federal Statistical
Office of Germany 2011). Moreover, 8 % of Hamburg’s area is covered by nature reserves. The
climate is temperate and oceanic with a mean annual temperature of 9°C and annual
precipitation of 752 mm (data: German Meteorological Service (DWD) 2010, reference period
1971-2000). Schluenzen et al. (2010) determined a mean urban heat island of 1.1 K for the
decade between 1988 and 1997.

Land-use distribution in Hamburg

[ Agriculture

I Housing

Il 'ndustry/traffic
Semi-natural habitats

Water bodies

Kilometres

Figure 2.1 Hamburg’s location within Europe and its main land-use distribution
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2.2.2 SPECIES RICHNESS PATTERNS

Floristic data was recorded over a period of 15 years between 1995 and 2009 by the Botanical
Association of Hamburg (Botanischer Verein zu Hamburg e.V.). The presence and absence of all
vascular plant species was mapped on a 1 km? grid. All grid cells were mapped repeatedly and
at different times over the year (data set: Regionalstelle fiir Pflanzenartenschutz, Botanischer
Verein zu Hamburg e.V. 2009). Altogether 1,643 plant species were registered in 861 grid cells
(Poppendieck et al. 2010). In this study, we only included the 629 grid cells whose area is
entirely within the borders of Hamburg. To analyse only spontaneous vegetation, cultivated
and ornamental species were excluded from this study. Furthermore, a species list
representative for the whole time period surveyed was obtained by excluding all species that
are not naturalised, e.g. not (yet) able to reproduce in the area and establish stable
populations. Our final species list consisted of 1,217 species. For each grid cell, four species
richness measures were calculated (Table 2.1): total species number and proportions of non-
native (all non-natives that naturalised in Germany after 1492 (neophytes) according to the
status classification of the database BIOLFLOR; Klotz et al. 2002), endangered (according to the
Red List for the flora of Hamburg, Poppendieck et al. 2010), and “thermophilic” species. These
have an Ellenberg indicator value (EIV; see below) for temperature >5 (Goedde and Wittig
1983, Ellenberg et al. 1992), indicating strong preferences for warm habitat conditions.

Table 2.1 Descriptive statistics of the four species richness measures (total species richness, proportions
of non-native, endangered, and thermophilic species). Species numbers and proportions were
generated from a floristic mapping on grid cells of the size of 1 km?.

Species richness measure Mean SD Min Max

Total species richness 2740 *60 9.0 470.0
Non-native species [%] 104 +34 0 22.2
Endangered species [%] 84 142 0 27.8
Thermophilic species [%] 383 5.0 18.7 53.3

2.2.3 SPECIES RICHNESS PREDICTORS: URBAN STRUCTURE, HABITAT, AND
ENVIRONMENTAL CONDITIONS

As predictors representing urban structure, we used distances of all grid cells to the city centre
and to the river Elbe, population density, and soil sealing. Habitat-related predictors for
species richness include habitat diversity, soil diversity, and protected area.

Predictors representing environmental conditions comprise information on climate and EIVs
for light, temperature, continentality, moisture, reaction, and nutrients. All data was calculated
as information referring to the grid of the floristic mapping using ArcGIS 9.3 software (ESRI
Inc., Redlands, CA, USA). For detailed information on specific classes of the predictor variables
see Table 2.2.

Distance measures were calculated in ArcGlIS, taking the distance of the central point of each
grid cell to the city centre, defined by the grid cell holding the historic town hall, and the
minimum distance to the river Elbe. Data on soil sealing was obtained from a mapping of
biotope types. Classes of soil sealing ranged from 0 (hardly paved) to 10 (mostly paved) (data:
Ministry for Urban Development and Environment of Hamburg (BSU) 2006). For both soil
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sealing and population density [inhabitants/ha] (data: Statistics Agency for Hamburg and
Schleswig-Holstein 2009) weighted means per grid cell were calculated (weighted by area).
Habitat type data was derived from the biotope type mapping (data: BSU 2005). The original
set of 370 biotope types was aggregated on the basis of a classification by Haeupler (2002), but
developing a more detailed classification of the urban and industrial habitats, finally resulting
in 23 habitat types. Soil data consisted of eight classes (data: Miehlich and Brandt 2010). For
habitat type and soil, the proportional areas of the respective classes per grid cell were
calculated in ArcGIS. Based on these, habitat and soil diversity per grid cell were calculated
using the Shannon-Wiener index (see Krauss et al. 2004). We detected landscape and nature
protection areas with the GIS data of the biotope type mapping and calculated the proportion
of total protected area per grid cell.

Climate data comprised mean annual temperature and annual precipitation for the reference
period 1971-2000 (data: German Meteorological Service (DWD), as a digital map with spatially
interpolated values; 2010). EIVs have been assigned to plant species in Central Europe
according to habitat preferences and distribution and usually range from 1 to 9 (Ellenberg et
al. 1992). EIVs are often used as indicators for environmental conditions of plant species
assemblages. EIVs for light indicate the shade tolerance of a species ranging from 1 (shade
tolerant) to 9 (not shade tolerant). EIVs for temperature are derived from species’
distributional and altitudinal range and transferred to temperature preferences ranging from 1
(high-altitude and cold conditions) to 9 (Mediterranean and warm conditions).

EIVs for continentality are also derived from species distribution. These range from 1 (eu-
oceanic) to 9 (eu-continental) and can be seen as a gradient of species’ tolerance towards
winter frost. EIVs for moisture are an indicator of species’ tolerance towards drought and
range from 1 (restricted to dry soil conditions) to 12 (submerged plants). EIVs for reaction
indicate species’ preference for acidic (1) or alkaline (9) soil conditions. EIVs for nutrients were
initially assigned to plant species on the basis of nitrogen preferences only, but several studies
attributed the value to nutrient availability and productivity in general (e.g. Schaffers and
Sykora 2000, Cornwell and Grubb 2003, Klaus et al. 2012). The values range from 1 (nutrient-
poor) to 9 (nutrient-rich).

For each grid cell, we calculated the mean EIVs based on species composition. EIVs were
available for 1,040 species for light, 773 for temperature, 839 for continentality, 1,008 for
moisture, 819 for reaction, and 991 for nutrients. EIVs are ordinal numbers and therefore do
not fulfil the requirements for calculating arithmetic means. Nevertheless, the use of average
indicator values is widely applied in vegetation ecology, as e.g. mean and median usually do
not differ much except in some species-poor communities and potential error resulting from
averaging remains small in comparison to other restrictions (Ter Braak and Barendregt 1986,
Schaffers and Sykora 2000, Diekmann 2003, Chytry et al. 2009).
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Table 2.2 Descriptive statistics of the plant species richness predictor variables of urban structure,
habitat and environmental conditions used in the analyses. The predictor variables were calculated per
1 km’ grid cell.

Variable Classes Mean SD Min Max
Distances to City centre [m] 10525.52  +4850.51 0 23323.81
River Elbe [m] 5279.94 +4843.91 0 23158.85
Soil sealing [mean degree per grid cell] 499 +1098 1.24 9.15
Population density [inhabitants/ha] 32.00 +36 0 180.00
Habitat type Airport 0.87 +7.09 0 99.44
[% of area per Port 141 +7.04 0 64.45
grid cell] Railway system 143 +£3.29 0 23.86
Traffic 3.34 1348 0 19.83
Industrial sites 8.22 +14.59 0 81.80
Dense housing 2.56 *6.90 0 58.53
Multi-storeyed housing 8.23 +12.89 0 74.07
Single housing 1734 +21.48 0 94.43
Rural housing 122 +3.36 0 35.38
Other housing 5.52 +8.36 0 80.60
Crop plants 12.98 +20.33 0 96.43
Ornamental plants 6.38 19.63 0 73.84
Grassland/pastures 1091 +17.91 0 86.27
Forest 5.08 +11.57 0 88.63
Herb-dominated habitats 260 5.30 0 52.59
Peatland 0.64 +3.06 0 38.37
Poor grassland/dwarf shrub heath 0.34 +1.85 0 24.72
Shrubberies/clearings 130 +2.44 0 30.30
Floodplains 0.43 +1.48 0 14.73
Headwater 0.00 +0.02 0 0.40
Lakes/ponds 1.39 +3.17 0 34.21
Rivers/streams 570 £12.76 0 71.85
Tidal-freshwater sites 0.65 +4.36 0 66.18
Soil Artificial substrate 14.63 +30.89 0 100.00
[% of area per Clay 22.65 +35.80 0 100.00
grid cell] Fine sand 0.34 +2.87 0 38.17
Peat 5.14 +16.56 0 100.00
Sand 35.25 +36.09 0 100.00
Sand/silt/clay 6.78 +13.18 0 91.17
Silt 13.90 +23.32 0 100.00
Silt/fine sand 1.16 +8.45 0 94.00
Protected area [% of area per grid cell] 22.10 +30.41 0 100
Climate Annual precipitation [mm] 748.37 +34.73 667.50 821.00
Mean annual temperature [°C] 9.19 +0.20 8.65 9.70
EIV Light 6.84 +0.20 6.16 7.31
Temperature 5.67 10.10 5.27 5.92
Continentality 3.84 *0.15 3.42 4.50
Moisture 5.88 *0.56 4.82 7.68
Reaction 6.21 *0.27 4.80 7.50
Nutrients 576 +0.22 4.66 6.50
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2.2.4 STATISTICAL ANALYSES

To test for differences of the four species richness measures (total plant species number,
proportion of non-natives, endangered, and thermophilic species) between different degrees
of urbanisation in Hamburg, we calculated an ‘urbanisation index’. Because of the central and
largely paved but uninhabited port area, none of the variables representing urban structure,
habitat, and environmental conditions solely accounted for urbanisation.

Therefore, degree of soil sealing, population density, mean annual temperature, and
proportion of green space per grid cell were included in the index. The proportion of green
space was obtained by adding up the proportions of the eight land-use classes crop plants,
ornamental plants, grasslands & pastures, forest, herb-dominated habitats, peat land, poor
grassland/dwarf shrub heath, and shrubberies/clearings. The four variables for the index were
standardised by zero mean-unit variance prior to analysis to obtain dimensionless numbers.
The urbanisation index was calculated as the sum of degree of soil sealing, population density,
and mean annual temperature minus the proportion of green space. To divide the index into
three groups of high, medium and low urbanisation, we used two different methods for
verification: ‘equal intervals’ and ‘natural breaks’ as implemented in ArcGIS (see Figure 2.2a for
‘natural breaks’ division). Differences in species richness measures between urbanisation
zones were tested with one-way ANOVAs followed by GT2/Hochberg posthoc tests. If ANOVA
assumptions could not be met, Welch-ANOVAs followed by Games-Howell posthoc tests were
applied. Prior to analysis, the proportional species richness measures were arcsine-
transformed.

Overall species richness pattern in Hamburg was assessed by testing effects of urban structure,
habitat, and environmental conditions on species richness for the four species richness
measures using stepwise multiple regression analyses. The variables representing species
richness in proportions were arcsine-transformed. Predictor variables for species richness
were: distance to the city centre and to the river Elbe, degree of soil sealing, annual
precipitation, mean annual temperature, proportion of protected area, habitat diversity, soil
diversity, and mean EIVs for light, temperature, continentality, moisture, reaction, and
nutrients. All predictor variables were standardised by zero mean unit variance. Analysis of
collinearity of these variables was conducted beforehand by calculating a matrix of Spearman’s
correlations and applying Bonferroni correction (Table 2.3). Of all correlations with a Spearman
correlation coefficient higher than 0.5, the most redundant predictor variables were omitted.
Subsequently, we used mean annual temperature, precipitation, proportion of protected area,
habitat diversity, soil diversity, EIV for moisture, and EIV for nutrients as species richness
predictors for the multiple regression analyses. The variables of distance to the city centre,
distance to the river Elbe, degree of soil sealing, and the EIVs for light, temperature,
continentality, and reaction were omitted from further analyses. All final predictor variables
were assessed visually in ArcGIS.

Stepwise multiple regressions were followed by analyses of relative importance of the
regressors using the metric “Img” that decomposes R” into contributions adding up to the total
R? (R-package ‘relaimpo’, Groemping 2006). Statistical analyses were calculated with R (R
Development Core Team 2010) and SPSS (PASW Statistics 18, Version 18.0.0). Figures were
created with ArcGIS 9.3 and Sigmaplot 12.0 (Systat Software, Inc. 2011).
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Table 2.3 Correlation matrix of the initially considered predictor variables distance to the city centre
[km], distance to the river Elbe [km], degree of soil sealing, population density [inhabitants/ha], habitat
diversity, soil diversity, proportion of protected area [%], mean annual temperature [°C], annual
precipitation [mm], EIVs for light, temperature, continentality, moisture, reaction, and nutrients.
Significant correlations after Bonferroni correction with a Spearman correlation coefficient >0.5 are
indicated by bold numbers. Predictor variables in bold have been included in further analyses.

D_city  D_Elbe Seal. Popd. H_div. S_div. Prot. Temp. Prec. EIL EIT EIC EIM EIR
Dist. city 1
Dist.Elbe 0.40 1
Soil sealing -0.53 0.13 1
Pop. density -0.29 0.33 0.67 1
Habitat div. -0.23 0.13 0.28 0.35 1
Soil div. -0.01 0.24 0.11 0.25 0.18 1
Prot. area 0.49 0.18 -0.53 -0.28 0.03 0.04 1
Temperature -0.83 -0.61 0.26 0.01 0.12 -0.1 -0.46 1
Precipitation -0.08 0.64 0.43 0.52 0.18 0.23 0.05 -0.4 1
EIL -0.36 -0.64 -0.02 -0.35 -0.03 -0.23 -0.38 0.68 -0.65 1
EIT -0.62 -0.55 0.39 0.09 0.08 -0.12 -0.55 0.71 -0.28  0.67 1
EIC -0.21 -0.54 -0.17 -0.44 -0.04 -0.21 -0.28 0.57 -0.68 0.83 0.51 1
EIM 0.54 0.04 -0.74 -0.52 -0.14 0.01 0.42 -0.24 -04 0.04 -044 0.25 1
EIR -0.31 -0.45 0.02 -0.15 -0.05 -0.12 -0.37 0.54 -0.44 0.58 0.58 0.69 0.08 1
EIN -0.09 -0.13 -0.02 0.05 -0.12 0.03 -0.18 0.19 -0.17 0.04 0.17 021 0.17 0.65

2.3 RESULTS

The flora of Hamburg analysed here comprised 140 non-native species (12 %), 429 endangered
species (38 %), and 518 thermophilic species (46 %). The most frequently occurring species
were Urtica dioica L., Rumex obtusifolius L., Cirsium arvense (L.) Scop., Plantago lanceolata L.,
Lolium perenne L., Poa annua L., Ranunculus repens L., and Sambucus nigra L. The total
number of species per 1 km” was 274 + 60 (Table 2.1) on average and differed significantly
between low and medium urbanisation when using ‘natural breaks’ index division (Figure 2.2b,
F=3.1*), but did not differ significantly using ‘equal interval’ index division (Table 2.4; F=0.4
ns.). For the other species richness measures, the emerging patterns were independent of the
method of index division, therefore only the ‘natural breaks’ division is shown (Figure 2.2). The
proportion of non-native species was 10.4 % + 3.4 per 1 km” on average and significantly
increased with increasing urbanisation intensity (Figure 2.2c; ANOVA, F=343.6***), while the
proportion of endangered species (average 8.4 % + 4.3 per 1 km?) decreased (Figure 2.2d;
ANOVA, F=110.7***). The proportion of thermophilic species (average 38.3 % + 5 per 1 km?)
also increased with urbanisation intensity (Figure 2.2e; Welch-ANOVA, F=87.8***),

Table 2.4 Differences in total species number between different degrees of urbanisation in Hamburg
(high, medium, low) according to two methods of index division (equal intervals and natural breaks).

Index division Equal intervals Natural breaks
Degree of urbanisation Total species number

High 271 +49 264 +56°
Medium 276 + 64 280 + 64°

Low 272 £57 273 £ 56
ANOVA results (F- and p-values) 0.4 ns. 3.1%
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Figure 2.2 a) Location of grid cells with high, medium and low degrees of urbanisation in Hamburg based
on the urbanisation index divided by ‘natural breaks’, and differences in species richness measures
between the three urbanisation zones: b) total species richness, c) proportion of non-native species
(square-transformed), d) proportion of endangered species (Welch-ANOVA), and e) proportion of
thermophilic species. Mean and standard deviation are shown in bar plots and ANOVA-results are given.
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The spatial pattern of species richness predictor variables differed considerably (Figure 2.3).
Protected areas were found exclusively outside of the urban core (Figure 2.3b). Mean annual
temperature clearly decreased from urban to rural areas (Figure 2.3c), while precipitation
increased towards the north and decreased towards the southeast of the study area (Figure
2.3d). Habitat diversity showed no distinct pattern (Figure 2.3e), nor did soil diversity (Figure
2.3f), which was generally low. None of the two variables was strongly correlated with any of
the other predictors. Mean EIV for moisture was rather low in the urban centre and higher in
the south-eastern and western parts of Hamburg (Figure 2.3g), while the distribution of mean
EIV for nutrients was indistinct and could not be related to urban structure (Figure 2.3h).

The total number of species per grid cell ranged between 9 and 470 (Figure 2.4a). Only four
grid cells contained fewer than 100 species, while 21 had more than 400 species. Species
richness was distributed rather indistinctly and could not be related to urban structure at first
sight. However, multiple regression analysis showed that total species richness decreased with
increasing EIV for nutrients and increased with habitat diversity, while climatic variables and
the proportions of protected area were less important (Table 2.5). Altogether 30.5 % of the
variation in the total number of species was explained by the regression model (multiple
R’=0.31). The distribution of the proportion of non-native species per grid cell was already
visually related to urban structure. The proportion of non-natives decreased from the urban
centre to the rural outskirts (Figure 2.4b). It was negatively associated with increasing EIV for
moisture and positively with increasing temperature. This relationship also reflects the spatial
urban structure, since both variables were correlated with distance to the city centre (multiple
R’=0.72, Table 2.5).The proportion of endangered species was generally higher in rural areas,
but also in some grid cells of the city centre (Figure 2.4c). It increased with increasing EIV for
moisture and decreased with increasing EIV for nutrients. Furthermore, an increase with
increasing proportion of protected area was found (multiple R?=0.66, Table 2.5). The
proportion of thermophilic species showed distinct distribution patterns (Figure 2.4d) and
increased with increasing temperature. Furthermore, it decreased with increasing
precipitation and increasing proportions of protected area (multiple R’=0.58, Table 2.5).
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Figure 2.3 Distribution of species richness predictor variables for plant species richness: a) Distance to
city centre, b) Proportion of protected area, c¢) Mean annual temperature, d) Annual precipitation, e)
Habitat diversity, f) Soil diversity, g) Mean Ellenberg indicator value for moisture, h) Mean Ellenberg
indicator value for nutrients. All predictors have been calculated per grid cell. Habitat and soil diversity
have been computed using the Shannon-Wiener-Index.
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Table 2.5 Multiple regressions of the effects of the species richness predictors mean annual
temperature, annual precipitation, proportion of protected area, habitat diversity, soil diversity, mean
Ellenberg indicator values for moisture (EIM) and for nutrients (EIN) on species richness patterns. Total
species numbers and proportions of non-natives, endangered, and thermophilic were used as measures

Hamburg: a) total number of plant species, b)
proportions of non-native species, c¢) proportions of endangered species, and d) proportions of
thermophilic species. Darker colours indicate higher species numbers or proportions in the respective

for species richness. Bold numbers indicate most important predictors.

Total species number

Non-natives [%]

Endangered [%]

Thermophilic [%]

Predictors F p RI F p RI F p RI F p RI
Temperature 3.2 ns. 0.01 143.1  ***  0.12 829 *** 002 6957 *** 0.27
Precipitation 10.8 ** 0.01 542 ***  0.08 16.4 *** 0.08 93.5 *** 0.12
Protected area 7.1 ** 0.02 9.1 ** 0.09 41 * 0.10 37.1 ***  0.10
Habitat diversity =~ 100.9  *** 0.12 35.3 ***  0.05 35 ns. 0.01 26 ns. 0.01
Soil diversity

EIM 3.2 ns. 0.01 1302.7 *** 0.37 583.5 *** (.23 42.6 *** 0.08
EIN 148.0 (*** 0.14 42,3 *¥** 002 4984 *** 0.22

Variance explained [%] 30.5 71.8 65.7 58.3
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2.4 DISCUSSION

Total plant species richness decreased with increasing EIV for nutrients. The highest EIV for
nutrients was found in agricultural areas, which are characterised by very fertile soils. Here,
species richness is generally lower due to intensive agricultural use. Usually nitrogen
deposition is higher in city centres (Lovett et al. 2000), and therefore EIV for nutrients would
also be expected to be higher in the urban core (Pellissier et al. 2008). Hope et al. (2003) found
increasing species richness with increasing nutrient availability. On the contrary, Hamburg's
port area, which is located in the city centre, harbours vegetation like dry grasslands that are
colonised by species adapted to low nutrient availability. Urban soils differ from rural soils:
they are mostly drier and contain more sand. Therefore, deposited nitrogen is washed out
rather quickly and available nitrogen for plants is reduced, which might compensate for the
higher input. The total species number increased further with increasing habitat diversity. This
result is in accordance with Deutschewitz et al. (2003), who showed an increase in species
richness with spatial heterogeneity and the amount of habitats on a regional scale. In the city
of Berlin, species richness was also positively influenced by habitat diversity, which in turn was
related to an underlying urban-to-rural gradient (Zerbe et al. 2003). In Hamburg, we could not
detect any relation between habitat diversity and urban structure. This might be due to the
short gradient considered. Since we were restricted by the data set covering only the city state
of Hamburg, we could not define the gradient by landscape features and extend it to more
rural areas outside of Hamburg.

Using different methods of dividing the urbanisation index into categories led to different
results in total species richness. Along urban-to-rural gradients, the highest species richness
usually occurs in suburban areas (Gilbert 1989, Kent et al. 1999, Zerbe et al. 2003). These areas
are very heterogeneous due to a mixture of residential areas in different stages of
development, as well as agricultural and natural remnant habitats. In contradiction, we found
only slightly differing plant species numbers between the different urbanisation zones in
Hamburg. The higher species richness in grid cells with medium degrees of urbanisation is not
as pronounced as in the above-mentioned studies. Hamburg’s spatial conditions probably
account for this result: the urban centre comprises both typical urbanised landscapes with high
building and population density, but also the uninhabited port area with industrial and
wasteland sites and surprisingly high plant species richness. The rural areas in the periphery of
Hamburg are also species-rich, as they contain several semi-natural habitats and nature
reserves. Therefore, we could only identify a tendency of decreasing species richness towards
the urban core, which was reported by other studies (Kent et al. 1999, McKinney 2008, see
also Celesti-Grapow et al. 2006, who found lower species richness in more disturbed areas).
The distribution of the richness of non-native species in Hamburg is consistent with general
patterns of non-native species distribution: number and percentage of non-native species
decrease with distance to the urban core (e.g. Celesti-Grapow and Blasi 1998, Brunzel et al.
2009). Non-native species often first occur in the centre of cities and then spread towards the
surrounding areas (von der Lippe and Kowarik 2008). Since they mostly originate from warmer
regions, they can better naturalise in warm and dry city centres, which is reflected in our
results.

In Hamburg, non-native occurrences can also be related to trade actions in the port area,
where several species arrived first (Meyer 1955, Jehlik 1989). A striking example is Senecio
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inaequidens DC., whose subsequent spread from the port to the surroundings can be retraced
in the mapping data over the years (Poppendieck et al. 2010). The proportion of non-native
species (neophytes) of the total flora of Hamburg of 12 % was rather low compared to other
European cities (e.g. average over 54 Central European cities: 25 % (PySek 1998); Frankfurt
(Germany): 23 % (Gregor et al. 2012)). This discrepancy is probably due to our rather strict
criteria for generating the species list: not naturalised species and ornamentals were excluded,
most of which might have also been included as neophytes in other studies.

