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Foreword

Urban areas are increasing more and more and human’s first contact to nature
will take place in cities. More than 50 % of the world’s human population is
concentrated in urban areas; this number is even higher in Central Europe. These
are the main reasons for the increasing number of studies on urban ecology in-
cluding urban flora and vegetation. One surprising outcome of these studies was
the higher species richness in urban areas in comparison to the open cultural
landscape in Central Europe. This stable pattern has been found within several
studies on several cities since the 70s of the last century.

The main tasks of the dissertation of Sonja Knapp can be summarised in the
following questions: What are the main causes for higher species richness and
what processes govern this pattern? Is species richness linked with ecological
traits and is species richness in urban areas linked with phylogenetic diversity?

Sonja Knapp’s dissertation “Plant Biodiversity in Urbanized Areas — Analy-
ses of Plant Functional Traits in Space and Time, Plant Rarity and Phylogenetic
Diversity” presents new insights into biodiversity processes in urban areas. First,
the trait composition within urban floras is significantly different from non-
urban floras; second, urbanization threatens rare native species, while common
native species and aliens profit from urban land use; third, a clear trait shift was
found within a time series of floras (over more than 300 years) of the city of
Halle (Saale) comparable to spatial differences between urban and non-urban
landscapes; fourth, it was shown that the phylogenetic diversity of urban areas
does not reflect their high species richness. The reduced phylogenetic informa-
tion might decrease the flora’s capacity to respond to environmental changes.

Sonja Knapp is not only dealing with trait composition and phylogenetic di-
versity of floras but also with the influence of different spatial and temporal
scales. Spatial differences between urban and non-urban areas are reflected in
time series of urban floras in the same way. Spatial patterns of urban floras de-

pend on scales. Results of such studies must be set into the scales context.



VI Foreword

Sonja Knapp’s work is an outstanding contribution to biodiversity studies in
urban areas. Therefore, I am sure that this publication will be of interest and
great benefit not only for urban ecologists but also for ecologist in general and
environmental managers, city and landscape planners. Additionally, the basic
findings have a high value for the development of biodiversity indicators for
urban areas. To sum up, this publication is a highly substantial contribution to

urban ecology.

Stefan Klotz



Foreword

Today, cities are not only the most important habitat of humans but they also
host an astonishingly great number of plant species. Regarding Central Europe,
the number of plant species in cities is very often significantly higher than in
rural areas with comparable sizes. A steadily increasing urbanization leads to the
following interesting questions: What traits enable species to survive in the cit-
ies? What does this multitude of species contribute to the maintenance of the
world-wide biodiversity? These questions can best be answered by comparing
the traits of urban species with the traits of species from the cities' surrounding
or from rural areas.

The dissertation of Sonja Knapp "Plant Biodiversity in Urbanized Areas —
Analyses of Plant Functional Traits in Space and Time, Plant Rarity and Phy-
logenetic Diversity" is based exactly on these comparisons — carried out on dif-
ferent scale ranges.

Analyses like the one made by Sonja Knapp could be conducted only in the
younger past as the crucial requirement — the availability of datasets of traits of
whole florae — is just in its early stages. In the field of current urban ecological
research, the dissertation of Sonja Knapp is, therefore, pioneer work in the true
sense of the meaning.

Sonja Knapp is not only dealing with plant traits but also with plants' rare-
ness and their phylogenetic diversity. Accordingly, her work has to be taken as
an important contribution to the question of the importance of cities for biodiver-
sity. Therefore, I am convinced that this publication will be of great interest and
benefit to all ecologists who are interested in the reaction of organisms to chang-

ing environments, in biodiversity problems, and, of course, in urban flora.

Riidiger Wittig



Preface

Several people at the Helmholtz Centre for Environmental Research — UFZ
in Halle (Saale) and the Johann Wolfgang Goethe University in Frankfurt (Main)
accompanied and supported my work on this thesis. In the first place, I want to
thank my supervisors Prof. Dr. Rudiger Wittig and Dr. Stefan Klotz as well as
Dr. Ingolf Kithn who always lent me a helping hand. Thanks to Jun.-Prof. Dr.
Oliver Tackenberg for reviewing the thesis, to Dr. Christine Romermann who
contributed her knowledge, help, and good mood, and to Dr. Oliver Schweiger
for his help and expertise. Thanks to all those whose work provided the basis for
my studies (loads of data); many thanks to all my colleagues who made the time
of my thesis a good one and to my family who never let me down!

At the time this book was published, several of its chapters had already been
published separately in scientific journals, but in different forms: Each article
has to be understandable on its own, but the chapters of this book can and should
refer to each other. Therefore, the texts of the chapters partly deviate from the
texts of the associated articles. I want to thank Wiley-Blackwell for the permis-
sion to reprint parts of the articles from “Diversity and Distributions” and “Ecol-
ogy Letters” and the Czech Botanical Society to reprint a figure from the article
in “Preslia”. The articles that correspond to the chapters of this book shall be

named here:

Chapter I: Knapp S., Kiihn 1., Wittig R., Ozinga W.A., Poschlod, P. & Klotz S.
(2008). Urbanization causes shifts in species' trait state frequencies. Preslia
80, 375-388

Chapter III: Knapp S., Kiihn I., Bakker J.P, Kleyer M., Klotz S., Ozinga, W.A.,
Poschlod, P., Thompson, K., Thuiller, W. & Rémermann C. How species
traits and affinity to urban land use control large-scale species frequency. Di-
versity and Distributions 15, 533-546
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Chapter V: Knapp S., Kiihn I., Schweiger O. & Klotz S. (2008). Challenging
urban species diversity: contrasting phylogenetic patterns across plant func-

tional groups in Germany. Ecology Letters 11, 1054-1064

Sonja Knapp



Summary

Although urban areas only occupy c. 2.8% of the earth’s land surface, ur-
banization threatens biodiversity since areas of high human population density
often coincide with high biodiversity: Cities harbor more species than their rural
surroundings, at least over large enough scales. However, species richness does
not necessarily cover all aspects of biodiversity such as the functional composi-
tion of species assemblages, species rarity or phylogenetic relationships. Ignor-
ing these aspects of biodiversity, our understanding of how species assemblages
develop and change in a changing environment remains incomplete. Moreover,
knowledge of these aspects can give valuable information for the conservation of
species diversity. In this study, vascular plant biodiversity of urbanized areas in
Germany was analyzed with respect to these three aspects using statistical meth-
ods: Extensive databases on occurrence, traits, and relatedness of species
(FLORKART, BiolFlor, LEDA) and on land use in Germany (Corine Land-

cover) provided the data to answer the following questions:

Does the functional composition of floras differ between urbanized and rural
areas in Germany? (Chapters I and II)

Does the affinity of a plant species to urban land use together with its traits in-
fluence the rarity of the species? (Chapter III)

Does the functional composition of an area’s flora change over time when the
area becomes more and more urbanized? (Chapter V)

Are the floras of urbanized areas phylogenetically more diverse than the floras of
rural areas and does the phylogenetic diversity of plant species characterized
by a specific functional trait differ between urbanized and rural areas?
(Chapter V)



XII Summary

(1) Urbanization is one of the most extreme forms of land transformation. It
deeply changes the structure and characteristics of a landscape. The specific
characteristics of urban environments such as increased temperatures, reduced
air moisture or a high degree of fragmentation, do not allow all species of the
respective regional species pool to exist in urbanized areas. The according spe-
cies turnover along urbanization gradients is supposed to change the frequencies
of species trait states in species assemblages: In Chapter I, we hypothesized that
the vascular flora of urbanized and rural areas in Germany differs in the fre-
quency of trait states, and asked what traits enable a plant to cope with urban
conditions. We performed the analyses on the basis of grid-cells sized 130 km?
each. These grid-cells were divided into urbanized, agricultural, and for-
ested/semi-natural ones, depending on the percentage of land use in the cell.
Chapter I showed that urbanized grid-cells have e.g. higher proportions of wind-
pollinated plant species, species with scleromorphic or overwintering green
leaves or species dispersed by animals than non-urbanized grid-cells. Vice versa,
urbanized grid-cells had e.g. less species that were pluriennial, dispersed by
wind or had hygromorphic leaves than non-urban grid-cells. Climate, distur-
bance and fragmentation were, amongst others, discussed as possible drivers of
these patterns. The results show that shifts in land use can change the trait state
composition of plant assemblages. Furthermore, far-reaching urbanization is able
to homogenize our flora with respect to trait state frequency.

However, patterns of biodiversity can change with scale: Cities are richer in
species than rural areas on national scales but a city center can be poorer in spe-
cies than an area of the same size in the near countryside. Large-scale analyses
give important information on biodiversity but can also yield wrong conclusions
for e.g. local nature conservation. In Chapter II, we tested the hypothesis of
Chapter I for a smaller scale: We compared plant trait state frequency in pro-
tected areas and randomly selected 0.06 km2-plots in the city of Halle and its
rural environs in Central Germany. The functional composition of urban and
rural plant assemblages was less different on the small than on the large scale.

There were similarities between scales such as increased proportions of animal-
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dispersed species and therophytes in the urban study sites. Other patterns dif-
fered such as increased proportions of pluriennials or species with hygromorphic
leaves in Halle’s urban study sites. Local conditions can mitigate effects of urban
land use, such as forests or parks within a city that support plants that are less
frequent in typical urban built-up environments. Consequently, semi-natural
habitats in an urban area contribute importantly to the conservation of biodiver-
sity in cities. However, also the stochastic lack of rare plant species in small
study sites can cause differences between large- and small-scale patterns.

(2) Urbanization especially threatens rare native plant species, while alien
and common native species may profit from urban land use. An understanding of
why species are rare is necessary to develop effective conservation strategies.
Both plant traits and extrinsic threats such as urbanization can contribute to
species rarity. In Chapter III, we assessed how the affinity of plants to urban land
use interacts with plant traits in determining species frequency in Germany.
Common species had a high affinity to urban land use in contrast to rare species.
The affinity to urban land use interacted with the species’ type of pollination,
type of reproduction, habitat preferences regarding temperature and moisture and
with the existence of hemirosettes. This means that many rare species, especially
those depending on biotic pollinators, those reproducing vegetatively or those
preferring cool, moist or non-ruderal habitats might already have disappeared
from urbanized areas. Consequently, cool, moist and rarely disturbed habitats of
older successional stages, e.g. alluvial forests, can especially contribute to the
conservation of rare species in urbanized areas. Chapter III showed the potential
of analyses combining traits and environmental effects for understanding the
causes of rarity to derive better conservation strategies.

(3) Today’s state of biodiversity is the product of recent environmental condi-
tions but also reflects historical developments. Documents on historical floras
provide unique opportunities to analyze past changes, to show trends in biodi-
versity, and to explain the structure of recent floras. In Chapter 1V, we studied
the development of the flora of Halle in the last 320 years. More than 20 floras,

the earliest dating back to the year 1687, provided information on plant occur-
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rences. According to the spatial analyses in chapters I and II, urbanization should
also change the species composition and functional composition of floras when
increasing over time. Indeed, there was a species turnover of 22% within the
study period, accompanied by a turnover in traits: The proportion of natives and
archaeophytes decreased while the proportion of neophytes increased. Species of
bogs, nitrogen-poor habitats or plants with hydromorphic leaves got extinct more
often than expected by chance. Species dispersed by animals, plants preferring
nitrogen-rich or hot habitats, and phanerophytes were, amongst others, overrep-
resented among introduced species. Transformations from agriculture to urban
land use, drainage of bogs, climatic changes, contamination of habitats, and
gardeners’ preferences for specific plants were discussed as main drivers of these
developments. Chapter IV showed that changes in the functional composition of
Halle’s flora already started centuries ago.

(4) Given the high vascular plant species richness of urbanized areas in Ger-
many, Chapter V investigated whether these also have a higher phylogenetic
diversity than rural areas, and whether phylogenetic diversity patterns differ
systematically between species groups characterized by specific functional traits.
Chapter V showed that phylogenetic diversity of urban areas does not reflect
their high species richness. However, species that can cope with urban land use
such as plants with scleromorphic leaves or self-pollinated species have a higher
urban than rural phylogenetic diversity. Contrarily, plants with trait states less
suitable for urban land use, e.g. plants with hygromorphic leaves or pluriennials,
have a higher rural than urban phylogenetic diversity. Hence, high urban species
richness is mainly due to more closely related species that are functionally simi-
lar and able to deal with urbanization. This diminished phylogenetic information
might decrease the flora’s capacity to respond to environmental changes.

