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Summary

The heterogeneous geographic distribution of species richness has fascinated and
challenged biologists over centuries. As a result, a large number of possible hy-
potheses that aim at explaining these patterns have been proposed. Currently, the
consensus is that multiple processes simultaneously affect species richness patterns,
with the influence of each process differing between taxa, landscapes and periods in
time. Generally, environmental conditions are assumed to be the main drivers under-
lying species richness patterns at large scales. However, as many landscapes and thus
species” habitats are strongly influenced by humans, particularly in Central Europe,
the effect of human land use on richness patterns cannot be neglected. The severe
anthropogenic changes in land cover, increasing landscape fragmentation, degrada-
tion and intensification have already led to large losses in (semi-)natural vegetation,
biodiversity and ecosystem functions and are expected to cause even more losses in
the future.

Protected areas play a major role in the alleviation of anthropogenic pressures on
species and their habitats. However, as site selection for many of these areas has not
been based on knowledge on species occurrences, their effectiveness might be limited.

The present thesis, conducted in the federal states of Lower Saxony and Bremen in
northern Germany, therefore aims at 1.) identifying the richness patterns of vascular
plant species in the two states; 2.) testing the effectiveness of the protected area net-
work for the conservation of threatened species in the lowland region of the study
area and 3.) analysing the relationship between species richness patterns and their
underlying processes with special regard to the human influence.

In order to address these aims, analyses were carried out on grid-based floris-
tic data obtained from the vascular plant survey of Lower Saxony (Niedersichsisches
Pflanzenartenerfassungsprogramm, NLWKN 1982-2003) that were combined with high-
resolution data on land cover and information on environmental conditions and the
location and extent of protected areas. In doing so, the thesis represents the first
comprehensive analysis of the extensive floristic data base of Lower Saxony.

To analyse the patterns of vascular plant species richness across the study region,
the overall species richness as well as the richness of five sub-groups of species ag-
gregated using information on residence and threat status of the species inside each
landscape unit (1,762 grid cells of c. 30km?) was assessed. Richness of all species
groups was found to be heterogeneously distributed across the region showing an
increase in richness from north to south and — to some extent — also from west to east.
The centres of high plant species richness of the different groups largely correlated
with each other but also showed some interesting divergences.
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The effectiveness of the protected area network in the lowland region of the state
was shown to be generally high: 'Hotspots' of threatened species were found to be
largely covered by nature reserves (German: Naturschutzgebiete) and Natura 2000 sites
with the latter areas expediently complementing the former. It remained unclear,
however, if the effective 'territorial' protection is reflected in an effective species pro-
tection.

The anthropogenic influence on the landscape of the study region was assessed
using two separate analyses. These two studies focussed on the relationship between
species richness and the degree of landscape fragmentation on one hand and land-
scape modification on the other hand.

The degree of landscape fragmentation was assessed by applying the Effective Mesh
Size Index (m.sf). The relationship between m, ¢ and species richness of the total
number of species as well as five sub-groups of vascular plants aggregated using
their residence and threat status was assessed using a variation partitioning approach
that separated the effects of landscape fragmentation, environmental conditions and
spatial autocorrelation. Landscape fragmentation was found to significantly affect
richness of all species groups. However, the strength of the effect varied between
species, being largest for neophytes and smallest for threatened species.

A clustering analysis on landscape metrics describing landscape composition and
configuration revealed a six-level gradient of landscape modification for the study
region. The gradient spanned from highly fragmented urban landscapes to little
fragmented landscapes with a high proportion of forest. Species richness of the total
number of species as well as seven sub-groups of vascular plants aggregated using the
residence and threat status as well as habitat preferences of the species were found to
significantly differ along the gradient. For the entire and native species pool as well as
for forest, low-nutrient indicating and threatened plants, species numbers peaked at
the opposite ends of the modification gradient. For neophytes, urban plants and high-
nutrient indicators richness decreased along the gradient from high species numbers
in urbanised to low numbers in less modified landscapes.

The results obtained from the investigations in this thesis provide a basis for future
landscape and conservation planning approaches in the study region by facilitating
the identification of landscapes of high conservation value and/or concern. Provided
that appropriate, high quality data like those used in the present thesis are available,
the methodologies applied and developed in context of the thesis can be transferred
to other regions to accordingly support conservation and landscape planning.



Zusammenfassung

Die auf verschiedenen Skalen-Ebenen heterogene Verteilung des Artenreichtums
fasziniert Naturforscher und Biologen seit Jahrhunderten, so dass eine Vielzahl
von Hypothesen zur Erklarung dieser Muster aufgestellt wurde. Es besteht breiter
Konsens dariiber, dass eine Vielzahl verschiedener Prozesse fiir die Variation des
Artenreichtums verantwortlich ist. Je nachdem welche Taxa, welche Orte und
welche raumlichen und zeitlichen Skalen betrachtet werden, wird den verschiedenen
Faktoren dabei eine unterschiedlich grofie Bedeutung zugemessen. Umweltgra-
dienten gelten in diesem Zusammenhang als die wichtigsten, den Artenreichtum
bestimmende Faktoren. Da jedoch die Landschaften und damit Habitate der Arten
weltweit und vor allem in Mitteleuropa stark anthropogen {tiberpragt sind, sollte der
auf den Artenreichtum wirkende Einfluss anthropogener Interventionen in diesem
Zusammenhang nicht vernachldssigt werden. Die durch den Menschen und seine
Aktivititen verursachten Landnutzungsdnderungen, eine steigende Landschafts-
fragmentierung und -degradation sowie die Intensivierung der Landnutzung haben
sich bereits im Verlust (halb-)natiirlicher Landschaftselemente, dem Riickgang der
Biodiversitit und der Verschlechterung von Okosystemfunktionen niedergeschlagen;
eine weitere Verschlechterung der Zustande wird vorhergesagt.

In diesem Zusammenhang dient die Ausweisung von Schutzgebieten vielfach
dazu, den auf die Arten und ihre Habitate wirkenden Druck zu vermindern. Da
die Lage dieser Gebiete jedoch hdufig nicht auf Grundlage der Kenntnis iiber das
Vorkommen von Arten bestimmt wurde, diirfte die Effektivitdt der Schutzgebiete fiir
den Artenschutz vielfach eingeschrankt sein.

Die vorliegende, die norddeutschen Bundeslinder Niedersachsen und Bremen
umfassende Arbeit untersucht 1.) die Muster des Artenreichtums der Gefafspflan-
zenarten in den beiden Lindern; 2.) die Effektivitit des Schutzgebietsnetzwerks
des norddeutschen Tieflands fiir den Schutz seltener und bedrohter Gefafspflan-
zenarten und 3.) den Zusammenhang zwischen Mustern des Artenreichtums und
den ihnen zugrundeliegenden Prozessen unter besonderer Bertiicksichtigung des
anthropogenen Einflusses. Die Arbeit basiert auf einem umfangreichen, im Rahmen
des Niedersachsischen Pflanzenartenerfassungsprogramms (NLWKN 1982-2003)
erhobenen Datensatzes, der raumlich explizite Informationen zur Verbreitung aller
in den Bundesldndern vorkommenden Arten liefert. Die floristischen Daten wurden
fir die durchgefiihrten Analysen mit hochaufgelosten Daten zu Landbedeckung
und Umweltbedingungen kombiniert. Damit reprasentiert die vorliegende Arbeit die
erste umfassende Auswertung des umfangreichen floristischen Datensatzes.

Fiir die Untersuchung der Muster des Geféafipflanzenreichtums innerhalb der Un-
tersuchungsregion wurden fiir die Gesamtzahl der Arten sowie fiir fiinf auf Grundla-
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ge des floristischen Status” und des Gefdhrdungsgrades der Arten zusammengestellte
Untergruppen der Artenreichtum pro Landschaftseinheit (1.762 Messtischblatt-
Quadranten a ca. 30km?) berechnet. Der Artenreichtum aller Gruppen zeigte eine
heterogene Verteilung in der Untersuchungsregion, wobei eine Zunahme der Arten-
zahlen von Nord nach Siid und zum Teil auch von West nach Ost erkennbar war. Die
Zentren hoher Artenvielfalt der verschiedenen Gruppen korrelierten miteinander.

Die Analyse der Effektivitit der Schutzgebiete fiir den Schutz der seltenen und
bedrohten Gefaflpflanzenarten zeigte, dass die Artvorkommen im niederséchsischen
Tiefland zu einem relativ hohen Anteil durch Naturschutz- und Fauna-Flora-Habitat-
Gebiete abgedeckt sind, wobei letztere Gebiete die erstgenannten sinnvoll erganzten.
Im Rahmen der Analyse konnte jedoch nicht untersucht werden, inwiefern sich der
nachgewiesene effektive Gebietsschutz in einem effektiven Artenschutz niederschlagt.

Der anthropogene Einfluss auf die Landschaft der Untersuchungsregion wurde
im Rahmen zweier separater Analysen untersucht, wobei der Zusammenhang
zwischen Artenreichtum und Landschaftsfragmentierung einerseits und dem Grad
der Landschaftsmodifikation andererseits analysiert wurde.