The proportion of endangered species increased with increasing EIV for moisture and
decreasing EIV for nutrients. As expected, it further increased with increasing proportion of
protected area. The EIV for moisture was negatively correlated with the degree of soil sealing
and obviously represents less urbanised and more natural habitats. In general, these habitats
are often nutrient-poor, which is reflected in low EIV for nutrients. Rather natural or semi-
natural habitats are usually found in areas less disturbed by human influence, e.g. in the rural
areas. In Hamburg, these habitats are bogs, heathlands, forests, and inland dunes harbouring
specialist species. These are adapted to environmental conditions that are no longer found in
more urbanised areas. For example, the endangered species Drosera rotundifolia L. and
Eriophorum angustifolium Honck. occur in bog habitats, which are characterised by low
nutrient availability, low soil pH and high moisture. Corynephorus canescens (L.) P. Beauv. and
Carex arenaria L. are restricted to sandy habitats that feature low nutrient availability, low soil
pH, and drought. Overall, our results are in accordance with Knapp et al. (2009), who found
that species adapted to low soil pH and cool habitats are especially threatened by
urbanisation.

Surprisingly, high proportions of endangered species were also found in the port area. This
area is under great anthropogenic impact and features some remarkable habitat types, some
with specific habitat conditions like low nutrient availability, high temperature, and drought.
Numerous wasteland sites are found here, which are usually species-rich (Zerbe et al. 2003,
Muratet et al. 2007). Poppendieck et al. (2010) attribute the port’s species richness further to
the traditional use of spoil areas that created rather unique habitats. Silt was dredged from the
river Elbe and then spread out to dry on large fields. The contained seeds germinated and
species spread into the surrounding habitats. Furthermore, sand fillings created new
unoccupied habitats where succession took place. Dry grasslands often developed here,
forming a special feature of the flora of Hamburg. The wasteland sites are also habitats for
garden and agricultural weeds, especially for thermophilic species that prefer alkaline soils.
Additionally, seeds unintentionally escaped during loading activities, e.g. at flour and oil mills
(Jehlik 1981, Poppendieck et al. 2010). These species in particular increase species richness
over time in the port area. Within the 15 years of mapping, several species appeared and
disappeared again, of which several are considered endangered. However, even though a
species-rich and unique port flora has developed in the past few decades, today this is
threatened by port expansion and container use. Moreover, improved processes of seed
cleaning prevent invasions of new species today (Poppendieck et al. 2010).

Natural habitats like the rare tidal marshes and forests in the port area also contribute to high
species richness. Here, Oenanthe coinoides and Deschampsia wibeliana occur, and both are
endemic plants of the river Elbe. Their habitats are threatened by channel dredging for
shipping and altered courses of dikes (Poppendieck et al. 2010). As expected, thermophilic
species were mainly influenced by mean annual temperature. Moreover, their proportions
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decreased with increasing precipitation. They seem to be favoured by warm and dry conditions
typical for urban habitats. Obviously the EIV for temperature, by which the measure was
classified, corresponds well with actual temperatures in the study area. Non-native species are
often also thermophilic and one could expect them to contribute considerably to the
proportion of thermophilic species. However, EIVs for temperature patterns of only native
species show basically the same distribution in Hamburg (Bechtel and Schmidt 2011).

2.4.1 CONCLUSIONS

Patterns of Hamburg’s plant species richness can be related to the specific city structure: the
port, as part of the city centre, is particularly species-rich over time due to high disturbance
(frequent urban redevelopment) and its dry and nutrient-poor conditions that also favour
endangered species. Hence, we cannot clearly confirm that suburban areas are generally
species rich. The distribution pattern of the proportions of non-natives, however, follows
general patterns with a strong decrease towards rural areas. Endangered species richness
depends on moist habitats and low nutrient availability, which can be found in rural and also
port areas. These species are especially threatened by urbanisation. Thermophilic species
richness is strongly influenced by temperature patterns and is thus generally higher in urban
areas. Our results can help identify areas of high urban biodiversity for conservation.
Moreover, semi-natural remnants in cities need to be further protected from urbanisation to
maintain their high species richness.
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3.1 INTRODUCTION

Urban development is one of the most important global drivers for land-use change and
consequently also affects biodiversity. Although cities often harbour high plant species
richness, urbanisation has strong impacts on species composition and selects for species with
specific traits that can tolerate urban conditions (Kuehn et al. 2004, Thompson and McCarthy
2008, Williams et al. 2009, Knapp et al. 2010). Due to both similar species compositions of
typical urban habitats and the occurrence of non-native species, an increasing homogenisation
of floras of different cities worldwide has been reported (Kuehn and Klotz 2006, McKinney
2006, Wittig and Becker 2010). Regarding conservation, a better understanding of the effects
of urbanisation on species distribution patterns is important. Conserving and promoting
biodiversity directly in cities is crucial for several reasons, e.g. conservation of local
biodiversity, environmental education, and general improvement of human well-being (Miller
2005, Dearborn and Kark 2010). Urban vegetation contributes to ecosystem functions like
carbon sequestration (Nowak and Crane 2002), temperature reduction in summer (Lindberg
and Grimmond 2011), habitat provision (Robinson and Lundholm 2012) and human
psychological well-being (Fuller et al. 2007). Concomitantly, studies of urban biodiversity
patterns and processes can facilitate the integration of ecology into urban planning (Niemela
1999, Sushinsky et al. 2013, McDonnell and Hahs 2013).

Species distribution patterns and extinction rates in cities have been shown to be affected by
the history of urbanisation (Chocholouskova and PySek 2003, Hahs et al. 2009, Dolan et al.
2011), which in turn is dependent on historical environmental conditions and landscape
topography. Thus, both natural landscape conditions and urban development shaped present
environmental conditions in a city. Environmental conditions often vary spatially along
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urbanisation gradients: Soil sealing, population density, traffic, air and soil pollution, nitrogen
deposition, temperature and drought generally have the highest intensity in city centres and
generally decrease towards the surroundings (Oke 1982, Pouyat and McDonnell 1991, Lovett
et al. 2000, McKinney 2002). Since these conditions directly affect plant species distribution,
species distribution pattern can reflect urban structure (Kent et al. 1999). However, biotic
processes like dispersal, competition or herbivory and direct human impact (e.g. trampling or
gardening) additionally influence urban species distribution patterns (von der Lippe and
Kowarik 2007, Maurel et al. 2010, Bertoncini et al. 2012). Thus, disentangling the origin of
variation for plant species distribution in cities is a challenging task in urban ecology.

Recent literature emphasises the importance of accounting for spatial variation in ecological
analyses (Mclintire and Fajardo 2009, Dray et al. 2012). The higher similarity of samples that
are taken from close-by locations compared to samples farther apart can either be directly
related to biotic processes (spatial autocorrelation) or indirectly to environmental processes
that are spatially structured (induced spatial dependence; Dray et al. 2006, Peres-Neto and
Legendre 2010). Over the past two decades, several methods have been developed to
incorporate spatial structure into multivariate analyses (e.g. Borcard et al. 1992, Borcard and
Legendre 2002, Legendre et al. 2005, Dray et al. 2012). Moran’s eigenvector maps (MEM), an
eigenvector decomposition of a connectivity map, have been recently introduced as an option
for multivariate spatial analysis in ecology (Dray et al. 2006). Here, positive MEMs are
positively spatially correlated (MEM+), they represent broad scale spatial correlation and
describe global structures, e.g. large-scale drivers of environmental, historical or biotic origin
(Dray et al. 2006, Dray et al. 2012). Negative MEMs are negatively spatially correlated (MEM-),
representing processes on a fine spatial scale and local structures related to biotic interactions,
micro-site effects of unmeasured environmental variables or dispersal processes (Dray et al.
2006, Dray et al. 2012) or fine-scale geological patterns (Mikulyuk et al. 2011). Variation
partitioning can be used to differentiate between effects of environmental and spatial factors
(Borcard et al. 1992, Peres-Neto and Legendre 2010). So far, few studies dealt with spatially
structured species distribution pattern in urban contexts: For instance, Chytry et al. (2012)
detected spatial structure caused by dispersal limitation in several organism groups across
cities, while Sattler et al. (2010) found only weak spatial structure in urban animal
communities in selected habitats. In a study by Lososova et al. (2012a), spatial structure
explained more variation than climate in plant species composition across cities.

We use the city of Hamburg (Germany) as a case study to disentangle effects of environmental
conditions and spatial structure on urban plant species distribution. Hamburg comprises
different urbanisation zones, including urban settlement areas, the central port area,
peripheral agricultural land, and semi-natural habitats. We analyse the effect of environmental
conditions and spatial structure on plant species distribution in Hamburg on a meso-scale
(1 km2) using species data and three species proxy data sets (genera, communities and traits)
obtained from a floristic mapping. The analysis of proxies derived from species data can be
seen as a method of reducing variation by agglomerating species into broader categories. By
using species proxy data additional insights into vegetation pattern might be achieved
(Thompson and McCarthy 2008). We assume that the spatial structure can indicate
neighbourhood effects of close-by sites due to historical effects, e.g. urbanisation. To our
knowledge, so far only few studies have accounted for spatial structure in the analysis of
species distribution data mapped on a regular grid (Petfik and Wild 2006, plant species in
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Czech Republic; Titeux et al. 2004, bird species in Belgium). However, when using grid based
data it is especially important to account for spatial structure, because grids closer together
probably share environmental conditions (induced spatial dependence) and species (spatial
autocorrelation) (Titeux et al. 2004).
We ask the following questions:

= Does plant species distribution reflect the structure of Hamburg?

=  What are the most influential environmental variables for plant species distribution?

=  What impact do environmental conditions and spatial structure have on species

composition and can they be distinguished?
= Are species proxy data suitable to represent species distribution in an urban context?

3.2 METHODS

3.2.1 STUDY AREA

Hamburg, Germany’s second largest city, is located in Northern Germany (53.55 °N, 10.0 °E, 6
m a.s.l), about 80 km from the North Sea and 70 km from the Baltic Sea (Figure 3.1). The
climate is temperate and oceanic with a mean annual temperature of 9°C and an annual
precipitation of 752 mm (data: German Meteorological Service (DWD) 2010; reference period
1971-2000). Schluenzen et al. (2010) determined a mean urban heat island of 1.1 K for the
decade between 1988 and 1997. Hamburg has 1.8 million inhabitants and extends over an
area of 755 km?2. Settlement and traffic areas cover 60 %. 8 % are water bodies — the river Elbe
and the port (Europe’s second largest seaport) are characteristic for Hamburg. The city covers
also rural areas: It comprises 25 % agricultural and 6 % woodland areas (Federal Statistical
Office of Germany 2011). Moreover, 8 % of the area is declared as nature reserves. Large areas
of Hamburg comprise moraines of the second last glaciation (Saale glacial). The Elbe river
valley dissects these moraines (Ehlers 1995). Here, holocene marshes developed after the last
glaciation. During the past 1000 years, these marshes have been diked to obtain land for
settlement and agriculture.

3.2.2 SPECIES AND SPECIES PROXY DATA

Floristic data were recorded over a period of 15 years between 1995 and 2009 by the Botanical
Association of Hamburg (Botanischer Verein zu Hamburg e.V.). Presence-absence of all
vascular plant species was mapped on a 1 km? grid. All grid cells were mapped repeatedly and
at different times over the year (data set: Regionalstelle fiir Pflanzenartenschutz, Botanischer
Verein zu Hamburg e.V. 2009). Altogether 1,643 plant species were registered in 861 grid cells
(Poppendieck et al. 2010). In this study, we only included the 629 grid cells whose area is
entirely within the borders of Hamburg.

To analyse only spontaneous vegetation, cultivated and ornamental species were excluded for
this study. Furthermore, all species that are not naturalised, e.g. are not able to reproduce in
the area (yet) and establish populations, were excluded. Species that only occurred in one or
two grid cells were omitted, resulting in a final data set of 1,088 species. The average number
of species per grid cell was 274 + 60 (mean + SD).
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Land-use distribution in Hamburg
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Figure 3.1 Hamburg’s location within Europe, main land-use distribution (data: Ministry for Urban
Development and Environment of Hamburg (BSU) 2005; Gauss-Krueger 3 grid) and the river Elbe.
Industry & traffic in the centre are mainly port related, former marshland (now agriculture) is located in
the south-east and far south-west, semi-natural habitats are restricted to peripheral areas.

Beside presence-absence data of species composition (hereafter called species), we used three
data sets of species proxies:

1) Genera: We calculated the number of species per genus and grid cell. Altogether 440
different genera were obtained.

2) Communities: We derived the affiliations of each species to a phytosociological class from
the database BIOLFLOR (Klotz et al. 2002) and consequently calculated the percentage of
species affiliated to a particular class per grid cell. Due to interdependency, the percentages
were transferred into abundance classes from 0 (no occurrence) to 10 (over 10 %). The data
contained many zero entries (16 %), hence, replacing them for compositional analysis is not
advised (Martin-Fernandez et al. 2003). Information on class affiliation was available for 898
species. Several species had more than one affiliation, adding up to 2887 entries for the 54
differentiated phytosociological classes (Appendix, Table A 3.1).

3) Traits: Using the BIOLFLOR database we assigned the traits strategy type (Competition-
Stress-Ruderal; CSR; available for 877 species), life form (available for 918 species), life cycle
(available for 916 species) and urbanity (available for 870 species) to the species set.
Altogether, we analysed 25 trait variables (Appendix, Table A 3.2). We excluded five grid cells
with species numbers lower than 100, because the available information on traits was too
scarce. For each trait the proportions of species of the trait categories was calculated per grid
cell. Again, we created compositional data and centred log-ratio transformations were applied
using the R package “compositions” (van den Boogaart et al. 2013) to break the constraint that
proportions add up to 100 % (Aitchison 1982, Martin-Fernandez et al. 2003, Pawlowsky-Glahn
and Egozcue 2006). Since we only had about 3 % of zero entries in the data, zero entries were
replaced with the proportion one trait variable would have if only one species of all species of
the respective a grid cell would have expressed that trait (following Knapp et al. 2008). The
non-zero entries of that grid cell were reduced by the corresponding amount (Martin-
Fernandez et al. 2003, Knapp et al. 2008).
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3.2.3 ENVIRONMENTAL DATA

Environmental data contained information on soil sealing, population density, climate, habitat
type, soil, and Ellenberg indicator values (EIV) for light (EIL), temperature (EIT), continentality
(EIC), moisture (EIM), reaction (EIR), and nutrients (EIN) (Ellenberg et al. 1992) (see Table 3.1
for detailed information). All data were calculated as information referring to the 1 km? grid
(Gauss-Krueger 3 grid) of the floristic mapping using ArcGIS 9.3 software (ESRI Inc., Redlands,
CA, USA).

Data on soil sealing was derived from a mapping of biotope types as classes of soil sealing
ranging from 0 (hardly sealed) to 10 (mostly sealed) (data: Ministry for Urban Development
and Environment of Hamburg (BSU) 2006). Climate data comprised mean annual temperature
and annual precipitation for the reference period 1971-2000 (data: German Meteorological
Service (DWD) 2010, as a digital map with spatially interpolated values). For soil sealing,
climate and population density [inhabitants/ha] (data: Statistics Agency for Hamburg and
Schleswig-Holstein 2009) weighted means per grid cell were calculated (weighted by area).
Habitat type data were derived from the biotope type mapping of Hamburg (data: Ministry for
Urban Development and Environment of Hamburg (BSU) 2005). The original 370 biotope types
were aggregated on the basis of a classification by Haeupler (2002), but by developing a more
detailed classification of the urban and industrial habitats. We finally generated six classes:
industry & traffic, high density housing, low density housing, semi-natural habitats, agriculture
and water bodies. Here, the proportional areas of the respective classes of habitat type per
grid cell were calculated in ArcGlIS.

Soil data originally consisted of eight classes (data: Miehlich and Brandt 2010), but due to
results from a Principal Component Analysis (PCA) we reduced these to the five most
important classes.

Mean EIV were calculated for each grid cell based on species composition. EIV are ordinal
numbers and therefore do not fulfil the requirements for calculating arithmetic means.
Nevertheless, the use of average indicator values is widely applied in vegetation ecology
(Diekmann 2003). Recently, difficulties of using mean EIV have been discussed by Zeleny and
Schaffers (2012), but the authors also stated that “in most cases [of studies tested in a
literature analysis], however, the potential bias was of only minor importance and did not
influence interpretation of the results”.

3.2.4 STATISTICAL ANALYSES

SPECIES DISTRIBUTION AND SPECIES RICHNESS

To compare species distribution with the structure of Hamburg, we identified groups with
similar species composition by conducting a hierarchical cluster analysis on presence-absence
species data using Bray-Curtis dissimilarity index as distance measure and Ward’s minimum
variance method for agglomerative clustering. The number of clusters to be calculated was
assessed by applying the “cascadeKM” function in R (‘vegan’ package, Oksanen et al. 2012)
using the simple structure index (ssi-criterion) to detect the best number of clusters. The
results were displayed in ArcGis and visually related to city structure. Differences in species
number per km? between the obtained clusters were tested with Welch-ANOVA (due to
heterogeneity of variance in the data) followed by Games-Howell post-hoc test.
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SPECIES DISTRIBUTION & ENVIRONMENT

To identify the most influential environmental variables for plant species distribution, the
impact of environmental variables on species composition was analysed by ordination
techniques. We used species and species proxy data for genera, communities and traits as
response matrices. Since the lengths of gradient obtained by Detrended Correspondence
Analyses (DCA) in all four response data sets were rather short (<2 SD; Lep$ and Smilauer
2003) we conducted direct Redundancy Analyses (RDA) using the R-package ‘vegan’ (Oksanen
et al. 2012). Initially, we included all environmental variables and ran a stepwise selection to
identify the significant variables to be used in the final models (see Appendix, Table A 3.3 for
significant variables and biplot scores). All variables were standardised (zero mean - unit
variance) prior to analyses and correlations of variables with RDA-axes were calculated.

Table 3.1 Descriptive statistics of environmental variables. Mean, standard deviation (SD) and minimum
(Min) and maximum (Max) values are given (n=629).

Variable Mean SD Min Max
Soil sealing [mean degree per grid cell] 499 +1.98 1.24 9.15
Population density [inhabitants/ha] 32.00 *36 0 180.00
Climate Annual precipitation [mm] 748 +35 667.50 821.00
Mean annual temperature [°C] 9.2 0.2 8.65 9.70
Habitat type Industry & traffic 15.28 +19.56 0 99.44
[% of area per grid High density housing 16.32 +£20.40 0 82.00
cell] Low density housing 18.55 +21.27 0 94.43
Semi-natural habitats 9.96 +£14.07 0 92.81
Agriculture 30.27 +30.08 0 100
Water bodies 8.17 +14.37 0 74.93
Soil Artificial substrate 14.63 +30.89 0 100.00
[% of area per grid Clay 22.65 +35.80 0 100.00
cell] Fine sand 0.34 +2.87 0 38.17
Sand 35.25 +36.09 0 100.00
Silt 13.90 +£23.32 0 100.00
EIV Light 6.84 +0.20 6.16 7.31
Temperature 5.67 0.10 5.27 5.92
Continentality 3.84 +0.15 3.42 4.50
Moisture 5.88 +0.56 4.82 7.68
Reaction 6.21 +0.27 4.80 7.50
Nutrients 576 +0.22 4.66 6.50

SPECIES DISTRIBUTION, ENVIRONMENT AND MEASURES OF SPATIAL STRUCTURE

Preliminary analyses using simple distance measures (distance to city centre and river Elbe)
showed that these variables failed to represent the complex spatial structure in our data.
Hence, more elaborate methods were needed. To account for complex spatial structure, we
applied multivariate spatial analyses (following Dray et al. 2012) using Moran’s eigenvector
maps (MEM, an eigenvector decomposition of a connectivity map; Dray et al. 2006) as
variables representing the spatial structure of our data sets. This method is an extension of the
approach of principal coordinate analysis of neighbour matrices (PCNM; Borcard and Legendre
2002). The spatial relationships among the sampling site’s coordinates are translated into
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explanatory variables that can be directly used in regression or canonical analyses and
represent spatial effects at different scales (Dray et al. 2006, Peres-Neto and Legendre 2010).
Following Dray et al. (2012), we chose a simple distance based matrix as a spatial weighting
matrix, where cells with shared borders and corners counted as neighbours (queen’s
connection; see Legendre (1998) for other matrix types). We used this rather simple approach,
because the floristic sampling was conducted on a regular rectangular grid (Legendre 1998).
We calculated the matrix with the R-package ‘spdep’ (Bivand et al. 2012). From this matrix we
calculated MEMs with the “scores.listw” function of the R-package ‘spacemakeR’ (Dray 2010),
and tested their significance of Moran’s | (measure of spatial autocorrelation). Then, we
conducted RDAs with species and species proxy data as response matrices and all significant
MEMs (MEM+ representing broad scale and MEM- representing fine scale spatial correlations)
as explanatory matrices, where the significant MEMs were subjected to a forward selection
procedure (Blanchet et al. 2008) using the package ‘packfor’ (Dray et al. 2011). Thus, we
obtained MEM+ and MEM- for the species (105 MEM+, 4 MEM-), genera (70, 7), community
(60, 2) and traits (51, 2) data sets.

To differentiate between the explanatory power of environmental variables and complex
spatial structure, we conducted variation partitioning with three explanatory matrices:
environmental data (ENV, significant variables only), MEM+ and MEM-. We obtained seven
single and shared fractions of variation explained, which were presented in stacked bar
diagrams. The effects of the single fractions were tested for significance with permutation
tests (“anova.cca” function; package ‘vegan’).

All statistical analyses were conducted with R (R development core team 2012) except Welch-
ANOVA, which was performed using SPSS (PASW Statistics 18, Version 18.0.0). Figures were
created with ArcGis 9.3., Sigmaplot 12.0 (Systat Software, Inc. 2011), CANOCO (Ter Braak &
Smilauer 1997) and GIMP 2.6.8 (The GIMP Development Team 2008).

3.3 RESULTS

SPECIES COMPOSITION AND SPECIES RICHNESS

Cluster analysis of species data revealed seven clusters. The dendrogram showed a division
between the clusters 1, 2, 3 and the clusters 4, 5, 7 (Figure 3.2). Cluster 6 was separated from
all other clusters. The distribution of the clusters displayed a distinct spatial pattern for
Hamburg (Figure 3.3). The species distribution pattern reflected the structure of Hamburg:
Based on their spatial location we referred to the clusters as 1) City (comprising 113 grid cells),
2) Settlement & forest (195), 3) Semi-natural (51), 4) Former marshland (122), 5) Settlement &
agriculture (85), 6) Port & river (27) and 7) Urban & industry (36). Of the 1088 species
investigated, all seven clusters had 533 plant species in common. 23 species were restricted to
grid cells of only one cluster, of which 13 species occurred solely in the cluster ‘Semi-natural’
(Table 3.2). Mean species numbers per grid cell differed significantly between clusters
(F=47.8***; Table 3.2). The cluster ‘Urban & industry’ was richest in species (352 + 43 species),
followed by ‘Semi-natural’ (320 + 50). The cluster ‘River & industry” had the lowest (180 + 73)
and ‘Former marshland’ the second lowest species numbers (242 + 40 species).
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Figure 3.2 Dendrogram of the seven clusters revealed by cluster analysis of plant species composition
(presence/absence data) in Hamburg, using Bray-Curtis dissimilarity index as distance measure and
Ward’s minimum variance method for agglomerative clustering (n=629).

Table 3.2 Species numbers of the seven clusters. Descriptive statistics including mean and standard
deviation (SD), minimum (Min) and maximum (Max) values are given. Different letters show significant
differences in species numbers between clusters. Numbers of species exclusively occurring in the
respective cluster and number of grid cells per cluster are shown.