The results were discussed in the context of other studies on urban ecology in
the Chapter “Synthesis and Conclusions”. The present study revealed effects of
urban land use on the structure of vascular plant species assemblages, gave in-
sights into the development of urban species assemblages, and provided impor-

tant background information for the conservation of plant biodiversity in urban-
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ized landscapes. It showed that urbanization is able to globally decrease plant
diversity by fostering common species with “urban-adapted” trait states, by
limiting rare species with traits less suitable for urban environments, and by
decreasing phylogenetic diversity. The study also provided evidence that semi-
natural areas within cities, e.g. protected areas, parks, and even gardens, can
protect species with traits less suitable for the typical urban built-up environ-
ment. Therefore, a mix of semi-natural habitats and typical urban-industrial
habitats within a city (if the latter are allowed for spontaneous vegetation) should
permit both semi-natural and typical urban floristic elements and thus enable
functional and phylogenetic diversification. Because more than half of the total
world population lives in cities, urban nature is of special importance for global
biodiversity: People who appreciate nature are probably willing to protect it. As
for many urban dwellers, urban nature is the only nature they can experience
everyday, it is also the only kind of nature that can show them the values of

biodiversity.



Zusammenfassung

Stiadte bedecken nur 2,8% der Landflichen der Erde. Urbanisierung findet al-
lerdings hdufig in Gegenden statt, die sich durch besonders hohe Artenzahlen
auszeichnen und stellt daher eine weltweite Bedrohung fiir die Biodiversitét dar.
Artenzahlen sind aber nur ein Teilaspekt der Biodiversitdt und lassen detaillierte-
re Mafle, wie zum Beispiel die funktionelle Zusammensetzung von Artenge-
meinschaften, die Seltenheit von Arten oder ihre verwandtschaftlichen Bezie-
hungen, auBler Acht. Diese Mafle konnen Aufschluss dartiber geben, wie Arten-
gemeinschaften entstehen und wie sie auf Verdnderungen ihrer Umwelt, bei-
spielsweise auf Urbanisierung, reagieren. Sie konnen damit auch Hinweise fiir
einen effektiven Artenschutz geben. In der vorliegenden Dissertation wurden
diese drei Aspekte der Diversitidt der GefiaBBpflanzen in Stddten am Beispiel
Deutschlands und anhand statistischer Methoden untersucht. Dabei konnten mit
Hilfe umfangreicher Datenbanken zu Vorkommen, Merkmalen und Verwandt-
schaftsgrad der Arten (FLORKART, BiolFlor, LEDA) sowie zur Landnutzung in

Deutschland (Corine Landcover) folgende Fragen beantwortet werden:

Unterscheidet sich die funktionelle Zusammensetzung der Flora stddtischer Ge-
biete von derjenigen der Flora in lédndlichen Gebieten? (Kapitel I und II)

Beeinflusst die Affinitét einer Pflanzenart zu stadtischer Landnutzung in Interak-
tion mit den Merkmalen der Art ihre Seltenheit? (Kapitel I1I)

Fiihrt die Urbanisierung eines Gebietes tiber einen ldngeren Zeitraum hinweg zu
Verdnderungen in der funktionellen Zusammensetzung der Flora des Gebie-
tes? (Kapitel I'V)

Sind die Floren stidtischer Gebiete phylogenetisch (verwandtschaftlich) diverser
als die Floren lédndlicher Gebiete und unterscheidet sich die phylogenetische
Diversitit von Artengruppen, die durch bestimmte Merkmale gekennzeichnet

werden, zwischen stiddtischen und ldndlichen Gebieten? (Kapitel V)
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(1) Urbanisierung veréndert die Struktur und Eigenschaften von Landschaf-
ten grundlegend. Die spezifischen Eigenschaften stddtischer Landschaften, bei-
spielsweise die im Vergleich zum Umland erh6hten Temperaturen, die verringer-
te Luftfeuchte oder der hohe Fragmentierungsgrad, fithren dazu, dass nicht alle
Arten des jeweiligen regionalen Artenpools in Stiadten vorkommen. Der Wandel
des Artenspektrums (Arten-Turnover) entlang eines Stadt-Land-Gradienten sollte
auch Verdnderungen in der funktionellen Zusammensetzung der Artengemein-
schaften (Merkmals-Turnover) nach sich ziehen. Ausgehend von dieser Hypo-
these wurde in Kapitel I untersucht, ob bestimmte Pflanzenmerkmale in den
Floren stddtischer Gebiete Deutschlands hdufiger oder seltener vorkommen als
in den Floren ldndlicher Gebiete. Die Analyse fand auf Basis von Rasterzellen a
130 km? statt, die in stidtisch dominierte, landwirtschaftlich dominierte und
forstlich/naturnah dominierte Rasterzellen eingeteilt wurden, entsprechend des
prozentualen Anteils der jeweiligen Landnutzungstypen. Es zeigte sich, dass in
stddtischen Gebieten u.a. mehr Pflanzen vorkommen, die windbestdubt sind,
skleromorphe oder iiberwinternd griine Blétter haben oder von Tieren verbreitet
werden als in ldndlichen Gebieten. Umgekehrt sind beispielsweise mehrjdhrige
Arten, windverbreitete Arten oder Arten mit hygromorphen Blittern in stidti-
schen Gebieten seltener als in ldndlichen Gebieten. Als mogliche Ursachen fiir
diesen Merkmals-Turnover wurden u. a. Klima, Storungsgrad und Fragmentie-
rung der Stddte diskutiert. Den Ergebnissen zufolge kann eine weitreichende
Urbanisierung der Landschaft tatsichlich die Merkmalsanteile betroffener Pflan-
zengemeinschaften verschieben und eine funktionelle Homogenisierung der
Flora nach sich ziehen.

Allerdings konnen solche Biodiversitdtsmuster mit der Betrachtungsebene
variieren: Auf einer nationalen Skala sind Stddte meist artenreicher als landliche
Gebiete; ein Stadtzentrum kann aber deutlich artendrmer sein als ein Gebiet
gleicher Grofle im Umland der Stadt. Daher wurde in Kapitel 1I die gleiche
Hypothese getestet wie in Kapitel I, aber auf einer kleineren Skala: Schutzgebie-
te und zufillig ausgewihlte, 0.06 km? grofle Untersuchungsfldchen in der Stadt