Die Landschaftsfragmentierung wurde in der vorliegenden Arbeit mittels des
Landschaftsmafles der 'Effektiven Maschenweite' (m.fs; engl. Effective Mesh Size
Index) untersucht. Der Zusammenhang zwischen m,¢; und dem Artenreichtum aller
GefafSpflanzenarten sowie fiinf weiteren nach ihrem floristischen bzw. Gefahrdungs-
status definierten Gruppen wurde mittels einer Varianzpartitionierung ermittelt, die
die Effekte der Landschaftsfragmentierung von den durch Umweltvariablen und
raumliche Autokorrelation der Daten verursachten Effekten separiert. Der Grad
der Landschaftsfragmentierung erkldrte einen signifikanten, jedoch unterschiedlich
grofien Anteil des Artenreichtums aller untersuchten Gruppen, wobei der stirkste
Effekt fiir die Gruppe der Neophyten und der geringste fiir die Gruppe der seltenen
und bedrohten Arten erkennbar waren.

Eine Cluster-Analyse auf Grundlage verschiedener, die Komposition und Konfigu-
ration der Landschaft beschreibender Landschaftsmafse identifizierte fiir die Modell-
region einen sechsstufigen 'Landschaftsmodifikations'-Gradienten. Dieser Gradient
reichte von stark fragmentierten urbanen hin zu wenig fragmentierten Landschaften
mit hohem Waldanteil. Der Gesamtartenreichtum sowie die Artenzahlen von sieben
verschiedenen, nach ihrem floristischen Status, ihrer Gefédhrdung bzw. ihrer Habitat-
Bindung bestimmten Artengruppen zeigten signifikante Unterschiede entlang des
Gradienten. Die Gesamtartenzahl wie auch der Reichtum der indigenen, der bedroh-
ten sowie der an Waldlebensrdaume und néhrstoffarme Habitate gebundenen Arten
war jeweils an den Enden des Gradienten am hochsten. Der Reichtum der Neophyten
sowie der an urbane Rdume und néhrstoffreiche Habitate gebundenen Arten nahm
dagegen von den urbanen zu den wenig beeinflussten Landschaften hin ab.

Die im Rahmen der Arbeit erhaltenen Ergebnisse konnen zukiinftig als Grundlage
fiir naturschutzfachliche Planungen in der Untersuchungsregion dienen, indem sie
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die Ausweisung von fiir den Naturschutz relevante Landschaftsraume unterstiitzen.
Sofern entsprechende, qualitativ mit denen der vorliegenden Arbeit vergleichbare
Grundlagendaten vorliegen, eignen sich die im Rahmen der Arbeit angewendeten
und entwickelten Methoden, um auf andere Regionen iibertragen zu werden und
auch dort naturschutzfachliche und landschaftsplanerische Prozesse zu unterstiitzen.
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1.1 Patterns of species richness at the landscape scale

The heterogeneous geographic distribution of species richness has fascinated biolo-
gists for centuries (RickLEFs, 2004; see BARTHLOTT et al., 2005 for an overview of the
history of the exploration of diversity patterns of vascular plants). The acceleration
of extinction rates in recent decades (HopArp et al., 2014) has meant that the identifi-
cation and analysis of the spatial patterns of species richness is now more important
than ever. Species richness is frequently referred to as an indicator for biodiversity
(Hoparr et al.,, 2014) as it is comparatively easy to measure and does not depend on
knowledge of the abundance of species. Biodiversity, in turn, is widely accepted as
to play an important role for ecosystem functioning (SECRETARIAT OF THE CBD, 2006;
CARDINALE et al., 2012; Hoparp et al., 2014). Therefore, species diversity has been
used as a proxy for the ecological status of ecosystems (Hoparp et al., 2014).

The importance of biodiversity is widely acknowledged in science as well as in
political decision making and therefore numerous measures to explore and protect it
have been implemented. On the global scale, the Convention on Biological Diversity
(CONFERENCE OF THE PARTIES, 1992) is ratified by 194 countries (status September
2014; SECRETARIAT OF THE CBD, 2014) and aims at the "conservation of biological
diversity, the sustainable use of its components and the fair and equitable sharing of
the benefits arising out of the utilization of genetic resources" (SECRETARIAT OF THE
CBD, 2005, p. 5). These goals have been implemented in European legislation by the
EU Biodiversity Strategy (EUROPEAN COoMMISSION, 1998). In this context, the Habitats
Directive (together with the Birds Directive) forms the "cornerstone of Europe’s nature
conservation policy" (EUROPEAN CommissiON, 2014) and aims at the protection of
biodiversity, i. e. the diversity in flora, fauna and habitats.

As only what is known can be effectively protected, the identification of species
richness patterns is an important aspect of their effective protection. Plants are seen
as the "key structural elements of terrestrial ecosystems" (KREFT & JETZ, 2007, p. 5925)
as they play an important functional role as primary producers and provide habitats
for animal species (CARDINALE et al., 2011; SCHETTER et al., 2013). Because of this,
as well as the fact that data on plant species occurrences are relatively easy to collect
compared to the collection of data of mobile organisms (SCHETTER et al., 2013), a lot of
research has focused on these organisms. Patterns of vascular plant species richness
have been investigated on the global (MyERs et al., 2000; BARTHLOTT et al., 2005; KIEr
et al., 2005) as well as on the European scale (EssL et al., 2013) and have been used
for global-scale conservation priority setting (MyERs et al., 2000).

Species richness patterns may be either directly derived by summarising the knowl-
edge on the spatial distribution of single species (see e.g. HAEUPLER, 2000; GARVE,
2007) or — if reliable data are missing — estimated by applying modelling approaches
(cp. KIER et al., 2005; MAEs et al., 2005; KreFT & JETZ, 2007).

The availability of digital data on species occurrences on a regional and national
level has increased rapidly in recent years. At the global scale, the Global Biodiver-
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sity Information Facility (GBIF) provides access to more than 400 million spatially
explicit records of several taxonomic groups, including vascular plants (GBIF, 2014).
In Europe, most countries maintain species mapping projects that gather data on the
distribution and presence or even abundance of plant and animal species (see e.g.
ZAJAC & ZAJAC, 2001; LANDUYT et al., 2012; NETPHYD & BEN, 2013). The mapping of
species occurrences in Germany is supervised by the federal states (see e. g. HARDTKE
& Inr, 2000; KorscH et al., 2002; HAEUPLER et al., 2003). The results of this mapping
are then reported to the federal authority.

Data on plant species occurrences provide a good basis for conservation planning
(BroOKs et al., 2004). Therefore information obtained from floristic mapping have
been applied for various purposes. For example, HAEUPLER & VOGEL (1999) used data
obtained from such a mapping to derive patterns of species richness for the whole
of Germany. Based on species number of rare and threatened plants per landscape
unit, the authors determined eight 'hotspots'! of phytodiversity distributed across the
country. On a smaller scale, WINTER et al. (2010b) used information on the occur-
rences of threatened plant species in an administrative district of Germany to identify
Important Plant Areas (IPAs) that form an integral part of the Global Strategy for
Plant Conservation (THE SECRETARIAT OF THE CBD, 2002).

Species records have furthermore been used to analyse the indicative power of
selected sub-groups of plant species for the overall species richness of a region: For
north-west Germany, DIEKMANN et al. (2008) used records of forest species taken
from a flora atlas of the Weser-Elbe region and related the richness of these species
to that of the overall number of plants reported for the region. The authors showed
that species numbers of this group are indicative for total species richness as well as
for the number of threatened species. Similarly, Kart1 et al. (2004) found that woody
plants acted as suitable indicators for the richness of other taxonomic groups in the
Mediterranean.

In the study area of the present thesis, the federal states of Lower Saxony and
Bremen, species records amongst other things serve as a basis for the creation of
distribution maps?, the compilation of Red Lists and as a contribution to landscape
and environmental planning (ScHurr et al., 2001).

1.2 Linking patterns and processes: What influences species
richness patterns at the landscape scale?

The analysis of the underlying causes of species richness patterns is a major goal
in ecological, evolutionary, and biogeographical research (Gaston, 2000; GODFRAY &

n the following the term 'hotspot' is used for landscape units hosting a high richness of threatened
plant species (cp. definition of HAEUPLER & VOGEL, 1999).

2See GARVE (1994) for such maps for threatened plant species and GARVE (2007) for all vascular plant
species of the state.
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LawToN, 2001; GoTeLLI et al., 2009; WIiENs, 2011) and has challenged researchers for
centuries (R1ckLEFs, 2004). In recent decades, researchers have provided many differ-
ent ideas on the question of what influences richness patterns (see RickLEFs, 2004 for
an overview on the history of these concepts). In accordance with many researchers,
CoLweELL et al. (2004, p. E14) suggests that "multiple factors are surely at work and
that any particular factor may be more or less important for different taxa, different
places, and different spatial and temporal scales". Processes and factors influenc-
ing species richness patterns include speciation and extinction rates (COLWELL et al.,
2004; WiENs, 2011), geometric constraints (i. e. mid-domain effect, MDE, COLWELL &
HurTtrt, 1994) as well as geographic patterns of temperature, productivity, potential
evapotranspiration, topography, formation history (CoLweLL et al., 2004) and human
activities (WHITE & KERR, 2007; WANG et al., 2011). The following two subsections
will focus on the role of abiotic environmental conditions and the human influence
shaping species richness patterns. It has to be kept in mind, though, that the underly-
ing processes influencing these patterns are far too complex to be fully disentangled.
Thus, usually the processes are approached by using indicators or surrogates.