Number of Species Number of

Cluster Mean * SD Min Max Exclusive  grid cells

1) City 276+57 176 458 0 113
2) Settlement & forest 271+44 ° 180 405 2 195
3) Semi-natural 32050 °© 190 458 13 51
4) Former Marshland 242+40 ° 132 346 5 122
5) Settlement & agriculture 293+55 189 447 1 85
6) River & industry 180+73 ¢ 9 317 0 27
7) Urban & industry 352+43 254 418 2 36
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Figure 3.3 Spatial distribution of the assignment of grid cells to seven clusters revealed by cluster
analysis of plant species composition (presence/absence data, n=629). The size of the grid cells is 1 km?
(Gauss-Krueger 3). According to their spatial location in the city of Hamburg the clusters were referred
to as 1) City, 2) Settlement & forest, 3) Semi-natural, 4) Former marshland, 5) Settlement & agriculture,
6) River & industry and 7) Urban & industry.

SPECIES DISTRIBUTION & ENVIRONMENT

In the calculated RDAs, the amount of variation explained by the considered environmental
variables increased in the RDAs from species (23 %) and genera (35 %) to traits (60 %) and
community (61 %) data (Table 3.3). ‘Low density housing’ was the only variable that was not
significant in any analysis. The number of significant variables ranged from 16 (traits), 17
(communities) to 19 (genera) and 20 (species) (Appendix, Table A 3.3).

The first RDA-axes were strongly correlated with EIM, soil sealing, and agriculture (except for
traits), separating species and species proxies characteristic for the urban core (urbanophilic
species, short-lived species, dry habitats) from those of semi-natural sites (urbanophobic
species, long-lived species, moist sites) (Table A 3.3, Figure 3.4, RDA-graphs from other species
data not shown). The second axes were strongly correlated with temperature (mean annual
temperature, EIT, and EIC) and light (EIL), further to precipitation and reaction (EIR). Here,
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species and species proxies of open and rather warm habitats were separated from forest and
shrub dominated habitats. The third axis was correlated with EIN in all RDAs analyses.
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Figure 3.4 RDA with traits as species proxies and environmental variables. For clarity, only ten
environmental variables are shown (n=624). Abbreviations environmental variables: Artificial soil =
proportion of artificial substrate, semi-natural = proportion of semi-natural habitats, waterbodies =
proportion of waterbodies, high density housing = proportion of high density housing, EIL = Ellenberg
indicator value (EIV) for light, EIT = EIV for temperature, EIM = EIV for moisture, EIR = EIV for reaction,
EIN = EIV for nutrients. Abbreviations traits: h_pluriennial = hapaxanthic, p_pluriennial = pollakanthic,
mod. = moderately, CSR correspond to Grime’s strategy types. For descriptive statistics of the actual
proportions of the trait groups see Table A 3.2.

SPECIES DISTRIBUTION, ENVIRONMENT AND SPATIAL STRUCTURE

In variation partitioning including all significant environmental variables and MEMs, the
highest total variation was explained in the RDAs of communities and traits (63 %) and the
least in the RDAs of species (28 %) (Table 3.3, Figure 3.5). The percentage of explained
variation was increased in all four analyses compared to the RDAs not considering MEMs.
Generally, MEM- did not explain a considerable amount of variation; neither did all three
matrices together. The effects of all single fractions on the response data were significant
(Table 3.4). In all four analyses, most variation was explained by ENV and MEM+ in
combination. In species and genera, single MEM+ contributed more to the explained variation
in total than in communities and traits. Single ENV explained more variation in communities
and traits than in species and genera.
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Table 3.3 Explained variance [%] by two methods of Redundancy analysis (RDA) of species, genera,
communities and traits data (n=629, except for traits data: n=625). 1) ENV: RDAs using significant
environmental variables as explanatory matrix. 2) ENV + MEM: Serial RDAs applying variation

partitioning using environmental variables (ENV) and Moran’s eigenvector maps (MEM) as explanatory
matrices.

RDA method Species Genera Communities Traits
1) ENV 22.82 35.18 60.51 60.18
2) ENV + MEM 27.71 40.5 62.94 63.17
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Figure 3.5 Variation partitioning of species, genera, communities and traits data as response variables
with environmental and spatial structure matrices as explanatory variables. Stacked bar diagrams show
the proportions of variance [%] explained by environment (ENV; all significant environmental variables),
by positively spatially correlated Moran’s eigenvector maps (MEM+), by both (ENV & MEM+) and
residual (unexplained) variance. Due to little explained variance MEM- (negatively spatially correlated

Moran’s eigenvector maps) and MEM- combinations as well as the combination of ENV, MEM+ and
MEM- are not shown.

Table 3.4 Permutation tests of the explanatory variables’ single fractions from variation partitioning
with species and the species proxies genera, communities and traits as response data (n=629, except for
traits data: n=625) and environmental and spatial variables (Moran’s eigenvector maps, MEM): ENV
(significant environmental variables), MEM+ (positively spatially correlated) and MEM- (negatively
spatially correlated) as explanatory matrices. F-values and p-values (**=p<0.01) are given.

Response data Fractions

ENV MEM+ MEM-
Species 2.74** 1.59%* 1.23%%*
Genera 6.10** 2.03** 1.45%%*
Communities 14.41** 1.94** 1.77**
Traits 15.45** 2.25%% 2.54%**
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3.4 DISCUSSION

SPECIES COMPOSITION AND SPECIES RICHNESS

We showed that plant species distribution clearly reflected the city’s structure. Hamburg’s
geography was almost exactly matched by the results of the cluster analysis: This finding is in
good agreement with Kent et al. (1999), who detected urban structure patterns reflected in
the flora of Plymouth (U.K.) on the same scale of 1 km2. The match is remarkable regarding the
meso-scale of the floristic mapping and the fact that nearly half of the analysed species
occurred in grid cells of all clusters. Hence, the remaining species obviously accounted for
incisive differences between the grid cells.

The cluster analysis separated the grid cells first into two main groups representing the major
landscape types formed during glacial periods (marshlands of the Elbe river and moraines; see
Ehlers 1995) and then into further groups representing different degrees of urbanisation and
historical landscape development based on hydrological and edaphic conditions. Furthermore,
the river Elbe has been shown to influence the ambient temperature of its surrounding
(Schluenzen et al. 2010), resulting in milder conditions that might also influence species
composition. The further division of the grid cells can be attributed to differences in
population density, soil sealing and land-use. The clusters ‘Urban & industry’ and ‘Semi-
natural’ exhibited by far the highest species richness: This corresponds both to the generally
high plant species richness in urban habitats due to habitat heterogeneity, geological diversity
and anthropogenic disturbance (Kuehn et al. 2004, Muratet et al. 2007, Schmidt et al. 2013)
and the high species richness of European semi-natural habitats (Wilson et al. 2012).

SPECIES DISTRIBUTION & ENVIRONMENT

The most influential environmental variables for plant species distribution represented both
historical environmental conditions and urbanisation. In all RDAs, the first axis represented an
urbanisation gradient ranging from central sealed, dry and warm conditions to peripheral less
sealed, moist and colder conditions. Urban habitat characteristics like higher temperature and
drier soil favouring R-strategists with a short lifespan were also demonstrated by Prach et al.
(2001) and Knapp et al. (2008). The second axis could be related to a turn-over from habitats
under influence of the river valley to moraine habitats distant to the river, further representing
a gradient from open to shaded habitats. At the one end, the gradient was characterised by
high EIL, EIC and low precipitation, indicating open habitats of milder climate. The higher EIC
might result from the occurrence of river corridor plants along the river Elbe originating from
more continental climate zones (Burkart 2001) or relate to conditions in settlement areas
(Lososova et al. 2006). EIV have repeatedly been shown to be associated with urbanisation:
Cities had higher values than their surroundings in all EIV except EIM (Wittig and Durwen 1982,
Chocholouskova and Pysek 2003) and the urban heat island (UHI) was strongly correlated with
EIT in Hamburg (Bechtel and Schmidt 2011). At the other end of the gradient, long-living
species and species proxies affiliated with colder and shaded (forest) habitats distant to the
river occurred, which is in accordance with Prach et al. (2001).

SPECIES DISTRIBUTION, ENVIRONMENT AND SPATIAL STRUCTURE

Both spatial structure and environmental conditions affected species composition, but
spatially structured environmental conditions had the largest impact, and could hence not be
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distinguished completely. Variance explained by the shared fraction of ENV and MEM+ was
largest in all analyses, indicating induced spatial dependence (Dray et al. 2006, Gravel et al.
2008, Dray et al. 2012). This shared fraction could represent the history of urban development
in Hamburg in consequence of historical environmental conditions. In Hamburg, soil developed
under glacial influence and although it has been strongly altered by urbanisation, glacial
patterns are still reflected in species distribution. The river Elbe had a certain impact on its
surroundings leading to moist soils that have been more suitable for agriculture than for
settlement. In turn, urbanisation alters environmental conditions over time. Hence, species
occurrence is shaped by both environmental conditions and urban development.

Variance explained by the fraction of spatially structured environment is large in comparison
with a meso-scale study of Petfik and Wild (2006) in a mountain range, but small in
comparison with results of Dainese and Poldini (2012). However, both studies were not
conducted predominantly in urban areas. In community and traits analyses, the single
environmental fraction explained a much greater proportion of variance than the single spatial
fraction. Direct environmental factors might thus be more important than historical processes
for the distribution of species’ proxies in cities (see discussion below). Nevertheless, the spatial
fraction alone explained a large amount of variation in species and genera, indicating that
historical urbanisation processes may have led to the structure of present species
communities. On the contrary, Sattler et al. (2010) found a near absence of spatial structure
for animal species in urban areas. They suggest that anthropogenic disturbances play a major
role in urban habitats and overlay spatially structured environmental variables and biotic
processes. We argue that the impact of spatial structure is scale dependent: Sattler et al.
(2010) investigated only select green area habitats, whereas our study scale included all
habitat types and represented the entire city of Hamburg.

Fine scale processes represented by MEM- did not influence species and species proxy
composition in Hamburg. This finding might be simply caused by the broad scale of the floristic
mapping and the use of presence-absence data. Fine scale structures are often related to small
scale community processes such as dispersal, predator-prey interactions or competition
(Borcard et al. 2004, Hajek et al. 2011, Dray et al. 2012). Hence, insights into small scale spatial
structures on a 1 km? meso-scale are not likely to detect.

SUITABILITY OF SPECIES PROXIES

We found species proxy data to be very suitable to represent species distribution in an urban
context. Explained variance increased from 23 % in species data to 61 % in species proxy data.
Our study reinforces the statement of Thompson and McCarthy (2008) that the analysis of
traits can reveal important patterns in vegetation that cannot be derived from purely floristic
analyses. Moreover, we showed that the affiliation to phytosociological classes is a reasonable
proxy variable for species composition, being not directly related to species traits. Long-term
changes in frequencies of phytosociological class affiliation have been successfully used to
detect urbanisation and management effects (PySek et al. 2004, Catorci et al. 2011).

Contrary to the results of the cluster analysis, in RDA analyses species distribution itself is not
very useful to explain patterns in an entire city. In studies dealing with select urban habitats,
however, species composition could be much better explained by environmental variables
(Godefroid et al. 2007, Vallet et al. 2008, Lososova et al. 2011). When accounting for complex
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spatial structure using MEMs, only in the community and trait data the single environmental
fraction explained a substantial amount of variation. Species proxies might be under less direct
spatial impact and thus be better explained by environmental variables, because variability in
group composition is lower than at species level. Furthermore, community and trait data are
almost independent from rare species that cause a lot of zero entries in large species data
matrices. Another reason is that traits also represent species’ adaptation to their environment.
However, the environmental variables might have also been too broadly scaled to reveal
effects on species composition.

3.4.1 CONCLUSIONS

Generally, plant species distribution on the analysed meso-scale was primarily affected by
historical landscape and urbanisation. Hamburg’s central port area and semi-natural habitats
had the highest species richness. Especially in the port area, where several dry grassland and
wasteland sites contribute to high plant species richness, conservation measures should
include the designation of new reserves as well as temporary conservation approaches to
maintain disturbance regimes (e.g. Kattwinkel et al. 2011). The semi-natural areas should be
protected from further urbanisation.

Spatially structured environmental conditions explained most variation in species composition,
species and genera were more affected by spatial structure alone than communities and traits.
Overall, we conclude that the combination of species proxy data with advanced multivariate
analyses accounting for complex spatial pattern is a promising avenue for further research on
the distribution of biodiversity in urban systems. Moreover, results obtained using species
proxy data can be easily compared between cities. Even if the actual species composition is
different between cities from different geographic regions, traits are still comparable and e.g.
the endangerment or vulnerability of species and communities can be assessed by analysing
traits (e.g. Duncan et al. 2011).
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3.6 APPENDIX

Table A 3.1 Descriptive statistics of phytosociological class affiliation of the species per grid cell (629 grid
cells considered). Mean, standard deviation (SD), minimum (Min) and maximum (Max) values [%] of the

proportion of species affiliated to a particular phytosociological class are given.

Communities of Community Mean SD Min Max
Freshwaters, river banks, Lemnetea minoris 0.26 0.28 0.00 1.31
springs and silted areas Potamogetonetea pectinati 0.55 +0.56 0.00 3.61
Utricularieta intermedio-minoris 0.01 +0.02 0.00 0.27
Isoeto-Littorelletea uniflorae 0.19 +0.18 0.00 0.95
Montio-Cardaminetea 0.23 +0.17 0.00 0.93
Phragmito-Magnocaricetea 297 +1.63 0.11 8.56
Swamps, fens and bogs Isoeto-Nanojuncetea bufonii 0.61 +0.21 0.00 1.43
Scheuchzerio-Caricetea nigrae 0.56 +0.51 0.00 3.12
Oxycocco-Sphagnetea 0.07 +0.13 0.00 1.22
Brackish and salt marshes Spartinetea maritimae 0.01 +0.03 0.00 0.22
Ruppietea maritimae 0.01 +0.04 0.00 0.34
Thero-Salicornietea 0.01 +0.03 0.00 0.15
Saginetea maritimae 0.01 +0.03 0.00 0.15
Asteretea tripolii 0.61 +0.15 0.00 1.18
Pioneer rock vegetation Asplenietea trichomanis 0.48 +0.22 0.00 1.27
Parietarietea judaicae 0.33 +0.14 0.00 0.89
Thlaspietea rotundifolii 0.41 +0.18 0.00 1.08
Violetea calaminariae 0.52 +0.13 0.00 1.39
Dune, meadow, dry and poor Ammophiletea arenariae 0.35 +0.13 0.00 0.92
grassland Koelerio-Corynephoretea 2.65 0.80 0.85 5.41
Festuco-Brometea 2.95 +0.60 1.29 6.12
Molinio-Arrhenatheretea 8.26 +1.01 6.26 13.99
Agrostietea stoloniferae 4.69 +0.70 3.02 9.19
Nardetea strictae 1.39 0.43 0.60 3.53
Seslerietea albicantis 0.05 +0.06 0.00 0.33
Ruderal and arable weeds Cakiletea maritimae 0.14 +0.10 0.00 0.70
Bidentetea tripartitae 2.03 0.57 0.00 4,53
Polygono arenastri-Poetea annuae 2.29 0.44 0.80 5.26
Sisymbrietea officinalis 7.01 +1.75 1.95 12.48
Artemisietea vulgaris 6.64 +1.23 2.44 10.62
Stellarietea mediae 7.13 t1.46 2.21 11.92
Shrubs and herbs adjacent Trifolio-Geranietea sanguinei 1.31 +0.32 0.44 2.63
to forests Stellario nemorum-Geranietea sylvatici 1.30 +0.33 0.00 2.63
Melampyro-Holcetea mollis 0.66 +0.23 0.00 1.76
Epilobietea angustifolii 479 +0.53 3.26 6.76
Galio-Urticetea dioicae 5.79 0.62 3.50 9.08
Dwarf shrubs Rhododendro hirsurti-Ericetea carneae 0.08 +0.09 0.00 0.34
Loiseleurio-Vaccinietea 0.02 +0.05 0.00 0.27
Salicetea herbaceae 0.08 +0.06 0.00 0.27
Calluno-Ulicetea 0.83 +0.38 0.00 3.12
Shrubberies and hedges Betulo carpaticae-Alnetea viridis 0.64 +0.25 0.00 1.59
Franguletea 1.69 045 0.44 3.38
Carici-Salicetea cinereae 2.66 0.75 1.11 5.19
Salicetea purpureae 211 +0.51 0.74 4.84
Rhamno-Prunetea spinosae 7.24 +1.38 3.30 10.75
Forests and woods Alnetea glutinosae 3.13 0.94 1.10 5.95
Carpino-Fagetea 7.56 +1.60 2.79 12.95
Quercetea robori-petraeae 2.07 0.69 0.51 4.79
Quercetea pubescentis-petraeae 2.03 0.57 0.41 3.44
Pulsatillo-Pinetea sylvestris 0.35 +0.17 0.00 1.06
Erico-Pinetea 0.75 +0.30 0.00 2.63
Vaccinio-Piceetea 0.92 +0.46 0.00 2.97
Vaccinio uliginosi-Pinetea 0.60 +0.32 0.00 2.17
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Table A 3.2 Descriptive statistics of trait frequency per grid cell (625 grid cells considered). Mean,
standard deviation, minimum and maximum values are given. Abbreviations are: Pluriennial_H =
pluriennial-hapaxanthic, Pluriennial_P = pluriennial-pollakanthic, mod. = moderately.

Trait Subgroup Mean SD Min Max
CSR —strategy C 38.58 +3.86 27.17 52.23
(Competition- CR 16.19 +3.48 6.92 28.36
Stress- (& 13.52 +4.90 3.83 32.08
Ruderal) CSR 1794 +255 1099 26.71
R 10.70 +2.67 154 17.24
S 0.71 +0.56 0.00 4.40
SR 236 +1.43 0.00 8.57
Life cycle Annual 2543 +£5.13 9.47 4257
Biennial 7.88 *211 2.52 13.93
Pluriennial_H 1.81 +0.75 0.00 4.20
Pluriennial_P 64.89 +7.04 4595 84.46
Life form Hydrophyte 3.92 +3.37 0.00 17.10
Chamaephyte 2.82 10.70 0.97 4.80
Geophyte 935 211 4.88 16.67
Hemicryptophyte 46.69 +2.18 40.00 54.24
Macrophanerophyte 8.68 +2.12 0.56 14.34
Nanophanerophyte 6.52 *2.11 0.00 13.15
Pseudophanerophyte 0.75 +0.34 0.00 1.95
Hemiphanerophyte 0.61 +0.37 0.00 3.19
Therophyte 20.66 *4.32 7.29 34.46
Urbanity Urbanophobic 12.42 +6.06 2.53 40.63
Mod. urbanophobic 3892 +3.61 2698 48.78
Urbanoneutral 4092 1592 1870 59.40
Mod. urbanophilic 6.97 *2.15 1.25 13.95
Urbanophilic 0.74 +0.73 0.00 3.41
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Table A 3.3 Redundancy analyses (RDA) biplot scores resulting from RDAs of species/species proxies and
environmental variables. Only biplot scores of significant environmental variables are shown and were

included in the models.

Species Genera Communities Traits
Environmental variable RDA1 RDA2 RDA3 | RDA1 RDA2 RDA3 | RDA1 RDA2 RDA3 | RDA1 RDA2 RDA3
Soil sealing -0.78 -0.11 o0.11| -0.74 0.16 0.11| -0.74 -0.15 -0.01| -0.76 -0.02 -0.19
Population density -0.58 0.06 0.14| -049 0.26 0.01
Annual precipitation -0.55 063 -0.14| -0.26 0.77 0.07| -0.52 0.52 -0.25| -0.36 -0.61 0.02
Mean annual temperature -0.20 -0.78 -0.04| -0.38 -0.63 0.30]| -0.16 -0.72 0.14| -0.35 0.66 -0.02
Industry & traffic -0.38 -0.51 -0.20| -045 -0.32 035| -039 -039 037| -048 043 0.28
High density housing -0.53 -0.01 0.24| -051 0.16 -0.08 -0.53 -0.07 -0.32
Low density housing
Semi natural habitats 0.07 038 -036| 025 037 0.14| 001 051 0.19| 0.16 -033 0.54
Agriculture 0.76 -0.04 0.16| 063 -032 -0.28| 0.76 -0.05 -0.02
Waterbodies -0.03 -044 -020| -0.12 -035 0.32| -0.05 -039 001| -0.14 030 0.32
Artificial substrate -0.09 -0.58 -0.25| -0.20 -047 036 -0.12 -045 030| -0.24 051 042
Clay 062 -038 0.19| 038 -059 -0.18| 0.63 -0.35 0.05| 0.52 044 -0.18
Finesand -0.02 012 -0.01 0.01 -012 -0.02
Sand -042 061 005| -018 068 -0.12| -042 0.52 -0.11
Silt -035 029 006| -022 039 -001| -0.31 017 -0.30
EIL 0.14 -094 -0.11| -0.12 -0.89 0.33| 0.16 -0.82 049]| -007 091 0.16
EIT -040 -0.83 -0.16| -0.52 -0.57 0.52| -031 -0.84 022| -055 0.79 -0.04
EIC 034 -0.80 -0.06| 0.05 -0.87 0.16| 034 -0.73 0.14| 0.16 0.83 0.06
EIM 097 011 -003| 091 -0.26 -0.25| 098 0.13 -0.08| 0.98 0.11 -0.05
EIR 0.08 -0.68 0.28| -0.23 -0.71 -0.05| 0.14 -0.85 -0.43| -0.02 0.66 -0.54
EIN 0.07 -025 0.71| -0.26 -0.38 -0.56| 0.11 -0.51 -0.80| 0.04 0.25 -0.86
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4.1 INTRODUCTION

The urban heat island (UHI) is the ‘most obvious manifestation of urbanisation’ (Landsberg
1981) and remains the most intensively studied climatic feature of cities (Oke 1973, Oke 1988,
Souch and Grimmond 2006). The intensity of the UHI is usually defined as urban-rural air
temperature difference, although the meanings of the terms urban and rural are somewhat
blurred (Stewart and Oke 2009). Published case studies cover a variety of towns, cities and
metropolitan agglomerations on almost all continents, very different spatiotemporal scales
and a broad methodological spectrum. Therefore, the UHI has been measured and analysed
for virtually any period between a single night and a full century, which makes general
conclusions difficult. Frequently used methodological approaches to characterise the UHI are
comprised of measurements from meteorological stations and mobile sensors, numerical and
physical modelling, and aerial and satellite remote sensing. Each of them has advantages and
limitations in terms of coverage, spatial and temporal resolution as well as representativeness
and accuracy. However, these studies suggest that observed air temperature differences
between urban and rural areas as well as within cities depend on numerous factors and
processes (e.g. Lowry 1977, Oke 1988, Matzarakis 2001, Souch and Grimmond 2006, Hart and
Sailor 2009), which are partially indicated in the conceptual overview in Figure 4.1.

Considering climate change and the likely increase of summer heat waves, the UHI, which can
have human health and thermal comfort consequences (Hart and Sailor 2009), will gain further
importance, even in a maritime climate. More detailed knowledge about the impact of
different urban morphologies on mean air temperature would help to adapt urban
infrastructures to climate change-related risks in time. However, the frequent lack of long-
term UHI data severely limits such analysis.