Halle in Sachsen-Anhalt wurden mit entsprechenden Flachen der benachbarten
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Landkreise Saalkreis und Mansfelder Land hinsichtlich der funktionellen Zu-
sammensetzung ihrer Floren verglichen. Insgesamt traten auf dieser kleineren
Skala deutlich weniger Unterschiede in der funktionellen Zusammensetzung der
Stadt- und Landflora auf als auf der Skala aus Kapitel I. Den Ergebnissen des
ersten Kapitels entsprachen zum Beispiel der erhohte Anteil von tierverbreiteten
Arten und von Therophyten in den stddtischen Untersuchungsgebieten; im Ge-
gensatz zur groferen Skala gab es in Halle aber u. a. mehr Pflanzen mit hygro-
morphen Blittern und mehrjdhrige Arten als im ldndlichen Umland. Demzufolge
konnen lokale Bedingungen die Effekte stadtischer Landnutzung mildern: Inner-
stddtische Wiilder, aber auch Parks und Girten konnen Arten Lebensraum bieten,
die ansonsten in Stddten eher selten sind. Naturnahe Gebiete in einer Stadt kon-
nen demzufolge wesentlich zum Schutz der Biodiversitét beitragen. Die Unter-
schiede zwischen den Skalen konnen aber auch dadurch zustande kommen, dass
seltene Arten auf groen Flachen mit héherer Wahrscheinlichkeit vorkommen als
auf kleinen Fliachen, also in den Rasterzellen vorhanden sind, in den relativ klei-
nen Untersuchungsgebieten von Kapitel I aber nicht.

(2) Es sind insbesondere seltene einheimische Pflanzenarten, die durch Ur-
banisierung bedroht werden; Neophyten und hédufige einheimische Arten konnen
sogar davon profitieren. Um effektive MaBnahmen zum Schutz der Biodiversitét
entwickeln zu kénnen, ist ein Verstdndnis der Mechanismen, die Seltenheit be-
dingen, unabléssig. Neben externen Einflussfaktoren, wie der Urbanisierung,
kann Seltenheit auch von den Merkmalen einer Art abhingen. In Kapitel III
wurde daher untersucht, wie sich die Merkmale einer Pflanzenart zusammen mit
ihrer Affinitdt zu stiddtischer Landnutzung auf ihre Seltenheit auswirken. Dabei
zeigten hédufige Arten generell eine hohe Affinitdt zu stddtischer Landnutzung,
seltene Arten zeigten eine geringe Affinitdt. Die Stadtaffinitit interagierte mit
den Anspriichen der Arten an Temperatur und Feuchtigkeit sowie mit der Art
ihrer Fortpflanzung, ihrer Bestdubungsart und der Ausbildung einer Hemirosette.
Das bedeutet, dass insbesondere die Arten aus Stidten verschwinden, die in
kiithlen oder feuchten Habitaten leben, sich vegetativ fortpflanzen, biotisch be-

stdaubt werden oder nicht mit ruderalen Bedingungen zurechtkommen. Folglich
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kann das Vorhandensein entsprechender Habitate in Stddten, beispielsweise von
Auenwildern, die relativ kiihl, feucht und ungestért sind und zudem ein fortge-
schritteneres Sukkzessionsstadium reprisentieren als viele typisch urban-
industrielle Habitate, zum Schutz seltener Arten in stddtisch geprdgten Land-
schaften beitragen. In Kapitel III konnte auerdem gezeigt werden, dass Analy-
sen, die Pflanzenmerkmale und Umwelteinfliisse kombinieren, ein grof3es Poten-
tial fir das Verstdndnis von Seltenheit haben und somit die Moglichkeit bieten,
Mafnahmen zum Schutz seltener Arten abzuleiten.

(3) Der heutige Zustand von Artengemeinschaften hiangt neben den heutigen
Umweltbedingungen auch von zeitlich zuriickliegenden Entwicklungen ab. An-
hand historischer Florenwerke kann man zuriickliegende Verdnderungen einer
Flora nachvollzichen, Entwicklungstrends offenlegen und die Struktur heutiger
Floren erkldren. In Kapitel IV wurde die funktionelle Zusammensetzung der
Flora der Stadt Halle fiir den Zeitraum zwischen 1687 und 2008 untersucht.
Mehr als 20 Florenwerke informierten tiber das Vorkommen der Pflanzenarten.
Entsprechend des in den Kapiteln I und II fiir riumliche Stadt-Land-Gradienten
gezeigten Merkmals-Turnover, sollte auch die tiber den Untersuchungszeitraum
hinweg zunehmende stidtische Landnutzung im Untersuchungsgebiet Anderun-
gen in der funktionellen Zusammensetzung der Flora nach sich ziehen. Tatséch-
lich fanden im Untersuchungszeitraum sowohl ein Arten- als auch ein Merk-
mals-Turnover statt. Der Arten-Turnover betrug zwischen 1687 und 2008 22%.
Der Anteil der einheimischen Arten und der Archdophyten in der Flora nahm in
diesem Zeitraum deutlich ab; der Anteil der Neophyten nahm entsprechend zu.
Der Vergleich der Merkmale der 1687 in Halle existierenden Arten mit denen der
seitdem ausgestorbenen Arten zeigte, dass Arten der Moore, der stickstoffarmen
Habitate und Pflanzen mit hydromorphen Blittern hdufiger ausgestorben sind als
erwartet. Der entsprechende Vergleich der Flora von 1687 mit den seitdem ein-
gewanderten Neophyten zeigte, dass u. a. Arten, die von Tieren verbreitet wer-
den, Arten stickstoffreicher und sehr warmer Habitate sowie Phanerophyten
hdufiger eingewandert sind als erwartet. Als Hauptverursacher dieser Entwick-

lungen wurden die Umwandlung landwirtschaftlicher in stidtische Habitate, die
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Entwisserung von Mooren, klimatische Verdnderungen, Habitatverschmutzung
sowie die bevorzugte Anpflanzung bestimmter Arten in Gérten und anderen
stadtischen Griinanlagen diskutiert. Die Ergebnisse zeigen, dass die Zunahme
der stadtischen Landnutzung im Untersuchungsgebiet bereits seit mehreren Jahr-
hunderten Veranderungen in der funktionellen Zusammensetzung der Flora nach
sich zieht.