1.2.1 Environmental conditions as key drivers for richness patterns of plants

The role of the abiotic environment in shaping species richness patterns has been
analysed on various spatial scales ranging from global (KREFT & JETZ, 2007) to local as-
sessments (HEIKKINEN, 1996). BARTHLOTT et al. (2007, p. 308) describes 'geodiversity’,
i.e. "the heterogeneity of topography, geology, soils, or climate", as the main driver
for global spatial patterns in species richness. More specifically, KrReFT & JETZ (2007)
showed that for vascular plants potential evapotranspiration, the number of wet days
per year, and measurements of topographical and habitat heterogeneity are core pre-
dictors of global richness patterns. Similar factors were found to explain species
richness on a smaller scale: Elevation range followed by minimum monthly poten-
tial evapotranspiration was identified as to be the most important factor determin-
ing woody plant species richness of the Iberian Peninsula VETAAS & FERRER-CASTAN
(2008). Similarly, climatic variables like temperature and potential evapotranspiration
were found to be by far the most important predictors for vascular plant species rich-
ness in Austria (MOSER et al., 2005). For alien plant species richness in the European
Alps, environmental heterogeneity proved to be the best surrogate (DAINESE et al.,
2014). The same factor in combination with the presence of calcareous rock outcrops
and threshold values of minimum precipitation was found to also determine species
richness in Switzerland (WoHLGEMUTH, 1998). For Germany, native and alien plant
species richness was found to be largely dependent on the diversity of geological sub-
strates (KUHN et al., 2003). Similarly, on the local scale the overall habitat diversity
was identified as the main driver for species richness of vascular plants in a nature
reserve in northern Finland (HEIKKINEN, 1996).
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All these findings promote the hypothesis that overall species richness tends to be
higher in a varied environment compared to a monotonous one, as heterogeneous
environmental conditions provide a greater diversity of niches potentially suitable
for plant species (HONNAY et al., 2003; Apams, 2009).

1.2.2 The human impact on richness patterns of plants

The previous subsection dealt with the role of the abiotic environment in shap-
ing species richness patterns. Undoubtedly, environmental conditions are the main
drivers underlying species richness patterns on a large scale. However, as many land-
scapes and thus species’ habitats worldwide and particularly in Central Europe are
strongly influenced by humans (Kowarix, 1990), the shaping effect of human inter-
ventions on richness patterns should not be overlooked.

Over the last few decades, much attention has been focused on the analysis of the
effects of human interventions at the landscape scale. In this context, a large number
of studies have searched for surrogates describing the human impact on landscapes
and biodiversity.

Human-induced threats to and protection of plant species richness

Habitat loss, fragmentation and degradation have been identified as being the main
factors threatening species richness (FAHRIG, 2001; AGUILAR et al., 2006; KrAauss et al.,
2010). Both habitat fragmentation and loss — the latter being an "important by-product
of habitat fragmentation" (McGARIGAL, 2014, p. 89) — are known to increase the isola-
tion between plant or animal sub-populations, thereby impeding the genetic exchange
between individuals. The resulting loss in genetic variation may increase the prob-
ability of extinction by demographic and environmental stochasticity (Booy et al.,
2000). In many cases, habitats are not immediately fully destroyed but undergo a
gradual degradation that, however, ultimately leads to their complete destruction.

A multitude of landscape-level processes are responsible for habitat loss, frag-
mentation and degradation in Western Europe, including — but not being limited
to — urbanisation, agricultural intensification, eutrophication and climate change (cp.
Fig. 1.1).

Urbanisation® has been identified as one of the leading causes of species extinction
(McKiINNEY, 2006; ARONSON et al., 2014). Urbanisation affects biodiversity in many
ways, e. g. through the fragmentation and destruction or degradation of species” habi-
tats and by altering the precipitation and temperature regime as well as air, soil and
water quality (SUKOPP & STARFINGER, 1999). In their review on causes of species en-
dangerment in the United States, CzecH et al. (2000) found that urbanisation in the
country endangers more species than any other human activity although barely 5%

3i.e. "the process by which towns and cities are formed and become larger as more and more people

begin living and working in central areas" (Definition taken from MERRIAM-WEBSTER (2014).
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of the total surface area of the United States is covered by urban and other built-up
areas (McKINNEY, 2002). In Germany, urban and traffic areas cover about 14 % of the
landscape (STATISTISCHE AMTER DEs BUNDES UND DER LANDER, 2012), and this pro-
portion is increasing: Each day about 80ha of undeveloped land are transferred to
building land (UBA, 2014) resulting in an enormous loss of unsealed surface area and
a fragmentation and loss in species’ habitats. Despite the destructive effect of urbani-
sation on native habitats, cities are found to be generally richer in plant species than
surrounding areas (HONNAY et al., 2003; WAN1A et al., 2006; LipPE & KowaRik, 2008).
This pattern might arise from different aspects: Generally, niche availability in urban
areas is known to be rather high (DeEurscHEwITZ et al., 2003; HoNNAY et al., 2003;
WAaNIA et al,, 2006). KUBN et al. (2004) furthermore suggested that urban areas are
commonly situated in naturally diverse ecoregions resulting in an overall increased
species diversity. Also, alien species are known to show increased numbers in urban
areas, adding to the urban species pool (Roy et al., 1999; KUHN et al., 2004).

Agricultural intensification has been proposed as one further main cause of biodi-
versity loss (TILMAN et al., 2001; TsSCHARNTKE et al., 2005). In Central Europe it accel-
erated in course of industrialisation in the late 19th and early 20th century (TsCHARN-
TKE et al., 2005; Krause & CuLMsEE, 2013) and has been reinforced by the advent
of the common agricultural policy of the EU since the 1950s (SToATE et al., 2001;
KRrAUSE et al., 2011). Conventional farming practices affect species diversity mainly
through the conversion of non-arable land that increases habitat loss and fragmen-
tation (TsCHARNTKE et al., 2005). However, not only the conversion of non-arable to
high-productive cropland but also the abandonment of marginal sites, the removal of
small-scale landscape elements and the application of pesticides and fertilisers have
an effect on species (TiLMAN et al., 2001). Studies on the landscape scale in Europe
have identified large losses in plants, invertebrates and farmland birds following agri-
cultural intensification (ANDREASEN et al., 1996; DoNALD, 1998, DoNALD et al., 2001;
BUTLER et al., 2010; STORKEY et al., 2012; MEYER et al., 2013).

The eutrophication of ecosystems, i.e. primarily the input of nitrogen, phospho-
rous and sulphur compounds, has been identified to reduce plant species richness in
a broad range of European ecosystems (Disg, 2011). As high fertiliser inputs largely
add to the eutrophication of a landscape, the process is tightly linked to that of agri-
cultural intensification. Additional inputs adding to the eutrophication of ecosystems
come from industry and transport (UNEP, 2014). Due to strict regulations in Europe
(see 'Convention on Long-range Transboundary Air Pollution' and its eight subse-
quent protocols; UNECE, 1979), emissions of air pollutants, especially sulphur, have
been reduced in recent years (Disg, 2011). However, critical loads are still exceeded
in many semi-natural ecosystems in Europe (HETTELINGH et al., 2008; Disg, 2011).
Eutrophication affects species mainly through the degradation of their habitats — in
the worst case habitats will become uninhabitable for the species under considera-
tion which results in habitat loss. The negative impacts of eutrophication on species
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richness have been reported for all kinds of habitats across Europe, e. g. for acid grass-
lands in the Atlantic biogeographic region (STEVENS et al., 2010), southern Swedish
temperate oak forests (BRUNET et al., 1998), Swiss mountain grasslands (RoTH et al.,
2013) and British heathlands as well as acid and calcareous grasslands (MASKELL et al.,
2010).

Based on different scenarios, the impact of climate change on the distributions of
plant and animal species has been frequently modelled in recent years (e. g. BAKKENES
et al., 2002; THUILLER et al., 2005; PoMPE et al., 2008). These analyses have shown that
many European plant species are at risk from climate change (THUILLER et al., 2005).
THOMAS et al. (2004) predicted that due to climate change 6-8 % of all plant species
in Europe could become extinct by 2050. For Germany, POMPE et al. (2008) suggested
that — even under moderate climate change assumptions — negative impacts on the
German flora will arise. The authors point out that due to climate change severe shifts
in the species pools will occur.

Climate change scenarios up to the year 2080 for Germany have identified a definite
warming trend of 1.6-3.8 °C and small overall changes in annual precipitation (<10 %)
(ZEBISCH et al., 2005). However, changes in seasonal precipitation will occur with an
increase in winter and a decrease in summer precipitation (ZesiscH et al., 2005).
Due to their particular environmental characteristics, different regions in Germany
are assumed to be affected by climate change by a varying degree (ZeBiscH et al.,
2005). Highest vulnerability to climate change is expected for south-west and the
central parts of eastern Germany as well as the Alps. The low mountain ranges of
Germany as well as the coastal regions show medium vulnerability whereas north-
west Germany was identified to be least vulnerable (ZeBiscH et al., 2005). Therefore,
impacts of climate change on the study area of this thesis, the federal states of Lower
Saxony and Bremen, can be assumed to be small compared to other German states.