We therefore examined a new proxy dataset, which has potential to indicate the mean annual
to mean decadal heat island intensity for a whole city at a spatial resolution of 1 km in a
consistent manner. This dataset was derived from the mapping of spontaneous occurring plant
species in Hamburg, Germany, which was conducted over a period of 15 yr. The underlying
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idea is that the species composition in a certain area yields information about the respective
climatic and ecological conditions (Ellenberg et al. 1992). Although this approach might be
uncommon in urban climatology, it is appropriate considering the long tradition of phenology
in urban climatology, especially in Hamburg (cf. Franken 1955). Goedde and Wittig (1983)
presented a thermal division of Miinster, Germany, on a vegetational basis which visually
represented typical zoning of urban microclimatic conditions. In this study we not only
interpreted patterns from the floristic dataset visually, but also conducted an empirical
analysis, and further refined the data as a proxy for UHI intensity. To gain more detailed
knowledge of the UHI intensity, its spatiotemporal structure and influencing factors, the UHI
intensity is often related to different descriptors of the urban surface. These are more or less
associated with some of the processes shown in Figure 4.1 (e.g. Oke 1973, Roth et al. 1989,
Voogt and Oke 2003, Bottydn et al. 2005, Nichol et al. 2009, Wong et al. 2009, Yokobori and
Ohta 2009). Another major motivation to relate descriptors of urban structures to air
temperature is to assess and correct for urbanisation effects in long-term climate records for
estimations of global near surface temperature and corresponding trends (Karl et al. 1988,
Gallo et al. 1993, Gallo and Owen 1999, Hansen et al. 2010, Parker 2010). Some of the most
common predictors and selected case studies are listed in Table 4.1.
Our main hypothesis was that the plant species composition, and especially the percentage of
thermophilic plants, vyield relevant information about the long-term air temperature
distribution within an urban agglomeration. Furthermore, we assumed that floristic data are
suitable as a proxy for long-term climatic conditions in a city. We expected UHI predictors to
be significantly correlated with the “floristic heat island’.
The following research questions were posed:
=  What information does the plant species composition contain about the long-term air
temperature distribution within an urban agglomeration?
= Are the proxy data that are derived from plant species composition related to long-
term air temperature measurements, and do the proxy data differ between areas with
different urban morphological structures?
= Are the temperature proxy data derived from plant species composition related to
common UHI predictors, and which predictors show the strongest correlation?
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Figure 4.1 Urban climate is a superposition of various effects and processes; adapted from
Ossenbruegge & Bechtel (2010).
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Table 4.1 Predictors related to the urban heat island (UHI) in the literature and selected case studies.

Predictor class

Notes & examples

Case studies

Thermal imagery

Vegetation

Urban morphology

parameters

Nightlight radiance

Air-and
spaceborne

Normalised
difference
vegetation index
(NDVI)

Building density,
building height, soil
sealing

Eliasson 1992, Gallo et al. 1993, Gallo and Owen 1998,
Gallo and Owen 1999, Roth et al. 1989, Voogt and Oke
2003, Nichol et al. 2009, Wong et al. 2009, Balazs et
al. 2009

Gallo et al. 1993, Gallo and Owen 1998, Gallo and
Owen 1999, Wong et al. 2009

Kuttler et al. 1996, Bottyan et al. 2005, Alcoforado and
Andrade 2006, Hart and Sailor 2009, Wong et al. 2009,
Buttstaedt et al. 2010

Gallo and Owen 1998, Hansen et al. 2010

Population Absolute and Oke 1973, Karl et al. 1988, Hansen et al. 2010
density
Vegetated area Alcoforado and Andrade 2006, Yokobori and Ohta
and waterbodies 2009, Hart and Sailor 2009
Land use data Yokobori and Ohta 2009, Hart and Sailor 2009
Topoclimatic factors e.g. altitude Kuttler et al. 1996, Alcoforado and Andrade 2006

4.2 DATA AND METHODS

4.2.1 CITY OF HAMBURG AND REGIONAL CLIMATE

The Free and Hanseatic City of Hamburg (53.55° N, 10.0° E) is the second largest city in
Germany with about 1.77 million inhabitants within the administrative borders and about 4.3
million in the metropolitan region.

In Hamburg, 4 distinctive natural regions converge: Saale glaciation moraines of Liineburg
Heath and Schleswig-Holstein, eastern Weichsel glaciation moraines and the glacial valley of
the Elbe River — all leading to a high habitat diversity and therefore high plant species richness
(Poppendieck et al. 2002). Water and especially the Elbe River are dominant landscape
elements (water bodies cover 8% of Hamburg’s area) with the characteristic harbour area
(nearly 10% of the city’s area). Furthermore, nature reserves comprise 8% of the area,
preserving habitats like bogs, forests and grassland as well as the unique tidal floodplain
forests. Nevertheless, 60% of the area is covered by settlement and traffic elements
(Statistisches Bundesamt, www. statistik-portal.de/ statistik-portal/de_jb09_jahrtabfl. asp).
Hamburg covers an area of 755 km? and is situated in the northern German lowlands about 80
km from the North Sea and 70 km from the Baltic Sea. Consequently, air temperature
extremes are quite moderate (with a yearly mean of 9.0°C) and mean wind speeds are
comparably high (monthly means between 3.2 and 4.7 m s™*, Rosenhagen et al. 2011). The
urban climate in Hamburg has thus far been less thoroughly investigated than other cities.
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Reidat (1971) was the first to measure the UHI and discover a mean air temperature difference
of 0.6 Kin January and 1.0 K in July between meteorological stations in St. Pauli (a densely built
district close to the inner city) and at the airport in Fuhlsbiittel in the periphery. Schluenzen et
al. (2010) analysed the mean daily heat island of 5 stations in Hamburg and 1 station in
Ahrensburg, a town close to Hamburg, for the decade between 1988 and 1997. They reported
a mean heat island of 1.1 K for St. Pauli and 0.6 K for Fuhlsbiittel compared to a reference
station in Grambek east of Hamburg. The mean heat island and further information about all
stations is given in Table 4.2.

4.2.2 FLORISTIC MAPPING DATA AND ELLENBERG INDICATORS

The flora of Hamburg was mapped for the past 15 yr (1995-2009) by the Botanischer Verein zu
Hamburg e.V. (subsequently called Botanical Association). Presence and absence of all vascular
plant species were recorded on a 1 km? GauR-Kriiger zone 3 grid, a traditional German
transverse Mercator projection. All grid cells were mapped repeatedly and at different times
over the year (data set: Regionalstelle fiir Pflanzenartenschutz, Botanischer Verein zu Hamburg
e.V. 2009). Altogether 1643 plant species (taxa) were registered (Poppendieck et al. 2010).
Based on the total list of the vascular plant species mapped, we generated a modified species
list. We excluded non-established species (to obtain a long-term and relatively persistent
floristic composition) as well as ornamental plants (to analyse only spontaneous vegetation).
Furthermore, all tree and shrub species were excluded to avoid intentionally planted
individuals. Aquatic plants were also eliminated, since they are expected to be more
dependent on water temperature. The corresponding plant species were identified by linking
the species data set with the BIOLFLOR database (Klotz et al. 2002), where the status of plant
species as well as life form characteristics are available. The final species list consists of 902
vascular plant species (authors’ unpubl. data).

Ellenberg indicator values describe the ecological behaviour of plants towards climatic and
soil-related habitat conditions (Ellenberg et al. 1992). Each plant species is assigned an
indicator value between 1 (low value) and 9 (high value). The Ellenberg indicator value for
temperature (EIT) reflects the species’ main geographical distribution and preferred position
along the altitudinal gradient. The indicator values for temperature range from (1) indication
of extremely cold conditions (e.g. plants from alpine altitudes), to (9) indication of extremely
warm conditions (e.g. plants from the Mediterranean area). For the final set of species, mean
EITs (EIT,,) were calculated per cell of the original grid of the Botanical Association. Ellenberg
indicator values are ordinal numbers and therefore do not fulfil the requirements for
calculating arithmetic means. Nevertheless, the use of average indicator values is widely
applied in vegetation ecology (Ellenberg et al. 1992, Ewald 2003, Petfik and Wild 2006,
Godefroid and Koedam 2007). To control for potential errors, the percentages of ‘thermophilic
plants’, which were defined to have an EIT of at least 6 (EIT>5) by Goedde and Wittig (1983),
were generated. Overall, 625 species have distinct EITs and were included in the analysis.

EITs do not directly correspond to determined air temperature values, since they were not
calibrated from measured temperature conditions in ecological experiments. Nevertheless,
EITs are better related to physical environmental conditions than other Ellenberg indicator
values like moisture, light or nitrogen (Ewald 2003). (Ellenberg et al. 1992) also stated that
there are strong correlations between mean indicator values for temperature and measured
air temperatures as well as phenological observations.
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Cities commonly have many established non-native plant species (e.g. PySek 1998). These
species need to be considered when analysing indicator values for temperature in urban areas,
because they often originate from warmer regions. Therefore, they might have higher EITs and
thus contribute to increased mean indicator values per grid cell. We calculated the percentage
of non-native species from the modified species list. The status of plant species (indigenous,
pre-1500 non-native [first occurence in Germany before 1500] and post-1500 non-native [first
occurrence in Germany after 1500] was also available in the database BIOLFLOR (Klotz et al.
2002). Altogether we considered 103 non-native plant species (11.4% of the species set).

The time period of the floristic mapping of 15 yr seems appropriate to reflect the climatic
conditions in Hamburg, because major changes in species composition are not expected. For
instance, Goedde and Wittig (1983) stated that plants integrate climatic conditions over an
extended period. Further, our species list contains only established species. Non-native species
in particular require stable conditions for a considerable period of time for reproduction and
spreading. The species set also includes annual species which might be considered as not very
persistent. Nevertheless, they are usually rapid colonisers, and as cities are characterised by a
high habitat turnover rate, new habitats are always available, so the main annual species
composition per grid cell is not expected to change severely over time.

4.2.3 URBAN MORPHOLOGY DATA - LOCAL CLIMATE ZONES

Local climate zones (LCZs, also thermal climate zones) were introduced by Stewart and Oke
(2009) to overcome the urban—rural dichotomy in urban climatology. They are defined as local-
scale regions of relatively homogeneous air temperature in the canopy layer. A big advantage
compared to rather qualitative older schemes is that Stewart and Oke (2009) provided a
hierarchical typology and a detailed fact sheet containing important quantitative features for
every class. A disadvantage thus far is that although the authors intended to create a generic
scheme without cultural biases, the classes are clearly related to North American urban
morphologies. Therefore, Daneke et al. (2010) derived a more differentiated typology of
European typical morphologies that can be aggregated to the original LCZs. The authors
digitised LCZ data from topographical maps and aerial imagery. In our study, we only used the
original LCZ classes for the urban series.

4.2.4 UHI PREDICTORS

Regarding the selection of UHI predictors, special attention was given to remotely sensed and
urban morphology parameters. The latter describe the urban form and can easily be linked to
land use scenarios (Wong et al. 2009). The selected UHI predictors are the normalised
difference vegetation index (NDVI), surface temperature (T,), 2 parameters describing the
annual cycle in T (yearly amplitude of surface temperature, YAST; and mean annual surface
temperature, MAST), nighttime city light (NIGHTLIGHT), land use (WATERSHARE, the
percentage of the surface area comprising water bodies; SOILSEAL, the percentage of sealed
surface area) and morphological characteristics (BUILDDENS, building density; GFZ, floor space
index), positional and topographical parameters (ALTITUDE, SLOPE, ASPECT) as well as
population density. These predictors are defined and described below, and a selection is
shown in Figure 4.2. All data were reprojected and resampled to the target grid of the
Botanical Association using an area weighted average. Furthermore, water bodies were
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excluded from the remote sensing data (except NIGHTLIGHT), since they are not
predominantly determined by the surface energy balance, and the vegetation inventory was
conducted on land only. Landsat data are freely available (datasets beginning in 1982). Landsat
4 and 5 carry the Thematic Mapper (TM), which has a 10.4 to 12.5 um thermal band in 120 m
spatial resolution. Landsat 7 carries the Enhanced Thematic Mapper (ETM+) with a spatial
resolution of 60 m. We selected 36 scenes, excluding scenes with cloud contamination or scan
line correction error. Hamburg is situated between 2 Landsat orbits (path 195 and 196).
Landsat 5 and Landsat 7 cover the full area of Hamburg in 1 scene (row 23) for both paths. For
Landsat 4, a small corner is missing in the north at path 196. We processed the scenes with the
SAGA (Boehner et al. 2008, www.saga-gis.org) command line interpreter in a Perl script as
follows. The digital numbers were calibrated to radiance, using the calibration constants
delivered in the metadata and the procedure given by Chander et al. (2009). Atmospheric
correction based on the radiative transfer code ‘moderate resolution atmospheric
transmission 4° (MODTRAN 4) was conducted with the National Aeronautics and Space
Administration (NASA) atmospheric correction parameter calculator (Barsi et al. 2003, Barsi et
al. 2005) for 26 of the scenes. To calculate the surface temperature, the emissivity € of the
surface is needed. The moderate-resolution imaging spectroradiometer (MODIS) offers daily
emissivity data at about 1 km resolution from a generalised split window approach for 2 bands
(band 31: 10.78 to 11.28 um, band 32: 11.77 to 12.27 um), which together cover roughly half
of the TM/ETM+ band.

To evaluate the importance of spatial variability in €, we analysed 1 scene (MOD11A2, version
5 from 15 May 2007). Within the Hamburg area, the emissivities for the 2 bands were
0.979+0.004 (SD) and 0.983 +0.003, respectively. Hence, the spatial variability at the
regarded scale is substantially smaller than the 2% given by Roth et al. (1989). Therefore, a
constant emissivity was considered sufficient and according to the MODIS data, €=0.98 was
chosen, which is slightly above typical values in the literature for urban areas (e.g. Landsberg
1981).

The long-term air temperature regime is influenced by dominant patterns of surface
temperatures, rather than individual surface temperatures (seen at random acquisition times).
The annual cycle of the 26 scenes is described by 2 parameters, MAST and YAST (Bechtel
2011). The NDVI was calculated from the Landsat bands 3 (red) and 4 (near infrared, NIR) of
the same scenes. Atmospheric correction was not considered necessary here, since the band
ratio roughly compensates for atmospheric conditions as long as the adjacent bands are
comparably affected. The nighttime city light data (NIGHTLIGHT) represents the mean
nighttime radiance from cloudfree images between March 1996 and February 1997. The
dataset was taken from DMSP/OLS (Defense Meteorological Satellite Program/Operational
Linescan System) data described by Imhoff (1997) and has a spatial resolution of 30 arc
seconds (~900 m). The data are freely provided by the National Oceanic and Atmospheric
Administration (NOAA, www. ngdc. noaa. gov/ dmsp/ download_rad_ cal_ 96-97.html).

For urban morphology parameters, the storeys were given a typical height, according to their
period of construction and function. The subsequent parameters, BUILDDENS and floor space
index, were derived from the buildings’ area and number of storeys. The degree of soil sealing
(SOILSEAL) was taken from the European Environment Agency Fast Track Service Precursor
Sealing (Product 2, ‘European Mosaic’). The percentage of water bodies WATERSHARE) was
taken from the above classification. Furthermore, topographical and spatial parameters were
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included. The topographical parameters (especially altitude, slope and aspect) were calculated
from the NASA Shuttle Radar Topography Mission (SRTM) dataset, which is freely available
worldwide at a resolution of 3 arc seconds (~90 m). Furthermore, 2 parameters describing the
relative position within the city were derived by distance transformation (Borgefors 1986).
DIST2CEN describes the distance to the city centre, and DIST2ZMWB is the distance to the
closest major water body. The population density was calculated from census data at the
district level.
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Figure 4.2 Example predictors for Hamburg, Germany. a) Surface temperature (K), b) normalised
difference vegetation index (NDVI); ¢) NIGHTLIGHT radiance (10° W cm™sr™ ); d) soil sealing; e) water
coverage (%); f) population density (inhabitants ha’l).

4.2.5 STATISTICAL ANALYSIS

We had to assume a certain temporal persistence of the long-term UHI pattern, since station
data, floristic mapping and predictors comprised different time spans. However, the UHI
pattern can be expected to mostly depend on the shape of the urban fabric and therefore the
change in urban morphology within the regarded timeframe can be considered. The urban
land use was compared for the years 1990 and 2000 using digitised map data from Daneke et
al. (2010) regarding the settings around the climate stations, the assumption of persistence of
urban morphology (and consequently negligible alterations of urban climate) was essentially
confirmed by the data. For the whole city, the overall urban structure was mostly persistent in
the relevant decade, although a few areas experienced distinct change. However, this
remaining uncertainty is intrinsic to any study of urban climate, since urban structures tend to
be dynamic and therefore never remain completely constant for a climatologically relevant
time scale. To assess whether the EITs contain substantial information about urban climate
and UHI, we evaluated species distribution patterns and possible influence from other
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ecological factors. All analyses were conducted on the grid of the Botanical Association.
Further, all grid cells with at least 100 species with EITs were taken into account, if not marked
otherwise.

To test the hypothesis that EITs reflect the inner urban long-term air temperature distribution,
we calculated Pearson correlation coefficients as well as non-parametric Spearman rank
correlation coefficients of EITs with the mean decadal UHI intensity data of Schluenzen et al.
(2010) for the Hamburg stations. Therefore, each station was assigned to the respective cell in
the km grid, even if it was not necessary in the centre or representative for the entire cell. For
the control, a weighted average of surrounding cells was computed with comparable results.
Since these data were only available for 5 stations, the sample size was very small. For a
comparison of the urban morphology on the EITs, they were evaluated for different LCZs.
Differences in EIT,, between the LCZ classes were analysed by a 1-way analysis of variance
(ANOVA) followed by a Tukey-HSD post hoc test. On a km scale, subscale variation of land use
is likely; therefore, each cell was assigned to an LCZ, if the dominant land use covered 275% of
the area. This introduced additional variance to the classes but possibly also systematic errors
due to typical class combinations. For instance, many agricultural cells contain built-up areas.
Furthermore, the remaining area might include completely different habitats and therefore
more than 25% of the species in the grid cell. The initial exclusion of tree and shrub species
from the species list resulted in lower species numbers in forest areas than in other habitat
types. To include forest areas as LCZs in the analysis, we only excluded grid cells with less than
80 species with EITs. The LCZ ‘compact housing’ was excluded from the analysis due to limited
sample size.

To derive the floristic UHI pattern from the proxy data, a linear regression of the measured
mean decadal UHI intensity with EIT,, was calculated. The obtained model was used to predict
the heat island for the whole study area from the EIT,,. The predicted values were used in the
subsequent analyses as UHI data. Here, an EIT subscript was added to the UHI pattern from
the floristic proxy data (UHIgy) for discrimination from the measured UHI intensity data. As this
pattern is derived from mean decadal UHI intensity data by a linear regression model, a
decade is roughly the time span it can be associated with, but its representativeness has to be
considered with care. Since the UHIlg values are calibrated with the measured UHI data and
inherit any bias, the pattern is more reliable than the absolute numbers. Further, the
determination of regression parameters is restricted by the sample size, and gradients in the
derived pattern might differ somewhat. However, due to the linearity of the transformation,
all further correlation results apply to UHIgr and EIT,, equally (explained variance is invariant
against linear transformation). To test the predictors, the pattern correlations (Santer et al.
1993) between UHIlgr and common UHI predictors were calculated, which are essentially
product moment correlations of the selected grid cells. For consistency, the same selection of
grid cells (with at least 100 species) was used in this analysis, even where different predictors
were related. Additionally, we conducted a multiple regression with the principal component
of 13 z-transformed predictors to assess the overall explaining capacity and redundancy of the
predictors. Here, a few cells had to be excluded due to missing values of single predictors.
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4.3 RESULTS AND DISCUSSION

4.3.1 INFLUENCE OF FURTHER ECOLOGICAL FACTORS IN THE EIT

The spatial distribution of the EITs in Hamburg (see Figure 4.4 for general pattern) suggests
that the EITs contain substantial information about the urban climate and especially the UHI.
The distribution follows the settlement structures and shows a concentric pattern, with high
EITs in the city centre and decreasing values outwards. Besides climate, species distribution is
certainly influenced by numerous factors, e.g. land use, soil conditions, disturbance, soil
sealing or microclimatic conditions. Furthermore, the distribution pattern of the proportion of
non-native species is similar to that of the EITs. An increase of non-native species towards the
city centre has also been detected in other studies (e.g. McKinney 2002). However, the solitary
EITs of indigenous species also show a distinct UHI pattern, so the increased EITs in the city
centre are not only due to more frequent occurrence of thermophilic non-native species.
Summarising, the EITs predominantly reflect the inner urban mean air temperature
distribution, but to a certain degree also other ecological and climatic factors.

4.3.2 COMPARISON OF THE EIT WITH AVAILABLE MEASUREMENTS

Both the mean EIT of all species (EIT,,) and the percentage of thermophilic plants (EIT>5) were
positively correlated with the mean decadal UHI intensity. The Pearson correlation coefficients
were 0.88 for EIT> 5 and 0.89 for EIT,,. The respective Spearman rank correlation coefficients
were 1.00 and 0.90. Besides the small sample size, all correlations are significant. These strong
relations are clear evidence that the species composition is sensitive to air temperature and
that the EITs contain substantial information about the inner urban air temperature
distribution. However, air temperature cannot exactly be specified as shelter height in this
case, since many of the included plants are found in the ground vegetation layer, and
therefore different air temperatures are integrated by the proxy data.

4.3.3 FLORISTIC THERMAL CHARACTERISTICS OF LCZS

The EIT,, differed significantly between 3 classes of LCZs (p < 0.001; Figure 4.3). The results
support the UHI interpretation of the EIT pattern, because urban classes showed greater mean
EIT,, than agricultural classes. EIT, of the LCZs old core and industry were significantly higher
than EIT,, of the LCZs grassland, agriculture, and regular housing, while forest cells had
significantly lower EIT,,. Although compact housing was excluded from the analysis due to the
small sample size, its mean was between regular housing and old core, which is consistent with
increasing morphological density.
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Figure 4.3 Mean Ellenberg indicator values for temperature (EIT,,) for different local climate zones
(LCZs). Plots show the median (central line), interquartile range (box), whiskers (90th and 10th
percentiles) and outliers (dots). Letters indicate significant differences (ANOVA p < 0.05) between EIT,,
of the local climate zones (Tukey HSD). The LCZ ‘compact housing’ is shown but not included in the
analysis due to limited sample size.

4.3.4 FLORISTIC HEAT ISLAND PATTERN FROM ELLENBERG INDICATOR VALUES

To determine the floristic heat island pattern, a linear regression model was fitted from EIT,,
and long-term mean UHI measurements from station data (Schluenzen et al. 2010), resulting in
the following empirical model: UHIgr=2.15 x EIT,, — 11.56. A comparison of the regression
results from EIT,, and the measured values of the mean decadal UHI for the 5 stations showed
good agreement (Table 4.2). However, the sample size was small and no independent
validation data are available. Hence, the determination of the regression parameters is limited.
Further, the model cannot be directly transferred to other cities since it incorporates a specific
regional climate. The resulting ‘floristic heat island’ pattern from Ellenberg indicator values
(UHIgq) is shown in Figure 4.4. The pattern shows greater UHIgr in the densely built city core
and harbour area with a radial decrease towards the periphery and therefore agrees with
conceptual UHI models. The areas close to the water bodies (e.g. the river island in the west)
and in the wetlands southeast of Hamburg showed greater UHIgy. This might indicate that the
species composition expressed in the EIT is not only sensitive towards mean but also towards
minimum air temperatures. However, the station in Kirchwerder also showed a mean UHI of
0.69 K. This might be a bias of the reference station chosen by Schluenzen et al. (2010) but
could also partly be attributed to the river, which is heat contaminated by a nuclear power
plant nearby. Overall, it can be stated that EITs contain substantial information about the
mean heat island and that their application as a proxy is reasonable. However, the species
distribution is determined by various ecological factors which also influence the EITs.
Consequently, it cannot be determined to which degree a specific value is influenced by
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further factors and the results must be evaluated carefully. If, as in Hamburg, no
measurements with high spatial coverage are available, the EITs at least represent some
picture of the spatial variation of the long-term UHI. This particularly applies to the spatial
pattern but only with some restrictions to the absolute numbers.

Table 4.2 Mean decadal heat island (K) for the available stations (UHI.tion) Versus urban heat island
derived from Ellenberg indicator values by linear regression (UHIgq).