(4) Angesichts der Tatsache, dass stddtisch geprigte Gebiete in Deutschland
artenreicher sind als ldndliche Gebiete, wurde in Kapitel V untersucht, ob erstere
auch phylogenetisch diverser sind und ob sich die phylogenetische Diversitét
von Pflanzenarten, die ein bestimmtes Merkmal teilen, systematisch zwischen
Stadt und Land unterscheidet. Dazu wurden die in Kapitel I definierten stédtisch,
landwirtschaftlich und forstlich/naturnah dominierten Rasterzellen hinsichtlich
der phylogenetischen Diversitét ihrer Flora verglichen. Es zeigte sich, dass die
Flora in stadtischen Gebieten, obwohl artenreicher, nicht phylogenetisch diverser
ist als die Flora landlicher Gebiete. Stattdessen ist die phylogenetische Diversitét
in stadtischen Gebieten sogar etwas niedriger als in landlichen Gebieten. Aller-
dings sind solche Artengruppen in Stadtregionen phylogenetisch diverser, die
durch ,,stadtgeeignete* Merkmale charakterisiert sind, zum Beispiel Pflanzen mit
skleromorphen Bléttern oder selbstbestdubte Arten. Umgekehrt sind Artengrup-
pen, die weniger ,,stadtgeeignete” Merkmale teilen, zum Beispiel Pflanzen mit
hygromorphen Blittern oder mehrjahrige Arten, in Stadtregionen phylogenetisch
weniger divers als auf dem Land. Folglich basieren die hohen Artenzahlen deut-
scher Stidte vor allem auf relativ eng verwandten Arten, die ,,stadtgeeignete™
Merkmale teilen und gut mit den stiddtischen Umweltbedingungen zurechtkom-
men. Eine Reduzierung der phylogenetischen Diversitdt unserer Flora, bei-
spielsweise aufgrund von Urbanisierung, kénnte ihre Reaktionsfahigkeit gegen-
iiber Verdnderungen der Umwelt reduzieren.

Die Ergebnisse wurden im Kapitel ,,Synthesis and Conclusions* zusammen-
fassend diskutiert und in den Kontext anderer stadtokologischer Studien gestellt.
Insgesamt konnte in dieser Arbeit gezeigt werden, wie stadtische Landnutzung

die Struktur von Pflanzengemeinschaften beeinflusst und welche Mechanismen
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die Zusammensetzung von Artengemeinschaften in Stidten steuern. Den Ergeb-
nissen zufolge trdgt Urbanisierung zu einem globalen Riickgang der Phytodiver-
sitdt bei, indem sie hiufige Arten, die gut an stddtische Landnutzung angepasst
sind, foérdert, seltene Arten, die weniger gut an stadtische Landnutzung angepasst
sind, zurtickdrdngt und die phylogenetische Diversitit von Pflanzengemein-
schaften reduziert. Die Ergebnisse legen auflerdem nahe, dass insbesondere
naturnahe Habitate in Stddten, wie zum Beispiel Naturschutzgebiete, aber auch
Parks und Gérten, Arten Lebensraum bieten kénnen, die in der bebauten Stadt-
matrix nicht oder nur selten vorkommen. Innerhalb einer Stadt kann folglich eine
Kombination solcher naturnaher Habitate mit typisch stddtischen Habitaten (vor-
ausgesetzt in letzteren wird eine spontane Besiedelung durch Pflanzen zugelas-
sen) zum Erhalt einer funktionell und phylogenetisch vielfiltigen Stadtnatur
beitragen. Da mehr als die Hélfte der Weltbevolkerung in Stidten lebt, ist eine
vielfaltige Stadtnatur von besonderer Bedeutung fiir die Artenvielfalt weltweit:
Wer etwas wertschitzen lernt, ist wahrscheinlich auch bereit, es zu schiitzen. Da
die Stadtnatur aber fiir viele Bewohner die einzige Natur ist, die sie tagtdglich
erleben konnen, ist sie auch die einzige, an der sie die den Wert der Vielfalt der

Natur erleben und begreifen konnen.
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General Introduction

1. World Urban Population Development
The world is urbanizing rapidly. In the year 1900, the total world population

was around 1.6 billion people, of which 13% lived in cities (United Nations
2003; United Nations 2006). Within 105 years, the total world population in-
creased to 6.46 billion people and the percentage of urban dwellers increased to
50% (United Nations 2006). This development is projected to continue to a total
world population of 8.2 billion people and 60% of urban dwellers in 2030
(United Nations 2006; Fig. I1). In Europe and Germany, the percentage of peo-
ple living in urban areas is even higher, with 72% and 75% respectively (United
Nations 2006). Naturally, the increase in urban population was and still is ac-
companied by an increase in urban land use. In Germany, settlement and trans-
port areas cover around 13% of the total land surface (Umweltbundesamt et al.
2007). Although this is far behind agricultural (53%) and forest land cover
(30%), urban land use is the land-use type with the highest growth rate: Around
114 ha of land in Germany are transformed to settlement or transport area every
day (Umweltbundesamt ef al. 2007).

2. Urban Ecology

Regardless of the importance of cities for human civilization (or because of
their importance as anthropogenic centers), biologists neglected them for a long
time. Cities were claimed to be purely artificial and not interesting for biological
research (McDonnell 1997). Although one of the earliest urban biological studies
dates back to the year 1866 (Nylander 1866, cited in Wittig 2002), it was not
until the mid of the 20™ century that urban nature attracted the attention of a
broader biological audience. As biologists began to notice urban nature, the first

thing to do was to inventory the flora and fauna of cities (for a review see Wittig
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2002). It then appeared that urban species assemblages are not random but that
specific plant species grow in cities while others do not (Wittig & Sukopp 1998).

In the present study, “urban ecological analyses” are defined as analyses that
deal with the ecosystems of urbanized areas, and not analyses that deal with
urban planning or urban development. Thus, the study follows the definition of

urban ecology in a strict sense by Wittig and Sukopp (1998).

The urban and rural population of the world, 1950-2030

World, total population
00 mm World, urban population
amm World, rural population

5.0

4.0

Population {thousands)

30

0.0

1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 210 15 020 0I5 N30

Figure 1. 1 — World population development 1950-2030

Urban and rural population numbers are indicated separately. Population numbers from
2005 onwards are projected. Figure by the United Nations Department of Economic and
Social Affairs, Population Division. http://www.un.org/ esa/population/unpop.htm, ac-
cessed on 04™ of April 2007.