The processes discussed in the previous paragraphs all add to the modification
of a landscape and by doing so pose a threat to species. As it is difficult, if not
impossible, to consider all of these processes separately as their effects on biodiver-
sity in a landscape are usually interlinked, multi-layered concepts combining them
have been proposed by several researchers. These concepts aim at describing the
degree of modification a landscape has undergone. Concepts proposed involve 'land-
scape modification' (FORMAN & GODRON, 1986) and the related concepts of 'landscape
naturalness' (MAacHADO, 2004; LirA & Serp, 2009; WINTER et al., 2010a), 'hemeroby'
(Sukorp, 1976; KOwARIK, 1988, GRABHERR et al., 1998; STEINHARDT et al., 1999; WRBKA
et al., 2004; WALz & STEIN, 2014), 'urbanity' (HILL et al., 2002; WRrBKA et al., 2004) and
the 'degree of culturalness' (JANSEN et al., 2009). These concepts are used to assess the
conservation value of landscapes (WrBKa et al., 2004) and have been proposed to al-
low conclusions on biodiversity (WaLz & StTEIN, 2014). However, until now no study
has directly analysed the relationship between any of these concepts and species rich-
ness/diversity.
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Figure 1.1: Human-induced threats to the local species pool (selection of main threats). Ar-
rows indicate the main direction of the impact.

As discussed in the previous paragraphs, species in today’s highly industrialised
landscapes are threatened by a multitude of processes, most of them being linked to
human-induced changes in the landscape. To reduce the negative impacts of these
changes on species, a number of different concepts for the protection of species have
been proposed that can generally be allocated into segregative and integrative mea-
sures (PLACHTER, 1991). These concepts have been developed for agricultural land-
scapes but can analogously be transferred to forests, water bodies and urban areas
(PLACHTER, 1991). In segregative concepts, areas used for production are separated
from those designated for the protection of species, habitats and ecosystems (JESSEL,
2012). In contrast, integrative concepts try to include both production and conserva-
tion in the same areas. Integrative measures reduce negative impacts on species by
a reduction in the intensity of land use and the establishment of biotope networks
(PLACHTER, 1991). This management can, amongst others, promote species tolerant to
land use (TSCHARNTKE et al., 2012), improve ecosystem services and reduce isolation
of habitats (JEsseL, 2012; see also "dual conservation strategy", JACKsoN et al., 2009).
However, it can not promote the protection of species linked to (semi-)natural ecosys-
tems (e. g. mires, rocky outcrops). For the protection of such species the segregative
concept might be useful. Segregation is mainly enforced by the designation of pro-
tected areas inside which land use is forbidden, restricted or regulated to provide
habitats for species otherwise lost from a region.

In Germany, there are various categories of protected areas, of which national
parks, nature reserves (German: Naturschutzgebiete) and Natura 2000 sites (EU Habi-
tats Directive) are those covering the largest areas. Protected areas are widely ac-
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cepted as being essential for the long-term conservation of biodiversity (Evans et al.,
2006). However, their effectiveness in protecting species remains largely unclear as
the extent and location of many protected areas have not been defined using knowl-
edge on species occurrences (WINTER et al., 2010b; JepickE, 2012). Determining the
effectiveness of such areas "in representing and maintaining biodiversity is a core is-
sue in systematic conservation planning" (GasTon et al., 2006, p. 77). Nevertheless,
few studies until now have focused on this topic. Regional studies that analysed the
effectiveness of protected areas have identified numerous gaps in the existing pro-
tected area network (see e.g. Scorr et al., 2001 for the USA, ANDELMAN & WILLIG,
2003 for the Western Hemisphere and DEeGuist & KRR, 2006 for Canada). An anal-
ysis by RODRIGUEs et al. (2004) uncovered such gaps on a global scale. In contrast,
for Great Britain, JACksoN et al. (2009) found the current protected areas to cover the
occurrences of a large majority of Red List plant species. However, despite the good
overall species coverage, less than one third of the total number of occurrence records
were covered. It is obvious that results obtained for one particular region cannot be
directly transferred to other areas and that further research in this field is strongly
needed.

Surrogates for the human influence on species richness patterns

As mentioned earlier, much attention has focused on the analysis of the effects of
human interventions on species richness patterns in recent decades. Studies on this
topic usually have searched for surrogates describing and quantifying the human
impact on landscapes and biodiversity. For this purpose, land cover data that re-
flect the influence of humans on the landscape as well as landscape metrics used to
quantify the magnitude of this impact have been widely applied. Using landscape
metrics either the composition (i. e. the abundance of patch types in a landscape) or
configuration (i. e. the spatial arrangement of patches) of a landscape can be assessed
(cp. subsection 2.2.5). Indices used include measures of landscape diversity, patch
shape complexity, edge length and density, core area sizes as well as metrics used to
quantify landscape fragmentation, landscape/habitat connectivity and isolation. Be-
low, some of these measures and their relevance for species richness and diversity are
discussed.

Landscape diversity — analogical to 'geodiversity' (cp. subsection 1.2.1) — was iden-
tified to be a convenient surrogate for species richness (Luoto, 2000; HONNAY et al.,
2003). Different measures have been used to express landscape diversity, the simplest
merely reflecting the number (i.e. patch richness) or proportions of different land
cover types (DEUTsCHEWITZ et al., 2003; KUHN et al., 2003; WaN1aA et al., 2006), the
more complex ones combining richness and evenness of land cover types (e. g. Simp-
son’s and Shannon’s Diversity Index; see e.g. DEUTSCHEWITZ et al., 2003; HONNAY
et al., 2003; KuMAR et al., 2006).
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Several studies have analysed the relationship between species richness and land-
scape diversity. For Germany, a high structural and habitat diversity in combination
with moderate levels of natural and/or anthropogenic disturbance was found to in-
crease richness of native and alien plant species (DEUTSCHEWITZ et al., 2003). Simi-
larly, regional plant species richness of Flanders, Belgium was found to be positively
correlated with landscape diversity expressed in terms of high patch richness and
evenness and irregular patch shapes (HoNNAY et al., 2003). As landscape diversity in
the study area was found to go along with the degree of urbanisation also a positive
correlation between the percentage of built-up area and species richness was stated.
As previously discussed in the paragraph on the effects of urbanisation, the latter
has been frequently reported by researchers and has been attributed to the increased
niche availability in urban areas.

However, not only landscape diversity measures have been applied to explain spe-
cies richness patterns. Several studies have used patch shape complexity as a sur-
rogate for species richness as they assumed that simple patch shapes will be domi-
nant in landscapes strongly influenced by humans, whereas more natural landscapes
should be characterised by irregular shaped patches (MoseRr et al., 2002; YAMAURA
et al., 2008). In the study of MoskER et al. (2002) an index of patch shape complexity
developed by the authors that is based on the number of shape-characterising points
along a polygon’s boundary proved to be a good predictor for the species richness of
vascular plants and bryophytes in Austria: the authors found species richness to be
highest in landscapes for which irregular patch shapes were reported. Similarly, for a
Mediterranean forest landscape SCHINDLER et al. (2013) identified patch shape to be a
good indicator for the diversity of woody plants. In contrast, by using a shape index
independent of area for Japan, the study of YaAmMAURA et al. (2008) found the richness
of forest-floor plants to be influenced by patch shape to only a limited extent whereas
local forest structure had a much larger effect.

As landscape fragmentation resulting in habitat loss and isolation is supposed to
be one of the largest threats to biodiversity worldwide (JAEGER, 2000; see also previ-
ous section on threats to species) its indicative power for species richness has been
analysed by numerous studies at the local and landscape scale (see for an overview
DEeBInsk1 & Hort, 2000; FaHrIG, 2003). The simplest way in which the fragmenta-
tion of a landscape can be expressed is by using measures of patch numbers or patch
density (McGARIGAL, 2014). However, as these simple fragmentation measures are
supposed to be insensitive and inconsistent in their behaviour (McGariGaL, 2014),
attempts have been made to develop alternative and more explicit measures that "be-
have in a consistent and logical manner across all phases of the fragmentation process"
(McGARiGAL, 2014, p. 131). Still, despite their qualities, these indices (i.e. Landscape
Division Index, Splitting Index and Effective Mesh Size; JAEGER, 2000) until now have not
been applied as potential surrogates for species richness. Instead, frequently, the size
and the isolation of patches or the connectivity between them were used as (inverse)
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measure of fragmentation (e.g. HELM et al., 2006; Cousins et al., 2007; Kors, 2008;
Z1MBRES et al., 2013). RAATIKAINEN et al. (2009) for extensive grasslands in south-
ern Finland used a connectivity index taking into account the distances to all possible
source populations ('IFM measure', cp. MOILANEN & NIEMINEN, 2002) to analyse how
richness of spring ephemerals is related to habitat area and connectivity. They found
the number of ephemerals to be highest in larger and well-connected study patches.
In the study of ADRIAENS et al. (2006) a similar measure was applied to analyse how
vascular plant species richness of calcareous grasslands in southern Belgium is influ-
enced by landscape configuration. The authors found that the connectivity between
grassland patches only affected the number of specialist species but not that of gener-
alists. The opposite result was obtained by CrisToFoLI et al. (2010) for heathlands in
the high Ardenne (Belgium): By using measures of patch connectivity and isolation
the authors found generalist, not specialist species richness to be correlated with con-
nectivity. Interestingly, for islands in a large lake in the south-east of China, island
isolation measured as the Euclidean distance to the mainland did not significantly
explain vascular plant species richness (Hu et al., 2011).