Station UHlgation UHIgr Surroundings/Local climate zone
Fuhlsbttel 0.58 0.48 Airport
Kirchwerder 0.69 0.76 Agriculture and regular housing
Neuwiedenthal 0.82 0.82 Regular housing, partly commercial area
Sankt Pauli 1.15 1.04 Old core, compact housing and water
Wandsbek 0.63 0.77 Regular and compact housing
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Figure 4.4 Mean heat island intensity for Hamburg, Germany, derived from mean Ellenberg indicator
values for temperature (UHIgq). Large circles: values measured by Schluenzen et al. (2010); small circles:
predicted values on a km?’ raster.
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4.3.5 TEST OF UHI PREDICTOR SUITABILITY

Table 4.3 shows the pattern correlation results for chosen predictors. Correlations for SLOPE
are not significant. All other correlations are highly significant (p < 0.001). The remotely sensed
predictors ‘radiance at the top of the atmosphere’ (Lyoa), Ts and NDVI show a strong
correlation with the derived UHIgr (i.e. EIT,,). The pattern correlation for selected scenes is
0.67 for Lyop and T (scene no. 2: Landsat Scene Identifier LE71950232001131EDCO00) and —
0.76 for NDVI (scene no. 1: Landsat Scene Identifier LE71950231999254 EDCOO). Since the
results of EIT>5 are comparable, errors due to the averaging of ordinal numbers can be
excluded. The better performance of NDVI is in accordance with Gallo et al. (1993) and Gallo
and Owen (1999), although their results become more differentiated when looking at a
monthly time scale. The results of the selected scenes are not representative and are expected
to change with season and atmospheric conditions. Therefore, the pattern correlations of
different scenes are compared in the following section. The regression results for the selected
scenes are shown in Figure 4.5 (a, b).

Table 4.3 Pattern correlation of different predictors (by category) with the urban heat island derived
from Ellenberg indicator values by linear regression (UHIgr) and percentage of thermophilic plants with
Ellenberg indicators >5 (EIT.s). NDVI: normalised difference vegetation index; Lyoa: radiance at the top of
the atmosphere; TIR: thermal infrared; DMSP/OLS: Defense Meteorological Satellite
Program/Operational Linescan System; SRTM: NASA Shuttle Radar Topography Mission data. All
correlations are highly significant, except SLOPE (not significant). Square brackets: landscape scene
identifier of respective scene.

Predictor UHlg EIT,s5 Description

Remote Sensing

NDVI —-0.761 -0.743 NDVI [scene LE71950231999254EDCO00]

Lroa 0.673 0.675 TIR radiance [LE71950232001131EDCO00]

Ts 0.675  0.677 Surface temp. [LE71950232001131EDC00]

YAST 0.647 0.648 Yearly amplitude of surface temperature

MAST 0.556  0.565 Mean annual surface temperature

Lroa 0.644 0.645 TIR radiance [LT51950232007124MOR00]

T,, € =0.98 0.645 0.646 Surface temperature with constant emissivity/epsilon [same scene]
T, MOD € 0.652 0.653 Same as above description, with MODIS emissivity [MOD11A2 v.5]
NIGHTLIGHT 0.504 0.490 Nightime city light (DMSP/OLS)

Urban morphology, position & population

WATERSHARE 0.393  0.358 % of waterbodies

SOILSEAL 0.540 0.546 Soil sealing

BUILDDENS 0.509 0.520 Building density

GFZ 0.410 0.412 Floor space index

DIST2CEN -0.597 -0.579 Distance to center

DIST2MWB?® -0.653 —0.648 Distance to major water bodies
ALTITUDE -0.361 -0.358 Above sea level from SRTM
SLOPE -0.057 -0.065

ASPECT -0.101 -0.089

POPDENS® 0.257 0.263 Population density

% one or two cells excluded
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To analyse the influence of differential emissivity, the surface temperature for a single scene
(no. 3: Landsat Scene Identifier LT51950232007124MORO00) was calculated with constant
emissivity and with spatially differentiated emissivity from a MOD11A2 dataset from the same
date. The surface temperatures with differential emissivity show only a negligible
improvement in explanation of UHIlg;, which does not justify the additional effort. The
parameters for the yearly cycle are also well correlated with UHIgy, but less than the best
single scene. Thereby, the amplitude of the yearly cycle performs better than the mean surface
temperature. Hence, the multitemporal approach seems suitable to derive material properties
of surfaces (the correlation R between YAST and SOILSEAL is 0.81). The smaller correlation of
MAST compared to T{"? can be related to single scenes with different patterns, which are
assumed to be contaminated by cirrus uncinus clouds. Figure 4.6 shows the pattern correlation
of Lyoa Of all scenes with the UHIg; pattern, and clearly indicates that some scenes perform
much worse than the average. This is not the case for NDVI where all scenes (except a single
scene, which has obvious cloud contamination and should have been excluded) have an
absolute R of more than 0.64. Two main reasons may account for this. Firstly, thin cirrus clouds
have a smaller impact on visible transmission than on thermal emission, and secondly, the
band ratio in the NDVI partly compensates for differential atmospheric conditions as stated
above. Surprisingly, NDVI pattern correlations do not show strong seasonal variation, but this
changes if a higher resolution and all Landsat 7 scenes are selected. Furthermore, all NDVI
patterns show strong correlations with T, o2 (+) of about -0.8. In contrast, many of them agree
less with the Lyoa patterns of the same scene at the time of acquisition. This again is especially
the case for the presumably cloud-contaminated scenes. To summarise, NDVI was observed to
be more robust and therefore more suitable as a long-term UHI predictor, while for surface
temperature, scenes with very clear and homogenous atmospheric conditions are especially
suitable. The urban morphology parameters show a varying picture, but SOILSEAL and
BUILDDENS show pattern correlations of more than 0.5. The floor-space index shows a
correlation of 0.41, and WATERSHARE has a correlation R of 0.39.

Regarding the location in the city, UHIgy is negatively correlated with both patterns, DIST2CEN
and DIST2MWSB. In principle, this is not surprising considering the partially radial shape of the
city. However, the higher correlation with DIST2MWSB also includes the higher EITs at the river
that were discussed above. The altitude shows a negative correlation of only -0.36. This is as
expected regarding the rather flat topography. SLOPE and ASPECT show very weak
correlations, which partly excludes errors from differential solar radiation. NIGHTLIGHT turned
out to be too smooth to show inner urban differences on a kilometre scale while it is very well
correlated with DIST2CEN (R=-0.79). Howeuver, it still performed almost as well as building
density and is certainly sufficient to define a threshold for rural areas. Oppositely, population
density was too specific on a kilometre scale, since many built-up areas (like the harbour or
commercial centres) have no or only few inhabitants. Since the predictors are highly
redundant, the linear partial correlation coefficients between pairs of predictor variables
controlling for EIT,, were checked. As expected, partial correlations between T, Lyoa as well as
YAST and MAST are very high (e.g. T"™? and YAST/MAST each 0.86). The morphology
parameters SOILSEAL and BUILDDENS also show a high partial correlation (0.85). Also not
surprisingly, NIGHTLIGHT and DIST2CEN show a strong negative partial correlation of -0.71. On
the other hand, DIST2MWB, WATERSHARE and ALTITUDE are quite independent.
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Figure 4.5 Modelled urban heat island (UHIl,,.q, X-axis) of different linear regression models against
values from floristic proxy data (UHIgy, y- axis) in Kelvin. Predictors used: a) Surface temperature Ts(n°‘2),
b) normalised difference vegetation index NDVI(no.1), c) first 3 principal components of 13 predictors
PCA1-3.
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Figure 4.6 Pattern correlations of remote sensing parameters for different scenes in the order of their
acquisition time (day of year, DOY). (x), (s): Correlation of the floristic heat island pattern UHIlgy (urban
heat island derived from Ellenberg indicator values) with thermal radiance (Lyga) and normalised
difference vegetation index (NDVI), respectively, of a scene acquired on that day. (+) Correlation of the
NDVI of this scene with the surface temperature of scene no. 2 (Ts("°'2)). (e) Correlation between Lygs and
the NDVI of the same scene.

In the multiple regression of the principal components of 13 predictors, the first 3 principal
components explained 68.0% of the variance in the UHIg; (cf. Figure 4.5c); the first 5
components explained 68.7%, and all chosen predictors together 70.1%. This agreement
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underpins that there is a relevant relation between the predictors und the “floristic’ heat island
as well as the redundancy in the dataset.

4.3.6 DISCUSSION OF THE PREDICTOR SUITABILITY

The overall high coherence with the ‘floristic’ heat island can be seen as a further proof of
relevant information in the proxy data, although it cannot exactly be attributed to air
temperature at a certain height. Goedde and Wittig (1983) stated that ‘congenial organisms
such as plants may be better indicators [for human well-being] than non-animated mercury or
alcohol columns [...] — although they do not give exact figures’. This indicates the important
fact that air temperature alone is insufficient to assess biometeorological impacts. Therefore,
all meteorological parameters influencing the human energy balance need to be considered,
most importantly the mean radiant temperature (Mayer et al. 2008).

On the other hand, the comparison of UHI predictors can also be seen as a contribution to an
empirical analysis of the underlying factors of the UHI, or as Hart and Sailor (2009) put it,
whilst ‘the general causes of the urban heat island are well known, it is not well understood
how much influence different urbanisation characteristics (e.g. land-use, road density,
vegetation coverage) have on the intensity of the UHI’. Deeper understanding of this influence
would also contribute to improve urban surface parameters in order to develop ‘more
fundamental surface descriptors’ (Voogt and Oke 2003), which should be more comprehensive
and physically linked to the relevant surface-atmosphere exchange processes. Likewise, such
an understanding of the underlying factors would address the question that was posed by
Martilli (2007): ‘how much complexity is necessary [...] to have a satisfactory representation of
urban areas (or, in other words, which are the most important urban parameters that define a
city)’. However, for the empirical development of such fundamental surface descriptors, the
given database is not sufficient. Even if the floristic data were shown to contain relevant
information about the innerurban air temperature distribution, it is ‘important to keep in mind
that gradients of indicator values are still floristic gradients, even if the original floristic
information is transformed’ (Schmidtlein 2005). Therefore, the analysis should be
complemented with ‘real’ measured data, which certainly are more credible in a quantitative
sense.

4.4 CONCLUSIONS AND OUTLOOK

In this paper we introduced Ellenberg indicator values derived from inner urban distributions
of spontaneously occurring vascular plant species as a UHI proxy. We tested their suitability as
a proxy for long-term spatial inner urban air temperature distributions with very good results.
This is in agreement with conceptual heat island models as well as the available climatic
measurements and shows a pattern correlation of 0.89 with measured decadal mean UHI,
although only 5 stations are available. Furthermore, the LCZs within the city show significantly
different EITs. Therefore, EITs of a comprehensive floristic mapping can be used to generate a
long-term mean heat island pattern, UHIlgy;, from floristic data. Although such a pattern is
certainly influenced by additional factors, it can give a valuable estimation about the spatial
distribution of heat-related risks within an urban area. However, the method will probably not
become operational in urban climatology because of the large effort of the floristic mapping as
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well as the limited representativeness, which should be examined further. Nevertheless, from
our point of view the pattern given in this study represents the best available inner-urban
differentiation of the long-term UHI for Hamburg.

Furthermore, we compared the floristic heat island pattern with a large number of common
predictors (mostly remote sensing and urban morphology data) in UHI studies. The remotely
sensed parameters explained more of the spatial variation in UHIgr than the urban
morphological parameters, with an explained variance of up to 58% for a single parameter.
NDVI was very robust, while for surface temperature, scenes with very clear and homogenous
atmospheric conditions were particularly strongly correlated with the UHIg pattern. Regarding
the urban morphology, BUILDDENS and SOILSEAL had relevant correlations. Moreover, the
position within the city (i.e. the distance to major water bodies) played a notable role, which
might reflect the sensitivity of the plant species composition not only to mean but also to
minimum air temperatures. These high correlations further prove that the proxy dataset
comprises spatial information about the long-term heat island.

On the other hand, several predictors showed a relevant pattern correlation with the ‘floristic’
mean UHI. Therefore, the predictors can also be considered applicable for (at least qualitative)
assessment of inner-urban UHI and exposure to heat-related risks. To further evaluate their
capacity to deliver quantitative UHI information, the consistent comparison of predictors
should be continued with measured data at different scales. Therefore, a mobile measurement
campaign with high spatial coverage and an integrated database of available measurements
are being planned. The yearly cycle in surface temperature could potentially be used to
determine specific material properties of the surface, such as heat conductivity and heat
storage, and to classify LCZs, which we will examine further.
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5 PLANT SPECIES DIVERSITY IN SELECT
HABITATS ALONG AN URBANISATION
GRADIENT

5.1 INTRODUCTION

Urban areas are subject to frequent anthropogenic disturbance and consequently
characterised by highly dynamic habitats. This human impact varies along urbanisation
gradients. Concomitantly, temperature, soil sealing, air and soil pollution, soil compaction and
alkalinity, CO,-concentration, and population density increase, whereas water availability
decreases with urbanisation intensity (McKinney 2002, Pataki et al. 2007, George et al. 2007).
Accordingly, the proportion of semi-natural and natural habitats decreases. Vegetation
patterns correspond to these changes in environmental conditions: plant species and
functional traits compositions change with increasing urbanisation (Williams et al. 2005,
Pellissier et al. 2008, Vallet et al. 2008, Brunzel et al. 2009).

Along urbanisation gradients, species richness is often highest in moderately urbanised
(suburban) areas (Gilbert 1989; Kent et al. 1999; Zerbe et al. 2003). These areas are very
heterogeneous due to a mixture of residential areas in different stages of development, as well
as agricultural and natural remnant habitats. The number and percentage of non-native
species often decreases with distance to the city centre (e.g. Celesti-Grapow and Blasi 1998;
Brunzel et al. 2009).

To investigate species richness and species composition on a smaller scale than the meso-scale
used in the previous analyses of this thesis (Chapter 2 and 3), vegetation composition in two
habitat types, riparian (natural) and wasteland habitats (anthropogenic), along an urbanisation
gradient was analysed. The aim of the study was to test whether natural and anthropogenic
gradients differ in species richness and composition (also focussing on non-native species) and
if emerging patterns were related to the urbanisation gradient.

Hypotheses were:
= Species richness of wasteland sites increases with urbanisation, whereas species
richness of riparian habitats decreases with urbanisation.

83



CHAPTER 5

= Number and proportion of non-native species decrease along the gradient towards the
less urbanised areas.

= More non-natives occur at wasteland sites than at riparian sites.

= Soil parameters differ between the habitat types and change gradually along the
urbanisation gradient.

5.2 METHODS

Plant species composition was assessed along two urbanisation gradients of riparian (natural)
and wasteland habitats (anthropogenic) from the city centre of Hamburg towards the north
eastern rural areas (Ahrensburg) in 2010 (Figure 5.1). The first gradient ran along the river
Wandse, a small urban river that is rather natural and only canalised close to the city centre.
Therefore, it was chosen to represent the natural gradient. Parallel to the first gradient,
wasteland sites were selected to represent a gradient under strong anthropogenic influence.
During the selection of the study sites, some problems were encountered: Management
regime and recreational use along the river Wandse differed in manner and intensity between
sites. Hence, exact similar conditions for sites could not be considered. The selection of
suitable wasteland sites was conducted visually through aerial images and then confirmed by
visiting the site. Here, the main problem was the scarcity of suitable sites along the gradient
(especially in less urbanised areas), hence, e.g. duration of abandonment could not be
considered as primary criterion of choice.

Study sites o -

. @ Ripariansites [___| Water bodies

/\ Wasteland sites [__| City border

.Mean annual temperature [°C]
)82 86 [9.0 M9 N\ VAN A
183 [ 187 9.1 MMse.s
[)84 188 IMc.2 M6
[]85 [7]89 MNo.3 MMe.7 N

r N

Figure 5.1 Location of study sites in Hamburg: Nine riparian (circles) and nine wasteland sites (triangles)
were studied. The background shows differences in mean annual temperature [°C] across the study area
(data: DWD 2010).
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Ten vegetation relevés of vascular plant species were conducted recording plant species cover
(scale: Londo G. 1976) at each of nine sites along both gradients. At the riparian sites, the
relevés were taken close to the river and along a 110 m river stretch (each 10 m apart from the
next relevé). At the wasteland sites ten locations were randomly chosen using the GIS
application ‘Hawths tool’ (Beyer 2004) and then relocated in the field.

Furthermore, soil samples were taken around each relevé by combining three samples into
one mixed sample per relevé. Due to the rocky and compacted soil at the wasteland sites,
samples were restricted to 0-15 cm. Soil samples were analysed for pH and conductivity, the
analysis of N, P, K and C,, was planned initially to further characterise the respective habitats,
but could not be conducted within this thesis.

STATISTICAL ANALYSES

Differences in plant species richness and soil characteristics were related to urbanisation
intensity. Furthermore, differences in these variables between the two habitat types were
tested: With linear and nonlinear regression analyses linear, exponential and hump-shaped
models were tested to find out whether species numbers of river and wasteland sites were
related to distance to the city centre. Further regression analyses investigated the relation of
soil pH and soil conductivity to distance to the city centre. With analyses of variance
differences in species number, soil pH and soil conductivity were tested between the two
habitat types. Statistical analyses were calculated with SPSS (IBM SPSS Statistics, Version 21,
2012) and PAST (Hammer et al. 2001).

5.3 RESULTS

Total plant species number, soil pH and soil conductivity were not significantly correlated with
distance to the city centre at either riparian or wasteland sites in all models (Figure 5.2).
Species number did not differ significantly between habitat types (F=1.4 ns.; Figure 5.3a). Soil
pH was significantly higher at wasteland sites (F=365.8***; Figure 5.3b), while conductivity was
significantly higher at riparian sites (F=24.48***; Figure 5.3c).
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Figure 5.2 Scatter plots of a) total plant species number, b) soil pH and c) soil conductivity [uS/cm] in
relation to distance to the city centre [km] for riparian (circles) and wasteland sites (diamonds); n=9.
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Figure 5.3 Differences in a) total plant species number, b) soil ph and c) soil conductivity between sites
along riparian and wasteland gradients. Mean and standard deviation are given, n=9.
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5.4 DISCUSSION AND OUTLOOK

Plant species number did not differ between habitat types and was not correlated with
distance to the city centre, which is contradictory to other studies (Zerbe et al. 2003, Ranta
and Viljanen 2011). Hence, the hypothesis that species richness of wasteland sites increases
with urbanisation and that of riparian sites decreases with urbanisation could not be
confirmed. Species richness was generally very variable, which could be attributed to the
chosen sites that might have not been very comparable regarding age of wasteland sites which
influences species composition. The riparian sites were under a stronger human impact than
expected beforehand. Since nature conservation organisations and authorities apply
restoration measures (e.g. remove non-native species) and sites in more rural areas are
influenced by agriculture, the river and its riparian vegetation was altered. The initial aim to
investigate the distribution of non-native species along the gradient could therefore not be
corresponded to.

Soil pH was higher and soil conductivity lower at wasteland sites. Contradictory to Trammell et
al. (2011), who found decreasing soil pH and conductivity with increasing distance from
highways, both variables were not correlated with distance to the city centre. The higher pH
can be attributed to anthropogenic impact at wasteland sites, since these have been
previously build-up and alkaline building materials mixed with the soil. Soil pH was rather
constant along the gradient for wasteland sites, indicating that anthropogenic influence acts
similar in urbanised and less urbanised areas. At the river sites, soil pH was more variable with
an outlier at a moderately urbanised site. The higher soil conductivity at riparian sites can be
explained by drainage processes. The river Wandse has a catchment area of 88 km?. Large
areas of the city drain into the river. Here, transported nutrients and minerals can accumulate
in the riparian sites and lead to high soil conductivity.

The hypotheses concerning non-native species richness could neither be confirmed nor
rejected, because altogether too little non-native species were found to conduct a
comprehensive analysis. This may be also due to management practise along the river Wandse
including the removal of non-native species.

For further analysis it would be desirable to include more sites in the analysis and extend the
gradient further to the rural areas. Also, more similar sites would be better for a coherent
comparison. Besides species number, diversity indices could be calculated and compared along
and between gradients to analyse differences between the sites further. Ordination methods
could be applied to look deeper into plant species composition changes along the gradient (see
Pellissier et al. 2008). Often the analysis of functional traits can reveal additional information
that cannot be drawn from species composition only (Williams et al. 2005, Lososova et al.
2006, Thompson and McCarthy 2008).
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6.1 INTRODUCTION

Climate change and non-native species affect native biodiversity and biotic interactions
(Brooker 2006, Walther et al. 2009, Schweiger et al. 2010). Hence, native species have to cope
with both changing environmental conditions and invading species. Therefore, the future
effects of interactions on species — both native and introduced — are manifold and difficult to
predict (Blois et al. 2013). Invasive non-native species might benefit from climate change and
their establishment could be facilitated (Dukes and Mooney 1999). But during invasion of a
new range non-native species are exposed to new biotic interactions with enemies,
competitors and mutualists. These interactions with native species will take place under
different environmental conditions than in the invader’s native range (Mitchell et al. 2006).
Climate change and non-native species in combination will lead to the development of novel
communities. Here, generalist species are likely to profit from new interactions, while
specialists are more likely to be negatively affected (Schweiger et al. 2010, Urban et al. 2012).
Climate change will influence phenology and can cause temporal mismatches between species,
e.g. resulting in interrupted plant-insect interactions (Parmesan 2006, Schweiger et al. 2010,
Delucia et al. 2012). However, non-native species could also compensate for those lost native
interactions (Schweiger et al. 2010).

In recent decades, several studies have analysed why invasive species become so successful in
their introduced range. Several hypotheses have been formulated, e.g. the enemy release
hypothesis (Keane and Crawley 2002), the evolution of increased competitive ability
hypothesis (EICA) (Blossey and Noetzold 1995, see also Felker-Quinn et al. 2013), and the novel
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weapon hypothesis (Callaway and Ridenour 2004). For relationships between these
hypotheses see Bossdorf (2013). Successful invaders can have higher growth rates and size
than non-invasive or native species (Garcia-Serrano et al. 2005, van Kleunen et al. 2010, see
also Hamilton et al. 2005 and Hawkes 2007), greater phenotypic plasticity (Daehler 2003), less
pathogen damage (Hawkes 2007), higher specific leaf area (Lake and Leishman 2004), and
increased potential for rapid microevolutionary changes and corresponding adaptation to
changing conditions (Maron et al. 2004, Schweiger et al. 2010, Lachmuth et al. 2011). See
PysSek and Richardson (2007) and Pysek et al. (2009) for comprehensive reviews on traits of
invading species. Especially the ability of rapid evolution could also lead to successful
adaptation to climate change (Maron et al. 2007).

When non-native species become introduced into novel ranges and communities they are
under different competition regimes and encounter new enemies. Generally, invasive species
are seen as superior competitors to native species (Vila and Weiner 2004, Verlinden et al.
2013, see Daehler 2003 for constraints). However, competition from native plants can also
reduce the invader’s establishment and performance (Scherber et al. 2003, Levine et al. 2004).
Regarding climate change, invasive species from warmer and drier regions might be superior
to native species. Potential native competitors that are not able to adapt to higher
temperature and lower water availability or are not able to adapt as fast as the non-native
species might be more negatively affected by changing climatic conditions (Walther et al.
2009, Schweiger et al. 2010). Regarding interactions with new enemies, herbivory usually
affects invader’s establishment and performance negatively (Levine et al. 2004), but invaders
are usually protected better against generalist than specialist herbivores in their invaded range
(van der Meijden 1996, Joshi and Vrieling 2005).

Experimental studies on biotic interactions between native and non-native species under
future elevated temperature are generally scarce. It has been shown that in competition with
a native species photosynthetic rates can be increased in invasive species (Verlinden et al.
2013) and competitive ability is generally higher (He et al. 2012). In a study by Lu et al. (2013)
warming increased insect herbivore and hence decreased invasive plant growth. Warming in
combination with elevated CO, could increase foliage damage in soybean by herbivory
(Niziolek et al. 2013). Overall, it has been proved useful to incorporate interactions into models
for predictions of future biodiversity (Urban et al. 2012).