3. Urban Biodiversity
3.1. Species Richness

A surprising fact researchers first noticed when comparing urban and rural
floras in the 1970ies is the high species richness of cities that often exceeds the

richness of the surrounding countryside (Walters 1970; Haeupler 1975). This
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pattern was confirmed for vascular plants and several animal taxa in Europe
(Pysek 1993; Aratjo 2003; Kiihn et al. 2004a; Wania et al. 2006), North Amer-
ica (Dobson et al. 2001; McKinney 2002; Hope et al. 2003), South America
(Fjeldsa & Rahbek 1998), and sub-Saharan Africa (Balmford er al. 2001). The
higher urban species richness in both native and foreign species can be explained
because, firstly, many cities developed in geologically and structurally heteroge-
neous landscapes (Fig. Al in the appendix). Obviously, the high geological di-
versity is not due to urban land use; rather, cities were often founded in geologi-
cally rich, and thus also species rich areas because these are favorable for human
requirements (Kiithn et al. 2004a). Secondly, cities are highly structured them-
selves with many different habitat- and land-use types in a small area, giving
room to a variety of species (Sukopp 1998; Niemeld 1999). The high urban het-
erogeneity especially contrasts with the homogeneity of many modern agricul-
tural landscapes. These are often dominated by the same crop and treatment over
a wide area. Thirdly, cities often include various habitat types that are rare or
absent in the surroundings (Sukopp & Starfinger 1999; Godefroid & Koedam
2007). Fourthly, the high urban temperatures, which in temperate climates ex-
ceed the temperatures of their environs (Landsberg 1981; Oke 1982), promote
species whose distribution is limited by cold temperatures, such as foreign spe-
cies from southern climates (Sukopp er al. 1979). Lastly, cities are centers of
trade and mobility, i.e. the junctions where traffic from different parts of the
world meets and where (global) goods are transported to. Many species, e.g. the
seeds of vascular plants, are transported intentionally (e.g. for cultivation) or
accidentally together with goods or by traffic (von der Lippe & Kowarik 2007;
2008). As trade acts globally, species are spread globally. Thus, both native and
foreign species tend to be introduced in urbanized areas (Kiihn ez al. 2004a), and
foreign species accumulate more intensively in cities than in the countryside
(Pysek 1995; Sukopp 1998). While Barthlott et al. (1999) argued that the high
urban species richness is an effect of sampling bias, this is not the case for Ger-
many (Kithn ez al. 2004a).
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Given the increasing concentration of human activities in such diverse land-
scapes (Cincotta et al. 2000; Balmford ef al. 2001; Sechrest et al. 2002), we
should provide habitats to conserve species diversity not only in natural land-
scapes but also within urbanized areas (Rosenzweig 2003).

However, species richness is only one aspect of biodiversity. It is the aspect
most often considered in ecological research (Purvis & Hector 2000) but it might
not give enough details for a broad and effective conservation of species diver-
sity.

The high urban species richness appears less diverse, when species invento-
ries of cities worldwide are compared: The spread of species through global
trade and traffic, and the similarity of urbanized environments worldwide ho-
mogenize urban floras all over the world, i.e. similar species are found in many
cities worldwide (McKinney 2006). Thus, regionally, urban species richness
increases total species richness but globally, urban species richness decreases
total species richness (cf. Sax & Gaines 2003 for the global influence of exotic

species).

3.2. Species Rarity

Beyond species richness, species frequency (or rarity) is a further aspect of
biodiversity. Measures of species richness treat rare and common species
equally. However, for conservation purposes, rare species are normally valued
higher than common species. Therefore, it is important to consider species rarity
in addition to species richness, especially in terms of species conservation.

Although a significant part of urban species richness is based on common na-
tive and alien species (Kithn & Klotz 2006), there are also urban habitats where
rare species can persist (e.g. Brandes 1993). Some urban habitats act as ana-
logues of natural habitats, such as buildings that act as rock surfaces or aban-
doned sand pits where heathland can develop (Eversham e al. 1996; Lenzin et
al. 2007). Nevertheless, urbanization threatens especially rare native species
while fostering already common species by destroying natural and semi-natural
habitats (Kiithn & Klotz 2006).
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3.3. Functional Diversity

Another aspect of biodiversity, which is not covered by species richness, is
functional diversity. Functional diversity is the diversity of species’ traits and
trait states; with traits being the characteristics of species, and states being the
different categories of a categorical trait (e.g. insect-pollination is a state of the
trait pollen vector). A species assemblage that consists of three wind-pollinated
plants is functionally less diverse than a species assemblage of one wind-
pollinated, one insect-pollinated and one self-pollinated plant, although their
richness is the same (Fig. 12). This example illustrates that urban species assem-
blages might well be richer in species than non-urban species assemblages but at
the same time functionally poorer, if only plants with certain trait states are able
to persist in urbanized landscapes. The importance of functional diversity is
shown by the following two examples: (i) With a sharp decrease of insect-
pollinated plant species in the flora, many insects depending on nectar or pollen
would go extinct and with them their predators (cf. Biesmeijer et al. 2006).
Whole food webs would collapse (cf. Pauw 2007) and a significant amount of
human food would disappear (Klein et al. 2007). (ii) If the specific leaf arca
(SLA = surface-to-weight ratio of leaves) of a significant percentage of plant
species would decrease remarkably, the total flora’s average degradation rate and
mineralization cycles could slow down, with effects on nutrient supply and at-
mospheric gas cycles (cf. Wardle ef al. 2004).

Because different traits have different functions, and because different func-
tions fit to different environmental conditions, a species assemblage should be
more stable if it is functionally diverse. Functional diversity is the flora’s “tool-
box” that enables it to react on a variety of environmental conditions and

changes.
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Figure 1. 2 — An example of functional diversity
Two species assemblages, one (a) consisting of three wind-pollinated species, the other
(b) consisting of one wind-pollinated, one insect-pollinated and one self-pollinated spe-

cies. Both assemblages have the same species richness but (b) is functionally more di-

verse than (a).

In this study, Ellenberg values and floristic characterizations are used besides
true species traits — traits have a genetic basis, Ellenberg values are habitat suit-
ability indices based on expert guess, while floristic characterizations show, for
example, the floristic origin of a species. Thus, strictly speaking, Ellenberg val-
ues and floristic characterizations are no traits. However, for simplicity, all spe-
cies characteristics used in this study will be called traits from now on; their

attributes will be called states.

3.4. Phylogenetic Diversity

Phylogenetic diversity is the diversity of evolutionary relationships (i.e. line-
ages) among species: A species assemblage that consists of three species belong-
ing to the same family is phylogenetically less diverse than an assemblage of
three species belonging to three different families, although their richness is the
same (Magurran 2004; Fig. 13). Phylogenetic diversity is the basis for functional
diversity: Many species’ traits are heritable and conserved, meaning that species
from different lineages often have a higher probability of having different trait

states but species from the same lineage have a higher probability of sharing the
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same trait states (evolutionary niche conservatism; Harvey & Pagel 1991;
Prinzing et al. 2001). However, if a trait is less conserved, species from the same
lineage might differ in this trait but species from different lineages might share
the trait state in a similar environment. Both cases illustrate that phylogenetic

diversity influences the “toolbox™ functional diversity.