The aforementioned examples show that effects of landscape fragmentation and
habitat isolation may vary depending on the species groups and habitats consid-
ered (Ewers & DipHAM, 2006; RODRIGUEZ-LOINAZ et al., 2012). Therefore, further
studies on this important topic using different measures of fragmentation and isola-
tion/connectivity should be undertaken for different landscapes and habitats.

1.3 General objectives and thesis outline

The present thesis applies spatially explicit data on the distribution of vascular plant
species in combination with various information on land cover and environmental
conditions to identify processes shaping species richness patterns. In doing so,
the analyses focus on the significance of the anthropogenic influence and only
marginally consider the importance of environmental conditions. All analyses were
conducted for the federal states of Lower Saxony and Bremen, northern Germany,
for which spatially explicit area-wide data on the occurrences of all vascular plant
species (plant survey of Lower Saxony, NLWKN 1993-2003) as well as information
on land cover and environmental conditions are available.

The main goals of the thesis are:
a) To identify and describe the patterns of vascular plant species richness in Lower
Saxony and Bremen, Germany.
b) To evaluate the adequacy of the protected area network for the protection of
rare and threatened plant species in the lowland region of the study area.
c) To analyse the relationship between richness patterns and the human influence
on the landscape.



18 1. Introduction

The thesis is subdivided into four main data chapters (chapters 3 to 6) briefly pre-
sented in the following paragraphs. These chapters are preluded by a chapter that
introduces the reader to the study area and gives an overview on the data used in the
analyses (chapter 2). The thesis closes with chapter 7 which summarises and synthe-
sises the main findings of the previous chapters and highlights open questions and
future research needs.

As the key conservation work and data collection is conducted by local authorities
and the large number of volunteers working for the plant survey of Lower Saxony,
considerable parts of the thesis (Chapter 3 and 4) were published in German to make
the results accessible to these people in charge, of which not all are familiar with
the English language. This audience-focused approach guarantees that the published
research can be directly implemented within the study area. The German articles
are preluded by detailed English summaries to make the key results available to the
global research community.

Patterns of vascular plant species richness As pointed out in section 1.1, the iden-
tification of spatial patterns of species richness provides an important key aspect of
conservation planning. The study presented in chapter 3 of this thesis makes use of
the extensive species record database of the vascular plant survey of Lower Saxony
and Bremen to derive richness patterns of six different species groups. The groups
considered in the analysis comprise (a) the total number of species that has been re-
ported for Lower Saxony and Bremen, (b) species grouped by their residence status
(native species, archaeophytes, neophytes) and (c) species grouped by their threat sta-
tus (non-threatened species, threatened species). The study serves as a starting point
on which the studies presented in the following chapters are based.

The following research questions are answered by interpreting maps of the richness
patterns of the aforementioned species groups and by taking into account the results
obtained from a correlation analysis:

e Which patterns of vascular plant species richness are observable in Lower Sax-
ony and Bremen and the three natural landscape regions, respectively?

* Do the different plant species (sub-)groups show richness patterns that are dis-
tinguishable from each other and how much do their richness centers overlap?

¢ In which areas do threatened species show highest species numbers and how
do these hotspots differ from that of non-threatened species?

Adequacy of the protected area network As knowledge on the spatial distribution
of the rare and threatened species of Lower Saxony and Bremen is of major impor-
tance for their effective protection, occurrences of these species have been recorded at
a much finer resolution (c. 2 km?) than those of all other species. In the study pre-
sented in chapter 4 these high-resolution data were used to test to which extent the
hotspots of rare and threatened species ('RL species') in the lowlands of Lower Sax-
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ony are covered by protected areas. The analysis considers nature protection areas
(Naturschutzgebiete, NSG) and NATURA 2000 sites. Additionally to the total num-
ber of threatened plant species Red List species linked to forest habitats ('RL forest
species') are included in the analysis. The data are analysed using Generalised Linear
Models (GLM) with Poisson distribution. The study aims at answering the following
research questions:

What patterns of diversity can be observed for the two species groups?

* Are occurrences of threatened species covered by nature protection areas?
Does the designation of NATURA 2000 sites improve the situation?

Are the results obtained for RL species transferable to RL forest species?

The human influence on species richness patterns As outlined in section 1.2,
species richness patterns in industrialised countries are assumed to be strongly
affected by human activities. To understand the magnitude and direction of
this influence and the underlying regulatory processes is an important field of
research. The two chapters dealing with this subject (chapter 5 and 6) use different
methodological approaches to illuminate the relationship between species richness
patterns and human influence.

The study presented in chapter 5 investigates whether landscape fragmentation
expressed by means of the Effective Mesh Size Index is related to the richness of six dif-
ferent groups of vascular plants aggregated using information on their residence and
threat status, respectively. The index has frequently been suggested to be ecologically
meaningful (JAEGER, 2000; JAEGER et al., 2008; GIRVETZ et al., 2008) and is widely ap-
plied in studies on landscape fragmentation. However, its relevance for biodiversity
has not been tested and its suitability as an indicator of biodiversity has even been
questioned (Esswein, 2007). The presented study aims to shed light on this topic
by applying variation partitioning techniques used to disentangle the relationship be-
tween species richness, landscape fragmentation and environmental variables. Spatial
autocorrelation in the data is considered by using PCNM analysis. It is hypothesised
that:

* Landscape fragmentation, expressed as Effective Mesh Size (m,fs), varies in
space, which results in a gradient in the degree of fragmentation within the
sample of landscape units used in this study.

* The choice of fragmentation geometries that are used for the calculation of 1,y
is of major importance for explaining plant species richness patterns on the
landscape scale.

¢ Plant species richness varies between landscape units along the fragmentation
gradient, with the effect size differing between different groups of species de-
pendent on their residence (natives, archaeophytes and neophytes) and threat
status (threatened vs. non-threatened).
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The study presented in chapter 6 makes use of k-means clustering to derive a gra-
dient of 'landscape modification' (cp. subsection 1.2.2) for 1386 landscape units of
Lower Saxony and Bremen. The analysis is based on landscape metrics quantifying
landscape composition and configuration. Clusters differing in terms of their degree
of landscape modification are set up and placed along a 'gradient of landscape modi-
fication' according to the one proposed by FORMAN & GODRON (1986). The gradient is
then linked to richness patterns of the total number of vascular plant species as well
as that of seven sub-groups that were aggregated using information on residence and
threat status and habitat preferences of the species. The study seeks to verify the
following hypothesis:

* Based on landscape metrics used to assess the composition and configuration
of a landscape, clusters of landscapes with similar characteristics can be differ-
entiated. These can be placed along a gradient of landscape modification as
proposed by FORMAN & GODRON (1986), spanning from (semi-)natural (mostly
forested) to urbanised landscapes.

¢ The landscape clusters are meaningful for vascular plant species richness, i.e.
species numbers vary significantly along the gradient of landscape modification
intensity.

* Species numbers of different vascular plant species groups show different pat-
terns along the gradient of landscape modification intensity.
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2.1 Study region

The study region comprises the German federal states of Lower Saxony and Bremen.
Lower Saxony encompasses an area of 47.624km? whereas Bremen as the smallest
federal state of Germany has a size of only 404 km?. As landscape formation history
and natural environmental configuration, colonisation history and current land use
vary widely across the state, Lower Saxony harbours a high number of different habi-
tats. The area may roughly be subdivided into three regions, the coastal, the lowland
and the upland area (Fig. 2.1), that largely differ in their characteristics.

The coastal area is dominated by marine deposits from the Holocene (HEUNISCH
et al., 2007). It comprises the Wadden Sea, its islands and salt marshes, the estuaries of
the three largest rivers of Lower Saxony (Ems, Weser and Elbe) as well as impoldered
tidal wetlands. It shows an oceanic climate with mean annual precipitation rates of
about 700-900 mm and mean annual temperatures of c. 9°C. Main soil types occur-
ring in this area are Fluvisols, Leptosols and Gleysols (NLFB, 1997). The costal area
is predominantly covered by grasslands with a proportion of 60 % whereas cropland
areas contribute 20 % and forests merely 1 %.

The lowland area was formed during the Pleistocene and harbours various types
of landscapes ranging from intensively managed agricultural landscapes in the west-
ern part to more wooded landscapes in the eastern part. From West to East, the
climate changes from oceanic (annual precipitation rate c. 900 mm) to suboceanic-
subcontinental (annual precipitation rate c. 550 mm). Mean annual temperatures in
this area fluctuate around 8 °C. The climatic gradient is reflected in the soil charac-
teristics: In the West the dominating soil types are those affected by seepage water,
water logging and mass transfer (Histosols, Podzols); in the East primarily Cambisols
and Leptosols are found. The area is dominated by croplands that cover about 40 %
of this region; forests and grasslands are present at proportions of about 20 % each.

The upland area is a very heterogeneous region that is dominated by deposits from
the Meso- and Palaeozoic (HEuNiscH et al., 2007). Due to its diverse topography, cli-
matic conditions vary strongly. The uplands are dominated by aeolian silt as well as
clay, sand and lime stone deposits (NLFB, 1997). Luvisols and Cambisols are the most
common soil types in this region. Mean annual temperatures range between 8-9 °C.
Mean annual precipitation rates vary between 650-750 mm in the lower parts of the
area and 800-900 mm in the elevated parts. The Harz mountains at the South-western
border of Lower Saxony feature very specific climatic conditions: The most elevated
parts (up to 971 m a.s.l.) experience a montane climate with an annual mean precip-
itation rate of up to 1,500 mm and annual mean temperatures of only 7°C (NLFB,
1997). The Harz region is dominated by base poor silicate bedrock as well as argilla-
ceous shale and greywacke. Main soil types occurring in this area are Cambisols and
Podzols (NL¥B, 1997). Out of the three regions, the upland area features the high-

ITranslation of German soil types follows IUSS WorkING GrRour WRB (2006).
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est proportion of forests (c. 30 %); grasslands only prevail in about 9% of the area
whereas croplands dominate c. 45 % of the region.