We chose Senecio inaequidens DC. as a study species, because it has been spreading rapidly
and invading ruderal sites in Germany during the past decades (Asmus 1988, Heger and
Boehmer 2005). The species is able to adapt rapidly to different environmental conditions
(Monty and Mahy 2009, Lachmuth et al. 2011) and exhibits a high invasive ability in disturbed
habitats (Lopez-Garcia and Maillet 2005). Its invasion success could be related to its higher
growth rate compared to native Senecio species as well as to its early flowering (Garcia-
Serrano et al. 2004, Garcia-Serrano et al. 2005). Furthermore, the species is of growing interest
regarding agriculture and health, since it contains pyrrolizidine alkaloids (PA) for herbivore
defence. These are toxic for animals and even humans (McLean 1970). The plants usually
contain a certain content of PA as constitutive protection against herbivores. Herbivore attack
may hence induce plant defence mechanisms and the expression of more PA. Constitutive
defence can be of advantage when the risk of being attacked by generalist herbivores is high,
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while a positive induction of PA for defence is advantageous when herbivore pressure is low or
unpredictable (van Dam et al. 1993). As herbivores, molluscs and aphids can have a significant
effect on plant fitness of S. inaequidens (Scherber et al. 2003, Bossdorf et al. 2008). The native
Senecio jacobaea L., which also contains toxic PAs, already invaded agricultural land in
Germany. In S. inaequidens’ native South African range, poisoning of cattle could be traced
back to the species (Dimande 2007). Therefore, the species is likely to become a threat to
livestock also in Europe.

Different ecotypes (from different regions in Europe) of S. inaequidens have been shown to
differ in morphological parameters, herbivore response and genetic variation (Scherber et al.
2003, Monty and Mahy 2009, Lachmuth et al. 2010, Monty and Mahy 2010). Several studies
compared native and invading populations of S. inaequidens (e.g. Bossdorf et al. 2008, Cano et
al. 2009, Lachmuth et al. 2010, Thebault et al. 2012) or the non-native with native species of
the same genus (Garcia-Serrano et al. 2005, Vanparys et al. 2011). Monty and Mahy (2009)
found decreasing height and biomass along an altitudinal gradient in France, which indicates
an influence of temperature on S. inaequidens’ performance.

To our knowledge, it has not been investigated yet, whether differentiation between ecotypes
is also recognisable on smaller regional scales. Urban areas seem suitable to study local
adaptation within a smaller region, because environmental conditions differ strongly along
urbanisation gradients (McDonnell and Pickett 1990, Carreiro and Tripler 2005). Temperature
and CO,-concentration decrease with decreasing urbanisation intensity, while water
availability increases (McKinney 2002, George et al. 2007, Pataki et al. 2007). Schluenzen et al.
(2010) detected a mean urban heat island effect of 1.1 K difference between urban and rural
areas in Hamburg. We hypothesise, that S. inaequidens adapts quickly to local environmental
conditions also on a rather small scale of urbanisation in Hamburg and assume the species has
adapted to a warmer, drier and more polluted environment in urbanised areas. Furthermore,
general animal species richness is decreasing with increasing urbanisation intensity, also in
Hamburg (Denys and Schmidt 1998, McKinney 2002, Weller and Ganzhorn 2004). Hence we
assume an adaptation of S. inaequidens to lower herbivore pressure in areas of high
urbanisation intensity.

The response of S. inaequidens to native species and communities has been analysed in some
studies (Scherber et al. 2003, Bossdorf et al. 2008, Cano et al. 2009), but to our knowledge so
far only very few studies included a changing climate by experimentally elevating temperature
(e.g. Verlinden and Nijs 2010, Verlinden et al. 2013). Consequently, we compared populations
from different origins along an urbanisation gradient from the city centre to the surroundings
of Hamburg to test if differences between ecotypes can also be detected on a small scale. To
investigate how S. inaequidens responds to interactions with native species under future
climate change, we analysed germination, competition and herbivory of six populations along
an urbanisation gradient.
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We asked the following questions:

= How does growth and productivity of S. inaequidens respond to interactions with
native species under elevated temperature?

= Does the response to competition with a native species change with elevated
temperature?

= Are there gradual tendencies in growth and production along an urbanisation
gradient?

= Does the response to herbivory of a native species change with elevated temperature?

= Does the response to herbivory differ along an urbanisation gradient?

6.2 METHODS

6.2.1 STUDY SPECIES

The invasive species Senecio inaequidens DC. (South African ragwort, narrow-leafed ragwort;
native to South Africa) of the Asteraceae family first appeared in Europe at the end of the 19"
century and was accidentally introduced by wool import. The perennial dwarf shrub prefers
dry and warm sites and is favoured by disturbance (e.g. Asmus 1988). It has a remarkable long
flowering period, which lasts from May to December (Boehmer 2001). The species is mainly
dispersed by wind and is able to disperse seeds over long distances; dispersal can be enhanced
by vehicles (Ernst 1998, Monty et al. 2008). S. inaequidens is able to adapt rapidly to local
conditions, e.g. competitive regimes (Lachmuth et al. 2011).

In Northern Germany, S. inaequidens first occurred in Bremen (1896) and Hanover (1889,
Kuhbier 1977). During the past decades it spread rapidly, preferably along railway tracks,
motorways, and other main roads (Griese 1996, Ernst 1998). Recently, Lachmuth et al. (2010)
found evidence that the Northern German populations were not descendants from the
Bremen population but from the more rapidly spreading population from an introduction
centre in Verviers (Belgium). This finding also explains the previously called long “lag-phase”
between introduction and spread in Northern Germany that was often related to
demographic, evolutionary and climatic change (Lachmuth et al. 2010).

S. inaequidens’ first occurrence in Hamburg in 1988 can be located precisely and the dispersal
process over the past decades can be retraced by a floristic mapping of Hamburg. From the
central port area (Jehlik 1989) the species spread more or less concentrically to the rural
surroundings (data set: Regionalstelle fur Pflanzenartenschutz, Botanischer Verein zu Hamburg
e.V. 2009).

6.2.2 STUDY POPULATIONS ALONG AN URBANISATION GRADIENT

We chose six study populations along an urbanisation gradient from Hamburg city centre and
port area to Ahrensburg in Schleswig-Holstein (Figure 6.1). The location along the gradient is
hereafter referred to as urbanisation intensity. The populations grew either along a main road
or at a parallel railroad track. Since S. inaequidens first occurred in the port area (Jehlik 1989)
and subsequently spread to the surroundings, this is a likely dispersal path. We assume that
populations closer to the city centre had more time to adapt to local conditions. Populations
were chosen due to different mean annual temperatures over the reference period 1971-2000
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(data: German Meteorological Service (DWD), as a digital map with spatially interpolated
values; 2010) representing an urbanisation gradient. Furthermore, we tried to find populations
with similar habitat conditions at ruderal sites. The temperature gradient was 1 K and ranged
from 9.7°C in the highly urbanised area to 8.7°C in the less urbanised surrounding of Hamburg.
For further characterisation of the study populations see Table 6.1. We randomly collected
seeds from the chosen populations in November 2010. Seeds were dried and kept in the dark
at room temperature until the experiments started. Mean seed mass per population was
determined.

% Study populations 4
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Figure 6.1 Location of the six study populations within Hamburg and its surroundings. Differences in
mean annual temperature [°C] are indicated (data: German Meteorological Service (DWD) 2010;
reference period 1971-2000).
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BIOTIC INTERACTIONS OF SENECIO INAEQUIDENS DC.

6.2.3 EXPERIMENTS

GERMINATION EXPERIMENT

To assess how temperature influences the germination percentages of S. inaequidens, seeds
from each of the six populations from areas of different urbanisation intensity (50 seeds each)
were germinated in Petri dishes at two temperature regimes (n=5): 15°C/10°C and 20°C/15°C
(day and night, respectively) in climate cabinets (Rumed). The ambient temperature was
chosen on the basis of temperature data of the DWD (German Meteorological Service (DWD)
2010, as a digital map with spatially interpolated values; reference period 1971-2000) by
averaging monthly mean temperatures over the vegetation period and we added 5°C for the
elevated temperature treatment. Altogether, 60 Petri dishes were used. For two weeks, the
number of germinated seeds was determined daily and germinated seeds were removed. Non-
germinated seeds were tested for viability. The percentages of germinated seeds from the
number of viable seeds were calculated.

COMPETITION EXPERIMENT

To assess how temperature influences the performance of S. inaequidens in biotic interaction
with a native plant species, a competition experiment of S. inaequidens seedlings under
different treatments was conducted. We set up a three-factorial experiment with the factors
urbanisation intensity (origin of the population on the urbanisation gradient), temperature
(15°C/10°C and 20°C/15°C), and competition density (interspecific competition with Achillea
millefolium L. using none, one and three competitor individuals). According to Asmus (1988), S.
inaequidens is often displaced by A. millefolium amongst other species and has similar life-
history traits.

On February 28" 2011, seeds of all six populations were sown on trays containing potting soil
(Floragard® Floradur B fein) and put in a climate chamber (Weiss Technik) at 15°C/10°C
(day/night-) temperature for a month. On March 31", 30 random seedlings per population
were planted in flower pots of 12 cm diameter and repotted again on May 10" in pots of 14
cm diameter. The substrate contained 50 % sand (Quarzsand Korngréfe 0.1-0.3 mm; Hakibau
GmbH) and 50 % potting soil (Floragard® Floradur B fein). We set up two competition
treatments using different densities of A. millefolium planting one (low density) or three
seedlings (high density) next to one seedling of S. inaequidens and a control with one S.
inaequidens seedling without competition; hereafter called competition densities. All groups
were replicated 10 times, adding up to 30 pots per population and 180 pots in total. The plants
were grown for three more months until June 2011. The pots were distributed randomly and
rotated several times per week during the experiment due to differences in light intensity in
the chamber. The plants were watered on a regular basis and fertilised twice (in March and in
May).

On 24™ of June 2011 the same experiment was set up again with an elevated temperature of
20°C/15°C (day/night) representing an elevated temperature due to climate change. The
experiment was also conducted for four months altogether and was completed at the end of
October 2011. Due to limited availability of climate chambers we had to conduct both
temperature treatments separately.

As response variables for growth we measured height of stem [cm], number of branches per
individual plant, lengths and widths of longest leaf. Reproduction variables were number of
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flower heads per plant and number of flowering plants per treatment. Above- and
belowground biomass were also determined. Aboveground biomass was dried for 48 hours at
60°C and dry weight [g] was measured. Belowground biomass was rinsed carefully to wash of
the substrate and dried for 48 hours at 60 °C. Since preparing the root samples turned out to
be extremely time-consuming, we only used 5 replicates per treatment. Belowground biomass
of the two species could not be separated by hand, hence, we analysed the combined samples
using Near-infrared-spectroscopy (NIRS) to distinguish the roots of both species following
Roumet et al. (2006). Dried root samples were ground to 1 mm particle size.

Samples were scanned with a FT-NIR Spectroscope Vector 22/N (Bruker GmbH, Germany) in
duplicate over the range of 1046 to 2715 nm. 50 samples with defined ratios of combined root
material of S. inaequidens and A. millefolium ranging from 1.65/98.35 % to 98.45/1.55 % were
used for calibration. We used the ‘test-set-validation’ method to develop several models,
where the calibration data set was divided into two sets, a calibration and a validation set, by
the computer software Quant 2 (Bruker Optics). Four different runs of validation for each
species were conducted with different spectra for calibration and validation to find the best
model. For more detailed descriptions of developing NIRS-models see Stolter et al. (2006). For
each species the model with lowest mean variances of the differences between predicted and
actual values were chosen to calculate the root proportions of S. inaequidens and A.
millefolium (R%,=98.25 % and R?,,,=97.96 %). The final models were based on calibration data
sets of 30 spectra for S. inaequidens and 37 spectra for A. millefolium and validation data sets
of 50 (S. inaequidens) and 43 spectra (A. millefolium). If predicted root proportions of the two
species did not add up to 100 %, we recalculated the proportions using the sum of both values
as 100 %. These proportions were then used to calculate the belowground biomass [g] for both
species from the weight of the combined root samples.

HERBIVORY

To assess how temperature influences the performance of S. inaequidens in biotic interaction
with a native animal species, a herbivory experiment of S. inaequidens seedlings under
different treatments was conducted. We set up a three-factorial experiment with the factors
urbanisation intensity (origin of the population on the urbanisation gradient), temperature
(ambient and elevated), and herbivory (no herbivory and herbivory by snails).

In February 2011, seeds of the populations 1, 3 and 6 (Table 6.1) were sown in the greenhouse
on trays with potting soil (Floragard® Floradur B fein) and in March, 50 seedlings per
population were planted in flower pots of 12 cm diameter. The substrate contained 50 % sand
(Quarzsand Korngréfe 0.1-0.3 mm; Hakibau GmbH) and 50 % potting soil (Floragard® Floradur
B fein). The pots were distributed randomly in the greenhouse and due to differences in light
intensity rotated regularly during the experiment. The plants were watered on a regular basis
and fertilised once in May. Since the plants exhibited strong increase in height rather than in
width and density, which would be preferable for a feeding experiment, we needed to cut the
main stem off at 20 cm height in May. Subsequently, all plants performed compensatory
growth from lateral buds.

Molluscs can have a significant effect on plant fitness of S. inaequidens (Scherber et al. 2003).
We used Cepaea hortensis and C. nemoralis as herbivores. Both species occur in mixed
populations but do not hybridise (Jones et al. 1977, Bogon 1990), are generalist species and
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have the same food range (Carter et al. 1979). At the end of May 2011, 100 adult snails were
collected in ruderal habitats and kept in plastic boxes until the experiment started. All snails
weighed between 1.5 and 2.5 g and were kept without food for at least 24 h prior to the
experiment. Five plants per population were treated with three snails each over a period of 14
days (herbivory treatment), five plants served as control without snails. All 60 plants were
covered in gauze (mesh width 500 um) to assure consistent herbivore density. After the
herbivory period, all plants were subjected to a reaction period of another 14 days.

The experiment was conducted in a rigid-frame greenhouse in two chambers: an outer
chamber next to the door represented ambient temperature conditions and an inner chamber
without a door elevated temperature to simulate effects of climate warming. This chamber
was additionally heated by a radiator at night time. For a detailed description of the
installation of the temperature treatment see Baldwin et al. (2013). Temperature was
recorded every 20 minutes with dataloggers (Ebro Serie EBI 20; Ebro GmbH, Ingolstadt,
Germany). During our experiment, the average temperature difference between the chambers
was 3.78 K over the four weeks of the experiment. But due to a warm weather period the
herbivory treatment period was approx. 2 K warmer than the reaction period and the
difference between day (8 am to 7.40 pm) and night (8 pm to 7.40 am) temperature was more
pronounced in the ambient than in the elevated temperature chamber.

Measurements of growth and production variables

As response variables for growth and production we counted the number of leaves with
feeding marks per individual plant and measured aboveground biomass, belowground biomass
(both dried for 48 hours at 60°C to calculate dry weight [g]), height of stem [cm], number of
branches per individual plant, number of flower heads per individual plant, and number of
flowering plants per population. For a detailed description of the methods see Schulze (2011).

Measurement of pyrrolizidine alkaloid (PA) content

For the determination of pyrrolizidine alkaloid (PA) content five leaves of each plant were
collected at the same time of day (van Dam et al. 1993), lyophilised immediately and then kept
at -20°C. For analyses, the leaf samples were pulverised and homogenised. The alkaloid
monocrotalin served as reference to determine the PA content, because its structure is similar
to the Senecionin derivatives of the genus Senecio.

The PAs were extracted following Boer (1999) modified after Hartmann and Zimmer (1986).
Finally the extracted PAs were determined by photometric analysis (at A=n 562 nm) of “colour
reaction” with Ehrlich reagent Boer (1999) modified after Mattocks (1967). A wavelength of
562 nm has been shown to be the mean extinction maximum of typical PA compositions of
Senecio species (Mattocks 1967). The measured extinctions were converted into PA
concentrations per mg dry weight. For a detailed description of the methods see Steinke
(2011).

PA content was calculated with the following equation:

PA content [pg/mg d.w.] = (E562 / 0.0207) * 1.135,
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where 0.0207 is the slope of the regression line and 1.135 is the recovery factor resulting from
the relation of the extinction values of the measured reference E1 (colour reaction) and E2
(colour reaction + extraction).

Since it is impossible to obtain leaves with induced as well as not induced PA-contents from an
individual plant, the induction intensity was calculated indirectly: We subtracted the average
PA contents of the control group from the five replicate plants of each group and obtained
induction intensity values that account for the mean inductive response (deviation from mean
constitutive level) for each individual plant.

6.2.4 STATISTICAL ANALYSES

We conducted three-factorial ANOVAS with the factors urbanisation intensity (origin of the
sample population along the urbanisation gradient), temperature (ambient/elevated), and
native species treatment, i.e. herbivory (yes/no) and competition density (control (no
competition)/low/high/). When assumptions of ANOVA could not be met, data was log- or
square-transformed. Spearman rang correlations were calculated for seed mass and
germination percentage with all growth and production variables for both temperature
treatments separately. Since we did not obtain enough data for the reproduction measures in
the competition experiment (only 21 % of all plants produced flower heads and 7 % flowered
in total) statistical analyses could not be conducted.

Statistical analyses were carried out using SPSS (IBM SPSS Statistics, Version 21, 2012) and R (R
development core team 2012) as well as Sigmaplot 12.0 (Systat Software, Inc. 2011) and GIMP
2.6.8 (The GIMP Development Team 2008) for plotting.

6.3 RESULTS

GERMINATION

Seed mass differed significantly between all six populations (Figure 6.2a, Table 6.2). It could
not be related to urbanisation intensity; on the contrary, the two populations farthest apart
had similar seed masses. Germination percentage also differed significantly between
populations and could not be related to urbanisation intensity (Figure 6.2b, Table 6.2).
Germination was higher at elevated temperature, but the differences between germination at
ambient and elevated temperature differed between populations (significant interaction). At
ambient temperature, with increasing seed mass stem height (p=0.89*), length of longest leaf
(p=0.83*) and above-ground biomass (p=0.94**) significantly increased. At elevated
temperature only stem height significantly increased with increasing seed mass (p=1.0*%*).
Germination percentage was not correlated with any variable, not even with seed mass.
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Table 6.2 Results of one- and two-factorial ANOVAs on the response variables seed mass and
germination percentage of Senecio inaequidens with the factors urbanisation intensity and temperature.
F-values and p-values (***=p<0.001, **=p<0.01, *=p<0.05, (*)=p< 0.1) are given.

Seed mass [mg] Germination [%]
Source of variation d.f. F p F p
Urbanisation 5 24.8  *x* 17.5 *#**
Temperature 1 - 94,5  ¥*x*
Temperature*Urbanisation 5 - 5.5 k*xx
a) b) [ Ambient temperature [ Elevated temperature
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Figure 6.2 Differences in a) seed mass between urbanisation intensity (populations from different origin
along an urbanisation gradient) and b) germination percentage between urbanisation intensity and two
temperature treatments (ambient and elevated). Numbers represent the six populations along the
urbanisation gradient from areas of high urbanisation intensity (1) to areas of low urbanisation intensity
(6), n=5. Mean and standard error are shown. For ANOVA results see Table 6.2.

COMPETITION

All response variables (with the exception of number of branches) differed significantly
between populations from areas of different urbanisation intensities (Figure 6.3, Table 6.3).
Gradual differences due to urbanisation intensity could not be detected in any variable. With
increasing temperature plants significantly grew taller (F=277.9*%**), produced longer
(F=8.8**) and narrower leaves (F=36.4***) and less branches (F=54.4***). Contrarily, biomass
(above- and belowground) was reduced with increasing competition density (F,,0e=369.5**%,
Frelow=131.8***) and increasing temperature (Fapowe=142.1%**, Fioow=379.7***). Here,
differences between temperature and competition density were more pronounced than those
of leaf size. Competition had a significant negative effect on all variables: they decreased with
increasing competition density. Leaf length and width differed significantly between
urbanisation intensities at different temperatures (Fiength=2.7%*, Fuign=3.8**). Stem height and
aboveground biomass were significantly different in response to competition density under
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the two temperature treatments (stem height: low at ambient and decreasing at elevated
temperature, F=3.7*; aboveground biomass: stronger decrease at ambient temperature,
F=11.2%%%),

Fewer plants produced flower heads with increasing competition density. The number of
plants producing flower heads was higher at elevated temperature, while at ambient
temperature, not all populations had plants with flower heads (Figure 6.4).

Table 6.3 Results of three-factorial ANOVAs of the response variables stem height [cm], number of
branches (branches), length of longest leaf (leaf length) [cm], width of longest leaf (leaf width) [cm],
aboveground biomass (abovegr. bm.) [g] and belowground biomass (belowgr. bm) [g] of Senecio
inaequidens with the factors urbanisation intensity, temperature, and competition density and the
respective interactions. The response variable stem height was log-transformed prior to analyses to
meet ANOVA assumptions. F-values and p-values (***=p<0.001, **=p<0.01, *=p<0.05, (*)=p< 0.1) are
given.

Source of variation d.f. Stem height Branches Leaf length Leaf width Abovegr. Bm. Belowgr. Bm.
F p F p F p F p F P F p
Urbanisation 5 6.2 *** 1.2 ns. 116 *** 3.7 ** 6.8 *** 2.7 *
Temperature 1 277.9 **x* 54.4 **x* 8.8 ** 36.4 *** 1421 *** 379.7 ***
Competition 2 48.8 *** 64.5 *** 79.4 *** 17.2 *** 369.5 *** 131.8 ***
Urb * Temp 5 0.6 ns. 1.2 ns. 2.7 * 3.8 ** 1.3 ns. 1.0 ns.
Urb * Comp 10 1.3 ns. 0.3 ns. 0.9 ns. 1.3 ns. 1.5 ns. 0.5 ns.
Temp * Comp 2 3.7 * 1.0 ns. 0.4 ns. 0.8 ns. 11,2 *x* 0.9 ns.
Urb * Temp * Comp 10 0.8 ns. 1.2 ns. 1.3 ns. 0.4 ns. 1.7 (%) 0.5 ns.
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Figure 6.3 Differences in a) stem height, b) length and c) width of longest leaf, d) above- and e)
belowground biomass of Senecio inaequidens in competition with Achillea millefolium in different
densities (low = one A. millefolium plant; high = three A. millefolium plants and a control without
competition) under two temperature treatments (ambient and elevated). Bars represent the six
populations from areas of decreasing urbanisation intensities from left (1, black) to right (6, dark grey),

n=10. Mean and standard error are shown. For ANOVA results see Table 6.3.
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Figure 6.4 Differences in number of plants with flower heads of Senecio inaequidens in competition with
Achillea millefolium in different densities (low = one A. millefolium plant; high = three A. millefolium
plants and a control without competition) under two temperature treatments (ambient and elevated).
Bars represent the six populations from areas of decreasing urbanisation intensities from left (1, black)
to right (6, dark grey), n=10.

HERBIVORY

Urbanisation intensity, temperature, and herbivory had no significant effect on stem height
and number of branches (Table 6.4). Leaves were significantly shorter at elevated temperature
(F=5.6*) and under herbivore treatment (F=6.2**, Figure 6.5, Table 6.4) and their response to
temperature differed between urbanisation intensities (F=7.9**). Leaf width was smallest in
highly urbanised areas (F=8.4***, Table 6.4). Stem diameter was significantly higher at
ambient temperature (F=9.4**) and also higher in the group with herbivore treatment
(F=10.9**, Figure 6.6, Table 6.4). Aboveground and belowground biomass only differed
between urbanisation intensities; both were significantly lower in the highly urbanised area
(F=6.7** and F=6.5**, Figure 6.7, Table 6.4). Number of flower heads was lower under

elevated temperature, but not significantly.