(@) (b)
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Figure I. 3 — An example of phylogenetic diversity
Two species assemblages, one (a) consisting of three species from the same family, the
other (b) consisting of three species from three different families. Both assemblages have

the same species richness but (b) is phylogenetically more diverse than (a).

4. Macroecology as an Analytical Framework

Classical ecological studies dealt (and still deal) with species assemblages on
local or even smaller scales, while larger scales were often ignored (Gaston &
Blackburn 2000). Local species assemblages however, are not solely influenced
by local environmental conditions but also by regional and biogeographic pa-
rameters like large-scale climate (Hampe 2004), and local species pools depend
on the available regional species pools (Zobel 1997). Moreover, biodiversity is
threatened by forces acting globally, such as climate change, land-use change
(including urbanization), biological invasions or nitrogen deposition (Sala et al.
2000). Therefore, it is necessary to consider large-scale patterns and processes to
understand the structure, dynamics and characteristics of local species assem-
blages (Gaston & Blackburn 2000), which is the aim of the novel field of mac-
roecology. “Macroecology is a way of studying relationships between organisms

and their environment that involves characterizing and explaining statistical
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patterns of abundance, distribution, and diversity” (Brown 1995, p. 10). It “dif-
fers from most of recent and current ecology in its emphasis on statistical pattern
analysis rather than experimental manipulation” (Brown 1995, p. 10). Mac-
roecological analyses help to place the findings of small-scale analyses in a
broader perspective. Thus, large-scale analyses need to complement small-scale
analyses for an extensive understanding of human effects on biodiversity (Kiihn
et al. 2008).

Macroecological studies are not restricted to spatial studies; they can also in-
clude temporal analyses dealing with long time spans. Spatial analyses are able
to reveal differences between different regions, different land-use types or else.
Although they can partly replace temporal studies (space-for-time substitution),
they reflect only one point in time. Contrastingly, temporal studies focus on
processes and are able to show how a parameter of interest, such as the func-
tional composition of a flora, changes in the course of a process, such as urbani-
zation.

Macroecology is a well suited framework for urban ecological studies: Ur-
banization, suburban development and decentralisation created landscapes,
which can neither be clearly defined as urban, nor as rural, because urban and
rural land-use types intermingle. These landscapes illustrate that urbanization
influences the environment across the administrative borders of cities. Therefore,
its effects should be well detectable with macroecological techniques.

It is clear that in a strict sense, the term “urban flora” is restricted to the flora
of typical urban-industrial habitats and does not apply to the flora of semi-
natural remnants within a city (Wittig 2002). However, the surrounding urban
matrix also influences remnants of semi-natural habitats, e.g. via fragmentation,
nutrient inputs or disturbance. Thus, macroecological studies can reveal the
influences of urban land use on the total flora of a study area, although study
areas that include whole cities plus surroundings also contain habitats that are
not typically urban-industrial.

According to the urban-rural landscapes created by urban sprawl, the terms

“urbanized landscape”, “urbanized region” or “urbanized area” are preferred
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here over “urban area”, “urban region” or “urban landscape”, at least when con-
sidering a large scale, and not the administrative borders of a city. However, this
does not apply to terms such as “urban species richness” or “urban brownfield”.
Species richness cannot be urbanized in the sense of the word; the urban brown-
field is a typical urban phenomenon.

In the present study, both spatial and temporal aspects of plant biodiversity in

cities and urbanized areas are analyzed.

5. Study Outline

Cities harbor more species than their rural surroundings, at least over large
enough scales (cf. Pautasso 2007). However, species richness does not necessar-
ily cover all aspects of biodiversity, such as functional patterns, species rarity or
phylogenetic relationships. Ignoring these relationships, our understanding of
how species assemblages develop and change in a changing environment re-
mains incomplete.

This study challenges the high vascular plant species richness of urbanized
areas in Germany by providing insight into more detailed aspects of plant biodi-
versity. It shows differences between the functional composition of urban and
rural floras by analyzing the frequency of plant trait states in urbanized, agricul-
tural and semi-natural areas in Germany (Chapter I). It considers different spatial
scales by analyzing the functional composition of urban and rural floras on a
large scale with grid-cells sized ¢. 130 km? (Chapter I), and on a small scale
comprising selected areas in the city of Halle (Saale) and its rural surroundings
in Central Germany (Chapter II). Moreover, it shows how interactions of urban
land use and species trait states influence plant species rarity (Chapter III). It
considers the temporal dimension of biodiversity by analyzing changes in the
functional composition of the flora of Halle over three centuries (Chapter 1V).
Additionally, the study shows how the phylogenetic diversity of plant assem-
blages differs between urbanized, agricultural and semi-natural areas in Ger-
many (Chapter V). It relates phylogenetic diversity to species’ trait states (Chap-

ter V) and shows how species assemblages develop and change with a changing
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environment. All patterns are discussed in synthesis and put into the context of
other urban ecological studies (“Synthesis and Conclusions™).

For both nested study areas used in the analyses (Germany, and the city of
Halle with its environs), urban-rural patterns of species richness were analyzed
previously: Kiihn ef al. (2004a) showed for Germany that urbanized regions
harbor more plant species than rural regions; Wania et al. (2006) showed that
Halle is richer in plant species than its rural surroundings; and Knapp et al.
(2008a) showed that protected areas in Halle are slightly poorer in vascular plant
species richness than their counterparts in Halle’s rural environs. Therefore,
Germany and Halle are predestinated to analyze aspects of biodiversity that go
beyond species richness.

Detailed questions analyzed and discussed are:

Chapter I: Do urbanized environments, which differ from agricultural and semi-
natural environments in many respects, favor plant species with other trait
states than rural environments? Which characteristics of urbanized and rural
environments cause differences in the functional composition of floras?

Chapter II: Do differences in the functional composition of urban and rural flo-
ras that exist on large spatial scales also hold for small-scale urbanization
gradients?

Chapter III: Do urban land use and plant species’ trait states influence plant
species rarity? Do plant species with specific trait states differ in rarity when
having a high or low affinity to urban land use?

Chapter IV: Does urbanization, which deeply changes the characteristics of a
landscape, cause temporal changes in the functional composition of floras?
Do spatial differences in the functional composition of today’s urban and ru-
ral floras reflect temporal changes of functional composition caused by ur-
banization?