The study region was subdivided into 1762 grid cells (Messtischblatt-Quadranten)
with a size of about 5.5 km x 5.5km (1/4 of a topographical map, scale 1 : 25,000; Fig.
2.1). Out of these 1386 grid cells are fully covered by land, 353 grid cells are located
on the edge and 23 grid cells are fully covered by sea. For a more detailed study (see
chapter 4, ScHMIEDEL et al., 2013), the lowland area of the state was overlaid with
a more detailed grid of 15.729 cells with a size of about 1km x 2km (Minutenfelder,
1/60 of a topographical map, scale 1 : 25, 000).

2.2 Data and data preparation

Data available for the study region included information on the distribution of vas-
cular plant species, data on environmental variables as well as land-use types (Table
2.1). The following paragraphs give a detailed overview of these data.

Species data were analysed using MS Access (M1crROSOFT CORPORATION, 2010) and
ArcGIS-ArcInfo 9.2 (ESRI Inc., 2007). ATKIS data, areal information as well as envi-
ronmental variables — unless stated otherwise — were analysed using ArcGIS-ArcInfo
9.2, Hawth’s Tools (BEYER, 2004) and Fragstats 3.3 (McGARiGAL & CusHMAN, 2002).

2.2.1 Species data

Occurrence data of all vascular plant species of Lower Saxony and Bremen were made
available as an MS Access database by the vascular plant survey of Lower Saxony
(Niedersiichsisches Pflanzenartenerfassungsprogramm, NLWKN; Table 2.1). The data base
(last update 15 December 2008) comprises 2,395,045 entries and covers the time span
from 1993-2003 (first and second period of the state-wide mapping; third period is
still underway). Out of all taxa listed in the data base only the 18797 non-erratic ones
were considered®. Occurrence data were available on the grid basis mentioned in the
previous chapter.

Prior to the analyses, species were aggregated on the highest taxonomical level
found in the data base, i. e. subspecies were assigned to the species level and species
to the respective aggregate found in the data base*. This aggregation affected 213 taxa
(see Table A.3 in Appendix A for an overview). Thus, in total, 1666 taxa remained
in the analysis out of which 72 were occurring in grid cells fully covered by sea or
located on the edge of the study area only” (cp. section 2.1) and thus were excluded

2Due to errors in the database that were detected just after the first article (SCHMIEDEL et al., 2011) was
published, the total number of species considered in this article was 1819 taxa only.

3In total, 2708 taxa are listed in the floristic list of the data base out of which 829 are extinct, erratic or
do not occur.

“The exception being the first article (SCHMIEDEL et al., 2011) which did not apply any aggregation.

SHereafter referred to as 'edge only' species.
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for the analyses conducted in SCHMIEDEL & CULMSEE (submitted) and SCHMIEDEL
et al. (submitted).

For the analyses conducted in context of the present thesis, the species listed in the
data base were aggregated into sub-groups using the residence and threat status and
habitat preferences of the species, respectively (Table 2.2).
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Figure 2.1: The study area encompassing the federal states of Lower Saxony and Bremen,
with its three natural landscape regions (coastal, lowland and upland area). The region can
be further subdivided into 10 bio-geographical regions (1 = Wadden Sea and marshes, 2 =
East Frisian and Oldenburg moraine lowlands, 3 = Stade moraine lowlands, 4 = Ems, Hunte
and Dimmer moraine lowlands, 5 = Luneburg Heath and Wendland, 6 = Weser and Aller
plains, 7 = Old moraine loess landscapes, 8.1 = Uplands of Osnabriick, 8.2 = Uplands of the
Weser and Leine valleys, 9 = Harz mountains.) Plant occurrence data from the plant survey
of Lower Saxony were available for 1762 quadrants of the topographical map (scale 1:25,000,
i.e. about 5.5 km x 5.5 km in size). The area of hatched quadrants has only been partly
inventoried, because they are either only partially covered by land area or are situated in
neighbouring federal states.
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The residence status of species was determined by using the information provided
by the data base itself and information from Krotz et al. (2002): Native species were
distinguished from archaeophytes (species that became naturalised prior to the 16"
century) and neophytes (species that became naturalised in the 16" century or later)
(see Table 2.2). Information on the threat status of species was derived from the Red
List of Lower Saxony and Bremen (GARVE, 2004): Threatened species (Red List status
1, 2, 3, G and R) were distinguished from non-threatened species (Red List status V
and *) (see Table 2.2).

Information on habitat preference, i. e. the linkage to urban and forest habitats were
taken from Krorz & KUnn (2002), BEN (2013) and ScaMIDT et al. (2011), respectively
(Table 2.2). Urban species were defined as those species with an urbanity indicator
value of 4 (urbanophilic) and 5 (moderately urbanophilic). Forest species are those
species categorised as to occur in closed forests only (category 1.1, ScHmIDT et al.,
2011) as well as forest edges and clearings (category 1.2, ScumipT et al., 2011). In-
formation on Ellenberg Indicator Values (EIV) for nutrients (N) were taken from BFN
(2013). Those species having a N value of 1 to 3 were defined as species of nutrient-
poor habitats, those with a N value of 7 to 9 as species of nutrient-rich habitats (Table
2.2).

Table A.2 in Appendix A lists all species, along with their residence and threat
status as well as their habitat preferences and furthermore denotes the 'edge only'
species.

Pivot tables in MS Access were used to compute species richness per grid cell. One
query was conducted for each species group (Table 2.2).

2.2.2 ATKIS data

Information on the extent and spatial configuration of different land use types were
derived from the ATKIS Digital Landscape Model (DLM, LGN, 2008) of Lower Saxony
and Bremen. Overall, the DLM differentiates c. 90 different 'ATKIS object types'.
These were combined into 8 different land cover types (LCTs), i.e. industrial, urban
and traffic areas, croplands, forests, grasslands, water bodies and "other LCTs" as
listed in Table 2.3. Linear elements represented as polylines in the DLM (roads, rivers)
were buffered by using either standard values (roads, FGSV, 1996, see. Table A.5 in
Appendix A) or information provided by the dataset itself (rivers) in order to convert
them into polygons (Hawth’s Analysis Tools, BEYER, 2004). Subsequently, they were
combined with the other polygon features to a non-overlapping feature layer using
ArcGIS-ArcInfo 9.2 (ESRI Inc., 2007).

Information on average altitude, inclination and exposure per grid cell were derived
from the ATKIS Digital Elevation Model (DEM, LGN, 2008). The DEM data were
further used to calculate the Mean Heat Load Index (McCuUNE & KEON, 2002, eq. 3) per
grid cell by using the ArcScript 'Heat load index' (PArks, 2004) in ArcView GIS 3.3
(ESRI Inc., 2002).
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2.2.3 Areal information

Information on bio-geographic regions and the location and extent of protected areas
were obtained from shape files provided by the NLWKN and the NW-FVA (Table 2.1).

The geographical classification of natural landscapes of Lower Saxony (PILGRIM &
FrRANKE, 1993) defines the borders of the natural landscape units of the state. Roughly,
the state area can be divided into three regions (coastal, lowland and upland area, cp.
section 2.1) which themselves can be further divided into 10 bio-geographical regions
and 82 natural landscape units (see Table A.1 in Appendix A). Because the grid cells
in some cases were placed on the border between two or several regions/units the
following rule was applied: Each grid cell was defined to belong to that region/unit
that holds the highest proportion of area of the respective grid cell.

Information on protected areas included the location and extent of Natura 2000
sites, nature protected areas (Naturschutzgebiete, NSG), national parks as well as forest
reserves (Naturwaldreservate) (Table 2.1).

2.2.4 Environmental variables

Soils Information on soil types, soil humidity, CaCOj3 content as well as the diversity
of soil types were obtained from the map of soil types of Lower Saxony (BUK 50, scale
1:50,000, vector data; Table 2.1). For all calculations the vector data were transformed
into raster data of a pixel size of 50m x 50 m.

BUK 50 lists 126 soil types that were grouped into 27 soil type categories (see Ta-
ble A.4 in Appendix A). Based on these categories, the diversity of soil types was
calculated using Fragstats 3.3 (McGARIGAL & CusHMAN, 2002).

Soil humidity in BUK 50 is arranged in 11 levels ranging from arid to wet/open
water conditions. An additional 12 level includes all soils influenced by backwater.
The 12 levels were grouped into 5 categories: "dry" (BUK 50, soil moisture levels
0-3), "mesic" (soil moisture levels 4-6), "moist" (soil moisture levels 7-9), "wet" (soil
moisture levels 10-11) and "influenced by backwater" (soil moisture level 12). Finally,
the surface ratio of each soil moisture category was calculated per grid cell.