The PA-content was slightly higher in the group with herbivory treatment (F=3.1*), Figure 6.8,
Table 6.5). This difference was largest in the highly urbanised population
(Urbanisation*Herbivory F=2.4*)). The induced PA-content differed significantly between
urbanisation intensities (F=7.2**), it generally decreased with decreasing urbanisation
intensity (Figure 6.9a, Table 6.5). At elevated temperatures the induced PA-content was
significantly lower (F=5.5*%), but the pattern varied between temperatures (interaction
F=7.6**): At ambient temperature, plants from the highly urbanised area induced most PA. At
elevated temperatures, no clear pattern could be detected, variations were large, and
standard errors were generally very high. At elevated temperature, slightly (but not
significantly) less leaves had been fed on by snails (Figure 6.9b, Table 6.5). More leaves had
been attacked by snails at plants from highly urbanised areas, no differences in medium and
low urbanised populations were found.
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Figure 6.5 Differences in length of longest leaf [cm] of Senecio inaequidens between urbanisation
intensity, temperature (ambient and elevated), and herbivory treatment (herbivory and no herbivory).
Numbers correspond to the populations from the competition experiment and represent the
urbanisation gradient from areas of high urbanisation intensity (1) to low urbanisation intensity (6).
Mean and standard error are shown. For ANOVA results see Table 6.4.
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Figure 6.6 Differences in stem diameter [cm] of Senecio inaequidens between temperature (ambient

and elevated), and herbivory treatment (herbivory and no herbivory). Mean and standard error are
shown. For ANOVA results see Table 6.4.
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Figure 6.7 Differences in a) aboveground and b) belowground biomass of Senecio inaequidens between
urbanisation intensities. Different letters show significant differences in biomass between urbanisation
intensities. Numbers correspond to the populations from the competition experiment and represent the
urbanisation gradient from areas of high urbanisation intensity (1) to low urbanisation intensity (6).
Mean and standard error are shown. For ANOVA results see Table 6.4.
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Table 6.4 Results of three-factorial ANOVAs of the response variables stem height [cm], number of
branches (# branches), length of longest leaf (leaf length) [cm], width of longest leaf (leaf width) [cm],
stem diameter (stem diam.) [cm], aboveground biomass (abovegr. bm.) [g] and belowground biomass
(belowgr. bm) [g], and number of flower heads with the factors urbanisation intensity, temperature, and
herbivory and the respective interactions. The response variable aboveground biomass was square-
transformed prior to analyses to meet ANOVA assumptions. F-values and p-values (***=p<0.001,
**=p<0.01, *=p<0.05, (*)=p< 0.1) are given.

Source of d.f. Stem Branches Leaf Leaf Stem Abovegr.  Belowgr. Flower
variation height length width diameter bm. bm. heads
F p F p F p F p F P F p F p F p
Urbanisation 2 04 ns. 07 ns. 3.8 (¥) 84 *x*x* 0.2 ns. 67 ** 6.5 ** 0.7 ns.
Temperature 1 05 ns. 01 ns. 56 * 1.4 ns. 9.4 ** 0.8 ns. 26 ns. 3.0 (%
Herbivory 1 25 ns. 22 ns. 62 ** 00 ns. 10.9  ** 0.1 ns. 25 ns. 0.1 ns.
Urb * Temp 2 26 (¥ 11 ns. 79 ** 05 ns. 0.9 ns. 14 ns. 02 ns. 19 ns.
Urb * Herb 2 22 ns. 04 ns. 08 ns. 09 ns. 09 ns. 02 ns. 01 ns. 20 ns.
Temp * Herb 1 32 (¥ 01 ns. 20 ns. 01 ns. 26 ns. 0.2 ns. 23 ns. 0.5 ns.
Urb * Temp * 2 11 ns. 04 ns. 1.0 ns. 0.7 ns. 1.5 ns. 0.1 ns. 1.0 ns. 13 ns.
Herb
7 -
[ Herbivory
E 6 1 A No herbivory
-
an 5 1
£
B 4
E
£ 37
]
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G 2]
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0 . , ,
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Figure 6.8 Differences in pyrrolizidine-alkaloid-content (PA-content) between urbanisation intensities
and herbivory treatment (herbivory or no herbivory). Numbers correspond to the populations from the
competition experiment and represent the urbanisation gradient from areas of high urbanisation
intensity (1) to low urbanisation intensity (6). Mean and standard error are shown. For ANOVA results
see Table 6.5.
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Figure 6.9 Differences in a) induced pyrrolizidine-alkaloid-content (induced PA-content) and b) number
of damaged leaves by snails between urbanisation intensities and temperature (ambient and elevated).
Numbers correspond to the populations from the competition experiment and represent the
urbanisation gradient from areas of high urbanisation intensity (1) to low urbanisation intensity (6).
Mean and standard error are shown. For ANOVA results see Table 6.5.

Table 6.5 Results of two and three-factorial ANOVAs of the response variables pyrrolizidine-alkaloid-
content (PA-content), induced pyrrolizidine-alkaloid-content (induced PA-content) and number of
damaged leaves by snails (# damaged leaves) with the factors urbanisation intensity, temperature, and
herbivory and the respective interactions. The response variable induced Pa-content was log-
transformed prior to analyses to meet ANOVA assumptions. F-values and p-values (***=p<0.001,
**=p<0.01, *=p<0.05, (*)=p< 0.1) are given.

PA-content Induced PA-content # Damaged leaves

Source of variation d.f. F p F p F p
Urbanisation 2 1.0 ns. 7.2 ** 11.5  k**
Temperature 1 0.0 ns. 55 * 1.0 ns.
Herbivory 1 3.1 (%) - -
Urbanisation*Temperature 2 0.2 ns. 7.6 ** 1.2 ns.
Urbanisation *Herbivory 2 2.4 (%) - -
Temperature*Herbivory 1 0.7 ns. - -
Urb*Temp* Herb 2 1.8 ns. - -

6.4 DISCUSSION

GERMINATION

Germination percentage was generally very high, but even higher under elevated temperature.
This result is in accordance with Lopez-Garcia & Maillet (2005), who detected an optimum
germination temperature range between 14 and 30°C. Germination takes course very rapidly,
e.g. within a few days (Lopez-Garcia and Maillet 2005, Lenzewski 2010, K.J. Schmidt,
unpublished results). These findings suggest that elevated temperature in course of future
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climate change may promote germination. The species might be superior to other species that
do not germinate so effectively under elevated temperature. But also seedling establishment
needs to be considered, which differs between habitats and seasons (Mediterranean area,
Cano et al. 2007). The positive responses of S. inaequidens’ germination to elevated
temperature may be explained by the warmer and drier conditions in its native South-African
distribution range.

COMPETITION

Generally, our results show that interspecific plant competition and elevated temperature
significantly influenced growth and biomass production of Senecio inaequidens. Furthermore,
we detected differences in growth and biomass production between populations from areas of
different urbanisation intensities.

As expected, competition had a negative effect on growth and biomass production of S.
inaequidens. The higher the density of the competitors the greater was the effect. Our results
confirm previous studies showing that competition reduced growth and reproduction in S.
inaequidens (Scherber et al. 2003). Generally, competition with native species can have
negative effects on the establishment and performance of invading non-native species (Levine
et al. 2004). In contrast, several studies showed that non-native species are superior in
competition with native species (Vila and Weiner 2004, Verlinden et al. 2013, see Daehler 2003
for constraints). S. inaequidens is able to adapt to local competitive regimes (Lachmuth et al.
2011) and has been shown to be more competitive than native Senecio species (Verlinden et
al. 2013). However, competitiveness of non-natives can depend on the performance of the
competing native species and habitat conditions (Garcia-Serrano et al. 2007). In future, native
competitors, who are not able to adapt as fast as the non-native species might suffer even
more from changing climate and environmental conditions (Schweiger et al. 2010). But also
differences between closely related non-natives were found: S. inaequidens was less sensitive
than S. pterophorus to limited water availability and had a greater competitive ability under
moderate stress conditions (Garcia-Serrano et al. 2004). With future climate change,
competitive interactions might also be altered, because changes in different environmental
conditions, e.g. elevated CO,-concentration or atmospheric N deposition affect plant species
differently (see Brooker 2006 for a review).

According to Grime (1974, 1979), S. inaequidens is assigned an intermediate ecological
strategy type between competitor and stress-tolerator (CS), while Achillea millefolium is
assigned the competition type (C). The C-type is characterised by efficient capture and
utilisation of light, water, nutrients and space. These plants do usually not occur in habitats
subjected to stress or disturbance (Grime 1974). The mixed CS-type is characterised by e.g. a
perennial life cycle, but lower maximum potential growth rates than species with a C-type
strategy and usually occur in habitats with moderate productivity and low disturbance
intensity. In our study, biomass of both S. inaequidens and A. millefolium (results not shown)
decreased with increasing temperature and increasing competition density, which indicates a
similar response to competition of both species.

The competitive ability of invading species can be increased under climate warming (He et al.
2012). S. inaequidens’ response to elevated temperature with higher growth and less above-
and belowground biomass production indicates that the species may be affected by climate
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change. The reallocation from biomass to height might result from competition for light. S.
inaequidens might outcompete smaller species or species that cannot adapt so quickly to
changing conditions and eventually hinder them by shading. Contrarily to our results,
Verlinden et al. (2013) found increased biomass for Senecio inaequidens in competition with
Plantago lanceolata L. under elevated temperature. They related this finding to a higher
photosynthetic rate under elevated temperature originating from acclimation. However, the
species showed no response to warming regarding biomass production in another experiment
without competition (Verlinden and Nijs 2010). If the native competitor is not able to react to
elevated temperature as quickly as S. inaequidens, its growth might be limited. Competition
for light could have also been biased by the artificial climate chamber conditions. Light quality
is different and light quantity was lower than under field conditions.

Concomitantly with elevated temperature, soil water content can decrease, resulting in
drought. Since we used the same watering routine under both temperatures, growth
conditions might have been drier under elevated temperature due to higher evaporation. As a
drought avoidance strategy, plants often allocate to roots, but we could not confirm this with
our study: With elevated temperature belowground biomass decreased even more than
aboveground biomass. Furthermore, S. inaequidens is adapted to drought (Ellenberg et al.
1992) and able to outcompete closely related species under moderate drought conditions
(Garcia-Serrano et al. 2005).

Populations growing at different locations along urbanisation gradients are prone to different
environmental conditions, which might affect growth and biomass production of plants. As S.
inaequidens’ first occurrence was recorded in the central port area in Hamburg, we assumed
that the species gradually spread into less urbanised areas. The significant interactions of
urbanisation and temperature in leaf length and leaf width might indicate local adaptation to
temperature. However, we found no gradual tendency in the response variables along the
urbanisation gradient. Local environmental conditions of microhabitats as well as population
structure and genetics (e.g. maternal effects) seem to have a stronger effect than gradually
changing environmental variables on a larger scale. Especially maternal effects seem to be a
major cause for these population differences, because some growth variables were correlated
with seed mass. Seed size, for instance, is considered as a trait with large maternal effects
(Roach and Wulff 1987). Monty and Mahy (2009) found decreasing height and aboveground
biomass of S. inaequidens with increasing altitude along a transect in France, but by comprising
200 km, their gradient was considerably longer than the one in our study. Therefore,
differences in temperature and summer drought were probably more pronounced.
Furthermore, S. inaequidens exhibits a high plastic response across habitats and treatments.
The species is able to cope with different environmental conditions over a wide gradient and
competes successfully across this wide range of conditions (Cano et al. 2007, Garcia-Serrano et
al. 2007). Different ecotypes of the species from three European regions, analysed by Scherber
et al. (2003), differed significantly in morphological parameters and herbivore response. On a
broader scale, Monty et al. (2013) could not clearly detect local adaptation of S. inaequidens to
climate.

With our analysis we cannot disentangle local adaptation and phenotypic plasticity, hence,
genetic analyses or transplantation studies should be conducted (see Monty et al. 2013 for a
comprehensive approach using S. inaequidens as a case study species).
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Urbanisation, e.g. the related urban heat island effect (see Schluenzen et al. 2010 for UHI in
Hamburg), leads to differences in flowering time between urban and rural areas (Franzen
1955, Roetzer et al. 2000, Mimet et al. 2009). Regarding phenology, no differences were
detected between flowering time and number of flowers between the six populations in the
experiments. Nevertheless, in the highly urbanised city centre of Hamburg, S. inaequidens
flowered earlier and set seed earlier than in surrounding less urbanised areas (K.J. Schmidt,
pers. observation). In all populations, at elevated temperature more flower heads and flowers
were produced and plants flowered earlier during the experiment. Differences between
populations are most likely also attributed to maternal effects and general genetic
constitution, but not to environmental impacts due to location on the urbanisation gradient.
We conclude that the species is able to react quickly to environmental conditions across a
wide range due to phenotypic plasticity (see above: Cano et al. 2007). All populations react in
their plastic range to environmental conditions and therefore also differ under the exact same
conditions in the climate chamber environment. Local differences in their natural environment
seem not to have influenced the populations and their genetic constitution (yet). Haider et al.
(2012) could detect adaptation to the environment in non-native species, but on an altitudinal
gradient with more pronounced differences in conditions. By using a longer gradient in our
study, we might have encountered the problem that species in more rural parts have not been
in the area for a sufficient period of time to adapt to local conditions.

Limitations of the study

Results from the competition of only two species in controlled environment cannot be
extrapolated to communities without uncertainties (see also Verlinden et al. 2013). Our results
are merely a hint how S. inaequidens might respond to climate change in future.
Environmental conditions in the climate chamber were artificial, e.g. the light regime might
have been too dark compared to natural light. Furthermore, the lengths of day and night of
12 h is not always representative for the invaded range of S. inaequidens. Also growing
conditions in pots can differ strongly from natural conditions and alter plant water relations
and root structure (Gurevitch et al. 2002). In general, it would have been advantageous to
have conducted genetic analyses to fully comprehend S. inaequidens’ dispersal path and the
relationships between the populations. It needs to be considered that due to the efficient
dispersal of the species by vehicles and possible long distance dispersal, the spread may not
only have occurred rather gradually, but also over further distances. Possibly, populations in
less urbanised areas have been colonised by populations in highly urbanised areas because
they are connected by some transport structure.

HERBIVORY

Generally, plants from populations in highly urbanised areas had smaller leaves and less
biomass then plants from populations in moderately and lowly urbanised areas. Temperature
only had an effect on leaf length and stem diameter (both shorter and smaller at elevated
temperature). Contrarily to the results of the competition experiment, stem height was not
affected by temperature; this can be attributed to the cutting of all plants during the growing
time previous to the experiment. Herbivory also only affected leaf length and stem diameter
(reduced leaf length and higher diameter).
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More leaves had been attacked by snails at plants from highly urbanised areas than at plants
from medium and lowly urbanised populations. Accordingly, induced PA-content was higher in
populations from highly urbanised areas, although it differed between temperature
treatments. The measured PA contents of S. inaequidens were very variable between
individuals; this is often the case in Senecio species (Vrieling et al. 1993, Carvalho et al. 2013).
Nevertheless, the values are of similar magnitude as measured PA-contents of Senecio
squalidus L. and Senecio jacobaea (Mattocks 1967, van Dam et al. 1993, Vrieling et al. 1993).

In agreement with predictions based on optimal defence theory, at sites with low herbivore
pressure, populations are less constitutively protected against herbivore attacks. At sites with
high herbivore pressure, populations are better constitutively protected (Zangerl and Rutledge
1996). Highly urbanised areas often harbour less potential herbivore species (McKinney 2002,
Sadler et al. 2006, Lososova et al. 2011; see Magura et al. 2004 for contradictory results),
which has also been shown for Hamburg (Denys and Schmidt 1998, Weller and Ganzhorn
2004). This leads to a gradient of decreasing herbivore pressure with increasing urbanisation
intensity. Hence, in our study, the population from the highly urbanised area has been
attacked most (number of damaged leaves is highest); most likely due to less constitutive
defence, hence the induction of PA was high. The populations from the lesser urbanised areas
have been attacked less due to better constitutive protection.

Regarding the detected differences between temperature regimes, plants in the colder
chamber (ambient temperature) had increasing constitutive PA-content with decreasing
urbanisation (increasing herbivore pressure). In the population from the highly urbanised area
most PA was induced, in the medium urbanised population PA induction was low and in the
less urbanised even negative. Here, PA content was reduced after herbivore attack, because
resources were allocated to regrowth (see van Dam et al. 1993 for Senecio jacobaea). In the
warmer chamber the tendencies were less clear: the population from the medium urbanised
area had the highest and the less urbanised the lowest constitutive PA-content. This finding
cannot be related to an urbanisation gradient featuring gradual herbivore pressure, but could
be explained by abiotic factors that can influence PA synthesis, e.g. drought stress (Briske and
Camp 1982, Vrieling et al. 1993, Kirk et al. 2010). Furthermore, the significant interaction of
urbanisation and temperature in leaf length might indicate local adaptation to temperature.

According to the EICA hypothesis, plants from the invaded range have a stronger competitive
ability than plants of the same species from the native range due to the lack of coevolved
enemies and evolve lower defence but higher growth and reproduction, because resources are
allocated (Blossey and Noetzold 1995, e.g. discussed in Bossdorf et al. 2005, Bossdorf 2013,
Felker-Quinn et al. 2013). Transferred to our analysis of populations from areas of different
urbanisation degrees, one could hypothesise that plants that do not invest in constitutive
defence (in our case the “urban” plants), would exhibit higher growth and reproductive
output. However, plants from the higher urbanised area had smaller leaves and produced less
biomass than plants from lesser urbanised areas. One explanation is that the respective
population would generally have reduced growth and less biomass due to genetic reasons or
maternal effects (parental plants might have had insufficient nutrient supply or were prone to
higher pollution). Against maternal effects one can argue that the highly and lowly urbanised
populations did not differ significantly in seed mass. Also, in the competition experiment, the
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most urbanised population was not always smaller and less productive than the other two,
which further indicates a connection to the herbivory treatment. In a study of S. inaequidens
populations from different altitudes maternal effects were not found either (Monty et al.
2009).

The population originating from the area of medium urbanisation degree had most biomass
and was less attacked. Concordantly, in the competition experiment plants from this
population often had most aboveground biomass and longest leaves (e.g. control treatment at
ambient temperature). Maybe this finding can be explained solely by genetic reasons or
maternal effects. Maternal effects were related to seed mass (Monty et al. 2013) and to seed
size (Roach and Wulff 1987). In comparison with our seed mass results, the higher above-
ground biomass of the moderately urbanised population can be related to its larger seed mass.
This population grew right next to a railroad track, and maybe evolved differently due to
adaptations to local environmental conditions that differ from the other sites. Another
explanation would be a higher gene flow caused by the efficient seed dispersal by train (Ernst
1998).

Although our results were not all significant and some were merely tendencies, they revealed
Senecio inaequidens’ ability to local adaptation on a small scale and indicate that climate
warming might affect the interaction between Senecio inaequidens and its herbivores in the
invaded range. A broader approach including all components of herbivore defence might have
revealed clearer results than only looking at the PA-content (e.g. using bioassays, see Kempel
et al. 2011).

Limitations of the study

Snails have obviously not been the best herbivores of choice but due to low abundances of
Longitarsus suturellus (a specialised beetle species) in spring, we could not use beetles as
initially planned. Due to the high ambient temperatures during the herbivory phase, snail
activity was probably reduced in the chamber with elevated temperature treatment. To
prevent snails from death, the plants under elevated temperature treatments were put in the
colder chamber during three days of extreme heat. Hence, the temperature differences were
not the same over the whole two weeks of herbivory treatment.

Instead of counting the leaves that have been fed on by snails it would have been more precise
to determine the total area of the leaves damaged by herbivores per plant. When using
molluscs as herbivores, this could be difficult, because these animals do not produce holes in
the leaves like many insects. Therefore, it can be complicated to estimate the former total leaf
area.

Regarding the PA measurements, the cutting of all plants during the growth phase could have
provoked an early induction (van Dam et al. 1993). It would have been more precise to analyse
PA content in all leaves and preferably also flowers, which usually express higher PA contents.
But due to a limited timeframe and the fact that plants had to be also used for growth and
production measurements, this was not possible.

In conclusion, elevated temperature in course of climate change will affect Senecio
inaequidens’ germination, growth, biomass production, and reproduction. The effects on
future interactions with native species are less clear. Competition already influences growth of
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S. inaequidens negatively today. This pattern did not change under simulated climate warming.
But other factors like elevated CO, levels may have a different impact. Competition regimes
will also depend on plant species composition in the invaded habitats, here, studies on more
potential competitors are desirable. We found evidence for local adaptation on a small scale,
but could not detect clear patterns under elevated temperature that bear hints for changes in
future. However, S.inaequidens might adapt rapidly to future enemies and changing
environmental conditions, and has the advantage that due to its South-African origin, the
species is already adapted to warm and dry conditions.
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7 GENERAL DISCUSSION & SYNTHESIS

7.1 INTRODUCTION

This study contributes to the understanding of biodiversity patterns in urban areas. McDonnell
and Hahs (2013) state: “If cities are to successfully conserve biodiversity at local scales, the
impacts of urbanisation on the biodiversity and ecology of urban areas need to be understood.
This understanding must then be incorporated into the design, construction and management
of our cities and towns to improve urban biodiversity outcomes.” In this thesis, richness,
distribution, and performance of spontaneously occurring vascular plant species in Hamburg
were analysed at different scales. On the largest scale, examining the entire city of Hamburg,
vascular plant species richness and distribution patterns were analysed and related to
potential drivers and spatial impact. On the same scale, the application of floristic mapping
results to urban climatology was tested to analyse whether plant species’ temperature
preferences can serve as proxy data for the long-term urban heat island (UHI). On a smaller
scale, looking at select habitats, species richness along an urbanisation gradient was analysed,
comparing anthropogenic with semi-natural habitats. Finally, on the smallest scale, responses
of a non-native species to biotic interactions at elevated temperatures were studied along an
urbanisation gradient.

The main questions addressed in this thesis were: How are plant species and species richness
distributed in Hamburg and what drivers affect these distribution patterns? What role does
the urbanisation gradient play? Can differences in vegetation patterns be related to
urbanisation intensity? Can data derived from species distribution be applied in other research
areas? Finally, how does a non-native species respond to biotic interactions with native species
at elevated temperatures?

7.2 DEFINING URBANISATION

Since urbanisation measures are difficult to define and generalise (Mclntyre et al. 2000,
McDonnell and Hahs 2008, Raciti et al. 2012), in this thesis two attempts were made to define
urbanisation intensity for Hamburg. In Chapter 2 an index was calculated to account for
Hamburg’s particular structure. Here, urbanisation cannot be defined by a single variable like
population density or distance to the city centre; hence, several variables were integrated into
the index. The pattern resulting from the division of the grid cells by the index into high,
medium, and low urbanisation intensity is well reflected in the land-use distribution in
Hamburg (Figure 1.5, Chapter 1). In Chapter 3, tests determined whether plant species
distribution reflects the urban structure of Hamburg. Patterns in species composition based on
presence-absence data were analysed by cluster analysis. Floristic composition revealed a
strong correlation to Hamburg’s geography and was attributed to different urbanisation zones.
These were first separated by the former glacial valley of the river Elbe and moraine landscape
and further by urbanisation intensity distinguishing city centre, suburban and rural areas. The
results match findings for the city of Plymouth (UK), where urban structure patterns were
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reflected in the city’s flora on the same scale (Kent et al. 1999). Dana et al. (2002) divided the
city of Almeria (Spain) into different zones according to plant species composition. These zones
were then related directly to urbanisation, i.e. age of building: 1) built up until 1850, 2) up until
1960-70s, and 3) recently urbanised and harbours rural fragments next to typical urban
communities.

A general problem in urban areas is the collinearity of environmental variables. Several
environmental conditions change gradually along urbanisation gradients (e.g. McKinney 2002)
and are hence strongly intercorrelated. In this thesis, temperature, soil sealing, Ellenberg
indicator for moisture (EIM), and Ellenberg indicator value for temperature (EIT) were highly
correlated with both distance to the city centre and population density; soil sealing was further
correlated with proportion of protected area (Chapter 2). These relationships indicate how
challenging it can be to disentangle environmental effects in urban areas, even more so since
the variables are also spatially influenced. To reveal the effects of environmental conditions on
plant species composition, it is important to integrate spatial analyses in studies of species
composition (e.g. Dray et al. 2012). In Chapter 3, spatial variables were used to partition the
variation in species composition between environmental and spatial impact. The analysis
revealed that both environmental conditions and spatial structure affected species
composition, but spatially structured environmental conditions had the largest impact. Hence,
space and environment could not be distinguished completely. So far, the few studies in urban
areas including space in a similar way in species composition analysis report differing results:
In a study of several organism groups across cities, Chytry et al. (2012) detected spatial
structure caused by dispersal limitation, while pure environmental variables explained rather
little variation. In contrast, Sattler et al. (2010) found only weak spatial structure in urban
animal communities in select habitats. In conclusion, the definitions of urbanisation derived
from environmental and spatial variables as well as by species composition for Hamburg
developed in this thesis seem to be good measures for urbanisation intensity. Nevertheless,
the transferability of these measures to other cities still needs to be tested.