Chapter V: Do floras from urbanized and rural areas differ in phylogenetic diver-
sity? Do differences in phylogenetic diversity between urbanized and rural

areas reflect differences in species richness? Does the phylogenetic diversity
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of groups of plant species sharing specific trait states change systematically

between urbanized and rural areas?



Chapter I — Urbanization Causes Shifts of
Species’ Trait State Frequencies — a Large
Scale Analysis

1. Introduction

Cities differ from rural landscapes in many ways: Human densities peak in
urbanized areas; pollutants, energy and nutrients concentrate there (Sukopp
1998); exotic species are more frequent and land use is more heterogeneous
(Niemeld 1999; McKinney 2002; Kiihn et al. 2004a); annual average air tem-
perature is 0.5 to 1.5°C higher than in the non-urban surroundings and air mois-
ture is reduced, at least in temperate and boreal zones (Sukopp 1998). In contrast
to cities, many agricultural landscapes are homogeneous over large areas. They
are often subjected to a highly industrialized agriculture, characterized by high
pesticide and fertilizer input and water management aiming at the maintenance
of favorable soil moisture conditions. Forested and semi-natural landscapes are
often nutrient poor, like forests on siliceous rock or heathland, because many
nutrient rich habitats were transformed to agricultural or urban habitats (cf. Pres-
sey 1994).

Differences in land use lead to differences in species composition since func-
tional traits (such as pollination) have different states (i.e. different classes of
categorical traits, e.g. wind-pollination, insect-pollination, self-pollination)
which respond differentially to environmental gradients and therefore show
distinct biogeographic patterns (e.g. Kithn et al. 2006). In other words: Different
environments filter for species with different trait states (Zobel 1997). An exam-
ple is the study of Wittig and Durwen (1982) comparing the spectra of environ-
mental indicator-values (Ellenberg et al. 2001) of spontaneous floras in four
cities in the West of Germany with the floras of the cities’ rural surroundings,

showing a greater proportion of high indicator-values for e.g. light, temperature
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and nitrogen in the cities. Similar results were obtained for the Central German
city of Halle (Klotz 1989) and the Czech city of Plzeni (Chocholouskova &
Pysek 2003). Therefore, shifts in land use, e.g. increasing urbanization accom-
panied by an increase in temperature (Landsberg 1981; Oke 1982; Sukopp
1998), might lead to shifts in trait state frequency and, in extreme cases, to the
loss of plants with certain trait states (Diaz & Cabido 1997). Tamis et al. (2005)
showed that recent changes in the frequency of occurrence of vascular plant
species across the Netherlands are at least partly related to both urbanization and
climate change. They did, however, not consider shifts in trait state frequency. If
these shifts in trait spectra indeed occur, they might affect ecosystem function-
ing: Increased leaf dry matter content for example might decrease litter decom-
posability (Kazakou et al. 2006).

Today’s differences in the trait state composition of urban and rural floras
might point to potential future shifts with further urbanization. We compared the
proportions of several trait states of vascular plants in urbanized, agricultural and
semi-natural areas in Germany. We ask which trait states enable a plant to cope
with the specifics of urban environments, e.g. the urban climate (Sukopp 1998),
irregular disturbance, and spatial and temporal heterogeneity (Niemeld 1999).
We chose traits that we expect to respond to these urban conditions: Leaf traits
[leaf anatomy, leaf persistence, specific leaf area (SLA), leaf dry matter content
(LDMC)] should respond to climate, because gas exchange and water storage
make leaves key organs regarding the adaptation to air temperature and moisture
(cf. Wright et al. 2005). Further, we chose type of reproduction, life span, and
life form, as traits related to persistence and regeneration after disturbance
(which is true for SLA and LDMC as well; Lavorel & Garnier 2002; Wittig
2002; Sudnik-Wojcikowska & Galera 2005). Both spatial and temporal hetero-
geneity call for the ability of plants to disperse in space, therefore we included
dispersal type as another trait. Poschlod & Bonn (1998) already claimed shifts in
dispersal processes in man-made landscapes, especially after land-use intensifi-
cation which may cause the decrease or increase of species frequency

(Romermann et al. 2008). Last, we chose pollination type and UV-reflection of
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flowers; both are related to a plant’s fecundity and reflect the suitability of the
environment for pollinating insects. We discuss possible urban and rural filters

and consequences of shifts in trait expression.

2. Materials and Methods

2.1. Data Sources

Data on species’ traits originate from BiolFlor, a database on biological and
ecological traits of the German flora (Klotz et al 2002; http://
www.ufz.de/biolflor; Kithn ef al. 2004b) and from LEDA, a database on life-
history traits of the Northwest European flora (Kleyer er al. 2008;
http://www.leda-traitbase.org; see Table Al in the appendix for a complete over-
view and description of traits and trait states).

Plant species occurrences originate from the database on the German flora
(FLORKART, http://www.floraweb.de), maintained by the German Center for
Phytodiversity at the Federal Agency for Nature Conservation (Bundesamt fiir
Naturschutz BfN). In FLORKART, Germany is divided into grid-cells of 10
minutes longitude x 6 minutes latitude (corresponding to ¢. 12 x 11 km or 130
km?). The database contains more than 14 million records of plant occurrences,
acquired by thousands of volunteers. We did not use cultivated occurrences and
only referred to the spontaneous flora. This means that occurrences of cultivated
alien species that escaped from cultivation and form self-sustaining populations
were mapped when occurring spontaneously. This applies e.g. to Robinia pseu-
doacacia L. or Ailanthus altissima (Mill.) Swingle when growing spontaneously
on e.g. railway sites. Occurrences that were apparently planted, e.g. in any kind
of garden, urban park or on cemeteries, were not included in the analyses. All
plant occurrences mapped by the volunteers were controlled for plausibility by
specialists in floristic recording centers (see e.g. http://www.biologie.uni-
regensburg.de/Botanik/Florkart/dbblber.htm). However, mapping intensity varies
among grid-cells. Therefore, we only used grid-cells with at least 45 of 50 con-

trol species. These are the 45 most frequent species of the German flora accord-
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ing to Krause (1998) plus five generalists considered by the volunteers to be
difficult to determine (Kiihn er al. 2004a; Kiihn et al. 2006). 136 out of 2995
grid-cells were excluded due to an insufficient number of control species.

Land-use data per grid-cell are based on Corine Land Cover data that are de-
rived from satellite remote sensing image