The CaCOj content of the soil in BUK 50 is arranged in six levels ranging from soils
with no CaCOj3 content (BUK 50, level c0) to soils with a high CaCOj content (level
c5). These levels were grouped into three categories: "free from CaCOj;" (BUK 50
CaCOj3 content level c0, c1), "medium CaCOs3 content” (c2, c3) and "high CaCOj3 con-
tent" (c4, c5). Then, the surface ratio of each CaCOj3 category was calculated per grid
cell.

Climate Information on regional climate were obtained from climate data of the
German Weather service (Deutscher Wetterdienst, DWD; Table 2.1). Several different
climatic parameters were derivable, i. e. mean, minimum and maximum annual tem-
perature and precipitation, the number of summer days and days with frost, snow
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Table 2.3: Land cover types (LCTs) derived from ATKIS-DLM. For more detailed information
on the included ATKIS object types see Table A.6 in Appendix A.

LCT Description

Industrial areas  Areas used for (non agricultural) production (e. g. supply and disposal
facilities, exhibition centers, mining areas etc.)

Urban areas Areas used for housing and recreation (e.g. residential areas, parks,
campgrounds etc.)

Traffic areas Areas used for transport (roads, railway lines, airports, etc.)

Croplands Areas used for agricultural production

Forests Forested areas

Grasslands Grassland areas

Water bodies Standing and flowing waters (e. g. lakes, streams, channels, springs)

Others Areas not belonging to any of the above mentioned LCTs (e. g. tree rows,
bogs, islands)

and ice as well as the sunshine duration. Furthermore, phenological data, e.g. the
time of snowdrop (Galanthus nivalis) flowering, apple blossom etc. were available. All
parameters were calculated as averages per grid cell.

2.2.5 Landscape metrics

Landscape metrics were used to quantify the composition and configuration of the
landscape in the study area. These metrics are based on the patch-corridor-matrix
concept by FORMAN (1995) which states that landscapes are composed of structural
elements: the patches, the corridors and the matrix. The arrangement of these ele-
ments in the landscape creates a particular landscape pattern or patch mosaic (LANG
& BrascHkE, 2007). The term 'patch’ in this context describes more or less homo-
geneous, non-linear landscape elements that differ from the surrounding landscape
(LerTAo et al., 2006). The matrix is defined by its proportion of the landscape (>50 %),
its connectivity as well as its control on landscape dynamics.

Landscape metrics that evolved in the 1980s and 90s (LANG & BLascHKE, 2007) fa-
cilitate the description of patterns of a landscape with regard to its composition and
configuration on the patch, class as well as landscape level. These indices describe
and quantify the spatial structure of patches, classes and the landscape, respectively
(LEITAO et al., 2006). They provide the opportunity to measure geometric proper-
ties of landscape elements and their relative position and distribution in the land-
scape (LErTAo et al., 2006). On the patch level, the geometric properties of individual
patches can be assessed, whereas on the class level patches of the same type (class; in
this study named land cover types, LCTs) are aggregated. On the landscape level the
configuration of different types of classes is considered (LANG & BLASCHKE, 2007).

All landscape metrics were calculated using Fragstats 3.3 (McGARiGAL & CusH-
MAN, 2002). Because the software is limited to the use of raster data, the DLM vector
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data were converted to raster format with a resolution of 5m x 5m using ArcGIS-
ArcInfo 9.2 (ESRI Inc., 2007). A higher resolution could not be chosen because of
hardware limitations. Because landscape metrics had to be assessed separately for
each of the 1762 grid cells (see section 2.1) the raster data set was cut into 1762 sepa-
rate rasters using Hawth’s Tools (BEYER, 2004) in ArcGIS. In the following these 1762
tiles were considered as separate 'landscapes'. Landscape metrics were calculated on
class and landscape level, respectively. The indices that were calculated describe the
landscape composition (e.g. patch sizes, patch numbers) and configuration, i.e. the
interactions and correlations between the landscape elements (e. g. expressed in terms
of patch shape, complexity, fragmentation). The following paragraphs name and de-
scribe the landscape metrics used to quantify the composition and configuration of
the landscape. Naming of the indices follows the nomenclature used in Fragstats 3.3
(McGARIGAL et al., 2002).

Landscape metrics quantifying landscape composition

Class level The landscape composition within the 1762 grid cells on the class level
was assessed using the indices Total Class Area (CA) and Number of Patches (NP; Table
2.4). CA for each landscape reports the percentage of area of the particular classes
(McGariGgarL & CusHMAN, 2002). NP counts the number of patches of each class
under observation. The NP index together with CA represents a simple measure to
quantify fragmentation of the classes in the landscape: If a class is characterised by
high values of CA as well as NP the area belonging to the class is highly fragmented.

Landscape level The landscape composition within the 1762 grid cells on the land-
scape level was assessed using the indices Patch Richness (PR), Shannon’s Diversity
Index (SHDI) and Shannon’s Evenness Index (SHEI; Table 2.4). PR addresses the num-
ber of classes in the landscape and thus is an important basic measure for landscape
diversity. If besides the pure number of classes in the landscape also their propor-
tions shall be considered, the Shannon’s Diversity Index is the method of choice: If the
landscape is composed of one patch only, the value of SHDI equals zero. The more
patch types are present and the more homogeneously distributed they are, the larger
the value of SHDI becomes. SHEI, in turn, is a measure of the evenness of the dis-
tribution of patch types/classes (MCGARIGAL & CusHMAN, 2002). The index can take
values between zero and one: If a landscape consists of only one patch type, values of
SHEI will be zero. If several LCTs are present, the value of SHEI increases the more
evenly distributed they are.

Table 2.4 lists all landscape metrics used to assess landscape composition, their
range of values as well as their units.
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Table 2.4: Landscape metrics used to assess landscape composition with respect to their range
of values, units and basis of computation (after McGARIGAL & CusHMAN, 2002). LCT = land
cover type; T = increase in value; n/a = not available.

Landscape Landscape Range of values Unit Basis of
parameter metric computation
Class level
Total class area Total Class Area, CA CA >0 ha All LCTs
Patch numbers/ Number of Patches, NP > 1 n/a grassland,
Landscape NP cropland,
diversity forest

NP = 1, if the landscape

consists of one single patch
Landscape level
Number of Patch Richness, PR PR>0 n/a All LCTs
patch types
(classes)
Landscape Shannon’s Diversity SHDI > 0 n/a Al LCTs
diversity Index, SHDI

SHDI = 0, if the landscape

consists of one patch/class

only

SHDI 1, if the number

of patch types/classes in-

creases and/or the propor-

tions of different classes is

becoming more uniformly

distributed
Uniform distri- Shannon’s Evenness 0 < SHEI <1 n/a ANl LCTs

bution of LCTs

Index, SHEI

SHEI = 0, if the landscape
consists of one patch/class
only

SHEIY, if the proportion of
the patches of all classes
are becoming more equal
SHEI = 1, if the patches
of all classes are present at
the same proportions
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Landscape metrics quantifying landscape configuration

Class level Landscape configuration on the class level was assessed only for selected
LCTs, i. e. forest, grassland and cropland areas. For these LCTs several configuration
indices, namely the Area-weighted Mean Patch Area Distribution (AREA_AM), the Area-
weighted Mean Shape Index (SHAPE_AM), the Total Edge Index (TE), the Mean Proximity
Index (PROX_MN), the Total Core Area Index (TCA) as well as the Area-weighted Mean
Core Area Distribution (CORE_AM) were calculated (Table 2.5). In the present study
metrics based on area-weighted mean (AM) patch characteristics were favoured over
those describing the average (MN) patch characteristics because the former provide a
more landscape-centric instead of patch-centric perspective and thus better reflect the
average conditions of a randomly chosen pixel in the landscape (McGARIGAL, 2014).

AREA_AM calculates the area-weighted mean size of all patches of one class. Thus,
the index allows to discriminate between LCTs present at a large vs. small scale
(McGARIGAL & CusHMAN, 2002).

SHAPE_AM quantifies the complexity of patches. In raster data the simplest shape
is a square; the more complex a patch becomes, i.e. the more it deviates from the
shape of a square, the stronger the value of the Shape Index increases.

PROX_MN quantifies the isolation or rather connectivity of the patches of one class.
For the calculation of the index a 'search radius' has to be defined; patches within this
distance are regarded as connected. The search radius in the study was set to 100 m.
If a patch has no neighbours of the same patch type within this distance the Proxim-
ity Index is 0; the index increases as the neighbourhood of the patch is increasingly
occupied by patches of the same type; the closer these patches become and the less
scattered they occur, the larger the value of the index becomes (McGARIGAL, 2014).

TE sums up the length of the edges of all patches belonging to one LCT (LaNG
& BrascHKE, 2007). A high value of TE can — depending on the quality of the LCT
under consideration — either be an indicator of a high structural diversity or identify
a high degree of landscape fragmentation (LANG & BLascHKE, 2007).

TCA sums up the core areas of all patches belonging to one class. The core area
is defined as the area within a specified core area distance, i.e. that area that is not
influence by edge effects (McGARIGAL & CusHMAN, 2002; LANG & BLASCHKE, 2007).
The core area of patches, different from patch size, is influenced by the shape of the
patches. Thus, a patch can be potentially large enough to support particular species
but because of its shape can be influenced by edge effects to such a large extent that
the habitat becomes unsuitable for species (McGARIGAL & CusHMAN, 2002). For the
calculation of TCA the 'edge depth' has to be defined. In the present study TCA was
calculated for forests only; edge depth was defined as being 100 m (cp. Murcia, 1995;
HARPER et al., 2005, HENNENBERG et al., 2005; WEI & HoGcaNsoN, 2005; HENNENBERG
et al., 2008a,b). CORE_AM resembles TCA but measures the average core area of all
patches belonging to one class.
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Table 2.5: Landscape metrics used to assess landscape configuration with respect to their
range of values, units and basis of computation (after McGARIGAL & CusHMAN, 2002). FGs =

fragmentation geometries. LCT = land cover type; 1 = increase in value; n/a = not available.