7.3 PLANT SPECIES RICHNESS, DISTRIBUTION AND APPLICATION OF
FLORISTIC MAPPING DATA

Overall species richness of spontaneously occurring vascular plant species in Hamburg was
1,217 species, of which 12 % were non-natives and 38 % were endangered (Chapter 2). In
comparison with other European cities, Hamburg has the sixth highest total plant species
richness and the ninth highest proportion of non-native species (Figure 7.1, Kelcey and Miller
2011). The proportion of non-native species ranges between 9 % (Bratislava, Sofia, Vienna,
Warsaw) and over 30 % (London, Moscow); thus, Hamburg ranges in the bottom third. As
discussed in Chapter 2, this could be attributed to the rather strict definition of non-native
species applied in this thesis.
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Figure 7.1 Plant species numbers of native (grey) and non-native species (black) for different European
cities in comparison to Hamburg. Cities are arranged by their human population size in decreasing order
from left to right. The bar plot is adapted from Kelcey and Miiller (2011), who published reports on plant
species and habitats of European cities. Data for Hamburg were added from the results of this thesis.

Urbanisation intensity affected plant species richness measures differently. Total plant species
richness differed only slightly between the different urbanisation zones. In contrast to other
studies, species richness in grid cells with medium degrees of urbanisation was not highest
(e.g. Kent et al. 1999, Zerbe et al. 2003, Lososova et al. 2011). Non-native and thermophilic
species richness increased with urbanisation, while endangered species richness decreased.
One the one hand, the resulting patterns in richness and distribution of spontaneously
occurring vascular plant species in the city of Hamburg were in agreement with the results of
studies of other areas, but on the other hand they reflected some special features of
Hamburg’s particular landscape that differ from other cities.

First of all, moderately urbanised areas (e.g. “suburban” or residential areas) in Hamburg were
not richest in plant species. This finding is in contrast to what has been demonstrated in and
across other cities (see above). At two different scales, neither plant species richness of the
entire city nor that of select habitats peaked in moderately urbanised areas in Hamburg
(Chapter 2 and Chapter 5). Since species richness has been attributed to habitat diversity
(Chapter 2), one could have anticipated that these areas — which are generally seen as very
heterogeneous urban landscapes — were also richest in species. Obviously, Hamburg has other
areas rich in species that exceed these heterogeneous suburban areas in species richness.
Generally, densely built-up areas affect species richness negatively (Godefroid and Koedam
2007, McKinney 2008, Ranta and Viljanen 2011). However, the results presented in Chapter 2
showed that grid cells in the central port area were among the cells richest in species, and in
Chapter 3 the “urban & industry” cluster was identified as the cluster with the highest species
richness. Here, many of the associated grid cells were located in the port area. The port’s
special features leading to high species richness were discussed in Chapter 2. The “semi-
natural” cluster was the second richest in plant species and comprises bog, heath and forest
habitats. Large parts of its area are nature reserves. It is also the northernmost cluster apart
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from a few outliers and harbours several psychrophilic species, indicating a less urbanised
area. Furthermore, it harbours several endangered species and a substantial amount of forest
area.

Second, patterns revealed of non-native species matched previously detected patterns in
other studies: number and percentage decrease from city centre to the surroundings along
with decreasing urbanisation (e.g. Celesti-Grapow and Blasi 1998; Zerbe et al. 2003, Brunzel et
al. 2009), while Ranta and Viljanen (2011) detected the highest number of non-native species
in suburban areas. Non-native species were correlated with decreasing EIM, increasing mean
annual temperature and high degree of soil sealing, and decreasing proportion of protected
areas reflecting conditions found in highly urbanised areas. With distance to the city centre
these variables change gradually (Chapter 2). On the smaller scale, non-native species richness
could not be assessed, as non-native species were removed at some sites in the course of
conservation management (Chapter 5).

Third, richness patterns of endangered species mostly matched previously detected patterns.
In general, urbanisation threatens rare species. Therefore, these are often restricted to semi-
natural remnant habitats or protected areas usually located outside the urban centre (Knapp
et al. 2009, Kowarik 2011). However, in calcareous grasslands along an urbanisation gradient,
the number of endangered species generally decreased with increasing urbanisation, but some
of them occurred only in urban sites (Albrecht and Haider 2013). In addition, rare plant species
in urban landscapes are not necessarily prone to extinction and small isolated plant
populations in California (U.S.) performed as well in urban as in rural landscapes (Lawson et al.
2008). However, urbanisation has negative impacts especially on species restricted to wetland
and nutrient-poor sites (Knapp et al. 2010, Dolan et al. 2011). In this thesis, endangered
species richness was positively related to high EIM and low Ellenberg indicator value for
nutrients (EIN). It further increased with the proportion of protected area, which correlated
with distance to the city centre and also with the availability of unsealed habitats. The pattern
of endangered species richness followed general understandings: More extreme habitats are
usually found in areas less disturbed by anthropogenic influence, e.g. rural areas. Here, semi-
natural remnant habitats occur more frequently than in more disturbed areas. In Hamburg
these are bogs, heath lands, forests, and the inland dunes at ‘Boberger Niederung’. These
habitats harbour specialist species that are adapted to extreme conditions (e.g. low nutrition
availability, low soil pH, high moisture) not found in urbanised areas. These conditions are also
reflected by the mean Ellenberg indicator value (EIV) per cluster. Those species (and their
habitats, respectively) are especially threatened by urbanisation (Knapp et al. 2009). Yet in the
urban-industrial areas as well, high proportions of endangered species were found. This is
probably also due to extreme habitat conditions: dry and sandy soils, higher temperatures as
well as frequent disturbance, and has been elaborately discussed in Chapter 2.

The environmental gradients identified in Chapter 3 by ordination techniques were strongly
related to urbanisation intensity, i.e. the first gradient ranged from central, sealed, dry and
warm conditions to peripheral, less sealed, moist and colder conditions, while the second
gradient represented a turn-over from open habitats under the influence of the river valley to
more shaded moraine habitats distant to the river. Along these gradients, both non-native and
endangered species can be located via specific species traits.
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Urban characteristics like higher temperature and drier soil favour R-strategists, annuals and
therophytes (Prach et al. 2001, Knapp et al. 2008). Since the most important drivers for non-
native species richness were higher temperatures and drier soil (Chapter 2), several non-native
species can be located here. The arrival of new non-native species via the central port is also a
reason for high numbers of non-natives in the city centre, e.g. by escaping during port
activities (see Senecio inaequidens; Chapter 6). Williams et al. (2009) predict that urbanisation
will support simple plant communities from a narrow range of families with traits that can
tolerate urban conditions.

On the contrary, many specialist species have habitat requirements that are more complex and
in a narrower range of tolerable conditions. Endangered and rare species are often species
with specific and narrow habitat requirements (Rabinowitz 1981). At the less urbanised end of
the gradients, rather long-living species and species proxies associated with forest habitats
distant to the river were found. This corresponds well to Prach et al. (2001), who found
perennials associated with less humanly altered and forested sites. These could provide
suitable habitats for species threatened by urbanisation. In the studies of this thesis, the port
flora harboured several endangered species that seem to tolerate some urban conditions. By
trait analysis only, these species might not have been identified as endangered and rare
species due to their traits and habitat requirements, which are more similar to traits of
common “urban” species.

The previously discussed patterns are mostly somewhat related to the temperature
distribution in Hamburg, and temperature is certainly influenced by urbanisation intensity.
Most distinctly, the distribution pattern of thermophilic species richness (i.e. species with an
EIT higher than 5; Goedde and Wittig 1983) was influenced by mean annual temperature.
Hence, proportions of thermophilic species reflected the pattern of the UHI (Chapter 2). The
proportion of thermophilic species was highest in the urban core and a few other highly
urbanised areas (Neugraben/Neuwiedenthal and Harburg in the south). Consequently, the EIT
were used in Chapter 4 serving as temperature values integrating a longer time period. Since
the city of Hamburg does not maintain a spatially comprehensive network of measuring
stations for climatic data, the floristic values provided a good proxy for long-term temperature
measurements and were strongly correlated with UHI data calculated by Schluenzen et al.
(2010). This study demonstrates a promising possibility for the application of floristic mapping
data in urban climate research.

Values derived from floristic mapping data can also be applied in other areas. The plant species
composition in a city is very specific to the respective area and high turnover is found on the
scale of 1 km?2. Species richness is a measure derived from species composition that can help
shed light on areas within a city that are important for biodiversity and hence nature
conservation. Species-rich habitats should be the focus of conservation measures and be
maintained and promoted. However, more abstract measures can also be derived from species
composition and indicate possible vulnerable areas and features. For instance, besides
temperature preferences in Chapter 4, the species proxies phytosociological classes and traits
have been used to explain drivers of urban plant species composition more accurately
(Chapter 3). Since both proxies are representatives of the actual species composition, but on a
much coarser scale, they can be compared between cities. When analysing species
composition of an area, looking at species proxies seems a promising way to generalise
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findings and make them comparable. According to Thompson and McCarthy (2008), the
analysis of traits can reveal important patterns in vegetation that cannot be derived from
purely floristic analyses.

In summary, Hamburg’s spatial conditions differ from those of other cities. The central city
centre comprises typical urban landscapes with high building and population density, but also
the port area with large industrial areas, low population density, and surprisingly high species
richness. Therefore, we could confirm neither a decrease in species richness towards the urban
core as reported by other studies nor a peak in species richness in suburban areas (e.g.
McKinney 2008).

7.4 POSSIBLE IMPACTS OF CLIMATE CHANGE ON URBAN
VEGETATION

The influence of urbanisation along urban-to-rural gradients on species distribution and
ecosystem processes has been investigated in many studies (see McDonnell and Hahs 2008 for
a review). Some present urban environmental conditions represent conditions expected under
future climate change, i.e. elevated temperature (Oke 1982), drier soils (Wittig 1991), elevated
atmospheric CO, levels (George et al. 2007), and hence earlier flowering (Roetzer et al. 2000)
and prolonged growth periods (Luo et al. 2007). Besides examining the effects of urbanisation
on species and communities, urbanisation gradients have been used to analyse possible future
effects of climate change. Conditions in urban areas were used as a ‘space-for-time
substitution’ for climate change (e.g. Ziska et al. 2003, Carreiro and Tripler 2005, George et al.
2009, O’Brien et al. 2012 ).

Nevertheless, Carreiro and Tripler (2005) also state that “many factors co-vary in space and
time along urban-rural gradients and their individual effects may be impossible to separate”. In
the studies of this thesis, urbanisation intensity seemed to have a stronger impact on
vegetation than climate. For instance, climate variables could not be clearly separated from
distance to the city centre and soil sealing variables (Chapter 3). Hence, climate could not be
related to plant species distribution patterns directly. Furthermore, land use history depends
on urban development and has a strong effect on vegetation. In Chapters 2 and 3, agricultural
areas of Hamburg were shown to be especially species-poor, but this can be attributed more
to intensive land use than to environmental conditions. Since this area is former marsh land,
the soil is still moist and nutrient-rich, which could have favoured species richness under less
intensive agricultural use.

It can be concluded that the approach of ‘space-for-time substitution’ along urbanisation
gradients could not be applied successfully in this thesis. Too many correlated factors blur the
climatic effects and these could not be distinguished from other influences. In Chapter 3 for
instance, environmental conditions were shown to be strongly spatially structured and the
environmental variables were themselves intercorrelated (Chapter 2). Moreover, in Chapter 6,
differences in the performance of the non-native species Senecio inaequidens could not be
related to an urbanisation gradient representing temperature decrease. However, local
adaptations to different degrees of herbivore pressure resulting from urbanisation were
shown.
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The studies of this thesis show that vegetation is sensitive to climatic conditions (Chapter 4),
but climatic effects are always intermixed with urbanisation impact. Hence, impacts of climate
change can only be estimated. The analysis of floristic mapping data from only one point in
time cannot properly reveal changes in floras over time and hence lead to certain predictions
of changes in future. One can conclude that temperature does have an effect on species
distribution and range shifts can be expected with climate change. Furthermore, species that
now occur in the urban centre but are not adapted to warmer and dry conditions might
migrate to the surrounding areas where their habitat preferences are met better in future.
Several non-native species occurring in cities today originate from Mediterranean habitats;
these could extend their range within the city (Wittig et al. 2012). Consequently, suburban
areas might experience higher species richness in future — if habitat heterogeneity and the
possibility to reach those habitats are maintained by urban planning and development.
However, currently protected areas that are located mainly in less urbanised (rural) areas
might also experience changes in species composition. In combination with increasing
urbanisation, climate change might drive species adapted to rather cool habitats to extinction
in the study area and induce range shifts further north. Moreover, effects of urbanisation and
climate change need to be distinguished: urbanisation might reduce the habitat availability of
semi-natural habitats not under protection directly or restrict it by fragmentation, whereas
climate change might alter habitat conditions due to warming and decreasing summer
precipitation, especially towards 2100. The species-rich flora of the port area is probably
already better adapted to climate change since conditions here are similar to those expected
in future. Here, urban development and port development will probably be a stronger threat
to species. Conservation needs to take action, so that particular species-rich habitats, e.g. dry
grasslands and wasteland sites, will not be lost. However, new species are expected that
migrate from other regions and may already be well adapted to future conditions in Hamburg.
Thus, overall species richness altogether will probably not be affected much, but most likely
the ratio of native and non-native species will change towards more non-native species.

To investigate effects of climate change on species in detail, elaborate studies on single species
need to be carried out, as conducted in Chapter 6. When investigating single species,
“flagship” species should be chosen that represent groups of species with a similar
background, life history, and traits, as such analyses are very complex and time-consuming. For
instance, choosing Senecio inaequidens as a study species served as an example of a non-
native species that spread rapidly in Europe and results might hence be carefully projected to
species with a similar invasion history. In the case of S. inaequidens, its special herbivore
defence strategy has to be considered. Hence, the response of S. inaequidens to elevated
temperature cannot be transferred directly to other species, but it might be related to other
species of the genus Senecio. Since Bergmann et al. (2009) identified the lberian Peninsula as a
possible future species pool for Germany, more native and non-native species of that genus
might migrate to Central Europe (see Garcia-Serrano et al. 2004, Garcia-Serrano et al. 2005 for
studies on Senecio species in Spain).

Climate change and non-native species will create novel plant communities in future
(Schweiger et al. 2010). When non-native species become introduced into new ranges and
communities, they encounter different competition regimes and new enemies. S. inaequidens
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seems to be a strong competitor and has adapted to local enemies (Chapter 6). The increase in
germination percentage and the rapid germination course of S. inaequidens under elevated
temperature in combination with higher flower production and earlier flowering suggests that
S. inaequidens’ reproduction will be favoured by climate change. Consequently, seed output
and the reproduction rate may increase. Its flowering period is terminated by frost (Ernst
1998), but in the course of climate warming, winter frost may be delayed, resulting in a
prolonged flowering period.

The ability of rapid local adaptation has been confirmed in Chapter 6. Here, different
pyrrolizidine alkaloid (PA) contents (a toxic secondary metabolite compound) in leaves of S.
inaequidens between populations from areas of different urbanisation degrees have been
identified. These differences could be attributed to local herbivore pressure, which is lowest in
urbanised areas. Local adaptation has also been shown for S. inaequidens by Lachmuth et al.
(2011), but the scale considered in the study of this thesis is much smaller. Differences in
growth and biomass production between populations are most likely further attributed to
maternal effects and general genetic constitution. The local adaptation to herbivore pressure
could not be clearly related to increased temperatures and hence be transferred to possible
future climate. However, the ability of local adaptation indicates that S. inaequidens will be
able to adapt to future enemies and changing environmental conditions.

The results concerning biotic interactions with native species are not directly transferable to
other species since these interactions are species-specific. Climate change will affect all species
in a specific way and thus change species communities of urban habitats. Non-native species
might compensate for native species that are lost due to climate change and the expected
range shifts as well as phenological interruptions (Visser and Both 2005, Parmesan 2006,
Schweiger et al. 2010). Some species might need to switch hosts (Schweiger et al. 2010) and
hence newly introduced species like S. inaequidens may serve as new hosts for native species.

7.5 APPLICATIONS FOR BIODIVERSITY CONSERVATION IN URBAN
AREAS

Although biodiversity in cities is rather homogenous across the world (Kuehn and Klotz 2006,
McKinney 2006, Wittig and Becker 2010) and Germany does not have a legal obligation to
protect urban biodiversity (Wittig et al. 2012), motivations behind conservation in urban areas
are manifold. They include conservation of local biodiversity, the creation of stepping stones in
habitat networks to promote dispersal of natural populations, understanding species’ response
to global change for better protection in future, environmental education, provision of
ecosystem services, and general improvement of human well-being (Dearborn and Kark 2010).
Urban areas are still mostly disregarded by nature conservation (e.g. by the European
Commission’s Habitats Directive; Kelcey and Miiller 2011), but several studies emphasise the
importance of integrating urban habitats into conservation measures and urban planning (e.g.
Niemeld 1999, Kattwinkel et al. 2011, Kowarik 2011, Sushinsky et al. 2013). Special attention
should be paid to those species that are endangered or area-specific and therefore indicate
valuable habitats that are worth protecting.
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Floristic mapping data and the results from the analyses of this thesis can be used to identify
valuable areas for conservation practice and hence provide important impacts for urban
planning (e.g. Dana et al. 2002). Muratet et al. (2008) developed an index of floristic interest
from richness, nativeness, typicality, and rarity of species that can be integrated into
conservation practice to decide on preservation of biodiversity in urban areas. The analysis of
floristic mapping data as a proxy for the UHI (Chapter 4) can be used to identify areas in cities
that are prone to heat stress and might negatively affect human well-being. Areas of high
species richness and larger numbers of rare species should be considered for conservation
measures.

The results of this thesis show that in Hamburg special attention needs to be paid to both the
port vegetation and the vegetation of semi-natural habitats, since these areas are richest in
species and harbour rare and endangered plant species. In the port area, measures should
include the protection of the valuable dry grasslands that are specific to Hamburg’s landscape
(Poppendieck et al. 2010) and are amongst the species-richest habitats in Europe (Wilson et al.
2012, Habel et al. 2013). Therefore, these areas should be incorporated into nature
conservation practice in Hamburg and be designated as nature reserve.

Another focus should be on the conservation of wasteland sites as habitats. In the course of a
dynamic nature conservation approach, Kattwinkel et al. (2011) suggest ‘temporary
conservation’ for wasteland sites. The authors found the highest conservation values (i.e.
species richness of plant and animals) on wasteland sites after 15 years of abandonment and
conclude to leave urban areas open for such a period of time before redevelopment. They
further propose promoting different successional stages in an area and hence focusing on the
landscape scale instead of single sites only. This approach could be integrated into urban
planning in Hamburg.

The protection of semi-natural remnant habitats in urban areas is important for biodiversity
conservation, since typical man-made urban habitats are not suitable for a wide range of
species (Kowarik 2011). Conservation of the semi-natural habitats should focus on maintaining
or extending their conservation status by law and prevent further fragmentation by urban
development. Plant species already inhabiting these ecosystems should be protected and new
species should be allowed to migrate. Therefore, a functional habitat network needs to be
established and maintained. Recent studies suggest including private gardens in such networks
(Rudd et al. 2002, Goddard et al. 2010), which could improve habitat connections and thus
enhance biodiversity. This approach could also yield potential for nature conservation in
Hamburg, since private green space covers large areas in the city.

Besides the conservation of semi-natural habitats, new species assemblages and novel
ecosystems should be part of conservation strategies. Non-native species included in new
species assemblages after habitat transformation are likely to be better adapted to the new
conditions than previous native species communities (Kowarik 2011). Regarding future urban
planning, promoting spontaneously occurring plant species would be advantageous, because
these are adapted best to prevalent climatic conditions (Wittig et al. 2012). Hence, urban
development should leave more room for spontaneous flora and incorporate extensively
managed areas into urban green space and local parks.

A further motivation to protect urban nature is education of the human urban population.
Since more and more people will live in cities in future, their main contact with biodiversity
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and vegetation will be via urban nature. Hence, awareness and appreciation need to be raised
amongst the population for integrating nature conservation measures into urban planning.
Conservation scientists need to interact with urban planners, land managers, policy-makers,
and the public (Miller 2005). Environmental education of the public will be an important task in
future as “the critical factor in preserving plant species diversity will be developing public
support for natural areas in parks” (DeCandido 2004). People need to reconnect with nature,
as experiences with biodiversity and wildlife are essential for global conservation action.
People are not likely willing to invest in protection if they do not value nature because it is not
properly integrated in their day-to-day life (Miller 2005, Faeth et al. 2011). More appreciation
for urban vegetation could be achieved by incorporating environmental education into school
curricula so that children learn to value nature from a very young age.

7.6 OUTLOOK

The results of this thesis could be used to compare future species richness and composition
with the patterns derived here. Good examples for comparable studies are those by Godefroid
(2001), Chocholouskova and Pysek (2003), Tamis et al. (2005), and Knapp et al. (2010), who
revealed important results regarding the change of floras over time in relation to urbanisation.
Correspondingly, the impact of climate change could also be assessed more thoroughly when
comparing data from two points of time. Moreover, the comparisons of the results across
cities (e.g. Lososova et al. 2012a) would be desirable. Generalisations in a broader global
context could thus be derived, which is a task worth pursuing in future urban ecology
(McDonnell and Hahs 2013). In urban areas, environmental variables are highly intercorrelated
(see above), so the analyses revealed no clear impact of temperature or precipitation patterns
yet. Furthermore, climate (i.e. temperature and water availability) acts differently on plants in
different phases of their life cycle. To identify possible effects of climate change on vegetation
in cities, it may be promising to focus on single species or communities (see Chapter 6), since
climate change can be directly simulated in experiments by elevating temperature or CO,,
while fully excluding other impacts. If analyses were conducted on several important “flagship”
species, the results could then be possibly transferred to the flora of a city. One could also
focus on traits or phytosociological classes and hence project the results via species proxy
distributions. Since humans are dominant in urban areas and human impact can vary between
urban quarters, more socioeconomic factors should be integrated into analyses. However,
these can sometimes be difficult to combine with floristic mapping on a 1 km? grid scale, since
not all population-related data are available in such a resolution. Often, data are only available
on the district scale.

The application of floristic mapping data, e.g. for temperature distribution and UHI (Chapter
4), is a promising avenue for integrating botanical and floristic studies into other research
areas. Not only climatology, but also urban planning and landscape architecture may benefit
from plant sciences and vice versa. For instance, in the course of adaptation to climate change,
the design of green space may profit from species adapted to certain conditions. Floristic
mapping data may reveal suitable areas, from which urban green space could be colonised.
Floristic mapping data could also be used to analyse a city in regard to other habitat
preferences of species, e.g. moisture or nutrients. However, to integrate results from science
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into urban development and urban biodiversity conservation, the questions planners,
designers, and decision-makers need answered have to be translated into ecologically relevant
guestions that can then be addressed by urban ecology research. Consequently, the results
can be used for planning advice (McDonnell and Hahs 2013).

Overall, however, the potential of pursuing such intensive floristic analyses, e.g. between two
points of time, depends strongly on the work of voluntary associations such as the Botanical
Association of Hamburg. Numerous volunteers conducted the mapping over 15 years and the
knowledge and work that is needed to obtain such data is often underestimated. This
enormous voluntary work needs to be much more highly valued and appreciated as well as
properly funded. Species determination qualifications and abilities must also be promoted in
education. Without this work, changes in floras would be nearly impossible to detect.
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