Landscape
parameter

Landscape metric

Range of values

Unit Basis of com-
putation

Class level

Patch complexity

Mean patch size

Total Core Area

Mean core area
Total edge length

Patch isolation

Landscape level

Complexity  of
patches

Mean patch size

Total edge length
Landscape frag-
mentation

Shape Index Distribu-
tion, SHAPE_AM

Patch Area Distribu-
tion, AREA_AM
Total Core Area,
TCA

Core Area Distribu-
tion, CORE_AM
Total Edge, TE
Proximity Index,
PROX_AM

Shape Index Distribu-
tion, SHAPE_AM

Patch Area Distribu-
tion, AREA_AM
Total Edge, TE
Effective Mesh Size,
MESH

SHAPE_AM > 1
SHAPE_AM = 1, if the
patches are maximally
compact (square)
SHAPE_AM 1, if the
shape of patches be-
comes more irregular
AREA_AM >0

TCA >0

TCA = 0, if each lo-
cation of all patches
belonging tot he class
lays within the speci-
fied edge depth
CORE_AM >0

TE >0

PROX >0

PROX = 0, if a patch
has no neighbours of
the same patch type
within the specified
search radius

SHAPE_AM > 1
SHAPE_AM = 1, if the
patches are maximally
compact (quadrat)
SHAPE_AM 1, if the
shape of patches be-
comes more irregular
AREA_MN >0

TE >0
25x10%ha  * <
MESH < size of the
grid cell

n/a grassland, for-

est, cropland

ha  grassland, for-
est, cropland
ha  forest

ha forest

m grassland, for-
est, cropland

n/a grassland, for-
est, cropland

n/a all LCTs

ha all LCTs

m all LCTs

ha FGs & remain-
ing landscape

 Area of one single pixel of the raster (pixel 5m x 5 m =25 m? =25 x 107 ha ).
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Landscape level Landscape configuration on the landscape level was assessed us-
ing the Area-weighted Mean Shape Index (SHAPE_AM), the Area-weighted Mean Patch
Area Distribution (AREA_AM) as well as the Effective Mesh Size Index (MESH; later
following JAEGER et al. (2006) also named m,f) (Table 2.5).

As explained for the class level, SHAPE_AM quantifies the complexity of patches.
On the landscape level this complexity is not averaged over the patches of one class
but over all patches being present in the landscape. The same applies to AREA_AM
that on the landscape level calculates the area-weighted mean size of all patches in
the landscape and, in doing so, provides a measure of the overall fragmentation of
LCTs.

MESH measures the fragmentation of a landscape and is frequently used in many
studies quantifying landscape fragmentation (e. g. JAEGER et al., 2001; WaLz, 2005; Es-
SWEIN & SCHWARZ-VON RAUMER, 2006; MOSER et al., 2007; JAEGER et al., 2008; GIRVETZ
et al.,, 2008; L1 et al., 2010; EEA, 2011). The index denotes the size of the patches
when the landscape is divided into S areas (each of the same size) with the same de-
gree of landscape division as obtained for the observed cumulative area distribution
(McGARIGAL, 2014).

Table 2.5 lists all landscape metrics used to assess landscape configuration, their
range of values as well as their units.
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Summary

The present study analyses the richness patterns of different groups of vascular plant
species for the federal states of Lower Saxony and Bremen. For this purpose, all
1819 established species occurring in the two states as well as different sub-groups
of species were considered. Sub-groups were defined by using information on resi-
dence (1509 native species, 160 archaeophytes, 145 established neophytes) and threat
status (643 threatened vs. 1176 non-threatened species) of the species, respectively.
Because of their contrasting demands regarding their habitats it was assumed that
species belonging to the various groups would occupy different ecological niches in
the landscape; therefore — on a large scale — their centres of diversity were assumed
to be spatially segregated from one another.

Data on species occurrences were obtained from the floristic mapping of the two
states (plant survey of Lower Saxony, NLWKN 1982-2003) and were available on a
grid basis (1,762 grid cells of c. 30 km?). The study aimed at answering the follow-
ing questions: 1.) Which patterns of vascular plant species richness are observable
in Lower Saxony and Bremen and the three natural landscape regions, respectively?
2.) Do the different plant species (sub-)groups show richness patterns that are distin-
guishable from each other and how much do their richness centers overlap? 3.) In
which areas do threatened species show highest species numbers and how do these
hotspots differ from that of non-threatened species?

Data were analysed by calculating the number of species per grid cell for each of
the species groups mentioned above. Species richness per grid cell was then displayed
using a geographical information system (GIS). To test if the centres of diversity of
the species groups were overlapping, the pairwise non-parametric Spearman’s rank
correlation coefficient p was calculated.

Species richness of all groups was found to be heterogeneously distributed across
the states with an observable increase of species numbers from north to south and
— to some extent — also from west to east. The spatial distribution of the richness
centres of the different plant species groups were largely correlated with each other
but also showed some interesting divergences. Considering the total number of es-
tablished species occurring in the study area an aggregated distribution pattern was
observable: As site conditions in the Quaternary coastal and lowland areas are rel-
atively homogenous these regions — with exception of the major stream valleys of
the Weser, Aller and Elbe — were found to be relatively species poor. In contrast, the
upland area with its heterogeneous site conditions, generally hosted a high overall
species richness. The large group of native species showed a distribution very sim-
ilar to that of the total number of species. Archaeophytes were concentrated in the
coastal area of Bremen, the Weser and Aller plains, and the loess landscapes of the
lowland area, as well as smaller cities. High richness of established neophytes was
mainly found in congested urban areas. Richness centres of threatened species were
spatially highly differentiated: at the coast only the islands in the North Sea repre-
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sented small hotspots, while in the lowlands relatively large hotspots were situated in
the Wendland, the Luneburg Heath and the Elbe-Weser triangle north of Bremen. In
the uplands, the area around Gottingen, the uplands of the Weser and Leine valleys
and the margins of the Harz Mountain represented well defined hotspots of Red List
species.
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Zusammenfassung

Voraussetzung fiir die Entwicklung von Schutzstrategien fiir den Pflanzenarten-
schutz ist die Kenntnis tiber die Verteilung der Zentren der Artenvielfalt im Raum.
Je nach Einbiirgerungsstatus und Gefdhrdungssituation kommt verschiedenen
Artengruppen dabei eine unterschiedliche Bedeutung zu. In der vorliegenden
Studie werden fiir die Gesamtfliche der Bundeslander Niedersachsen und Bremen
die im Niedersdchsischen Pflanzenarten-Erfassungsprogramm (1982-2003) auf
Messtischblatt-Quadranten-Ebene erhobenen Verbreitungsdaten von Gefaf3pflan-
zensippen unter Beriicksichtigung der Gesamtflorenliste (1.819 Sippen), ihres
Einbiirgerungsstatus (1.509 Indigene, 160 Archdophyten, 145 etablierte Neophyten)
und ihrer Gefihrdungssituation (ungefihrdete und gefihrdete Arten; davon 643
Sippen mit Rote-Liste-Status 1, 2, 3, G oder R) ausgewertet. Auf Basis der Gesamtliste
ergibt sich eine inhomogene Verteilung der Sippendichte im Gesamtuntersu-
chungsraum, wobei die standortlich relativ homogene Kiiste sowie das Tiefland
— mit Ausnahme der grofien Stromtdler (Weser, Aller, Elbe) — relativ artenarm
sind und das standortlich sehr heterogene Hiigel- und Bergland grundsétzlich die
hochsten Sippendichten aufweist. Unter Bertiicksichtigung des Einbiirgerungsstatus
zeigen die Archiophyten jeweils die groften Uberschneidungsbereiche zu den
Indigenen und etablierten Neophyten. Die Verbreitungsmuster der grofien Gruppe
der Indigenen dhneln denen der Gesamtliste, wiahrend sich die Archdophyten auf
den Bremer Kiistenraum, das Weser-Aller-Flachland, die Borden und das siidliche
Weser-Leine-Bergland konzentrieren. Die Zentren der Sippenvielfalt der etablierten
Neophyten liegen vor allem in stddtischen Ballungsraumen und erscheinen oftmals
sehr punktuell. Die Rote-Liste-Arten sind in der Mehrzahl indigen (91 %), 8 % von
ihnen sind Archédo-, nur 1% Neophyten. Ihre Diversititszentren sind auflerordentlich
differenziert: An der Kiiste gehdren nur die isoliert liegenden Nordsee-Inseln dazu,
wahrend im Tiefland das Wendland, die Liineburger Heide und das Elbe-Weser-
Dreieck grofsflichige Diversititszentren aufweisen. Im Hiigel- und Bergland finden
sich vor allem im Raum Gottingen, dem Weserbergland und am Harzrand gut
abgegrenzte Zentren der Rote-Liste-Artendiversitdt. Viele dieser bedrohten Sippen
sind vermutlich Spezialisten, die an natiirliche oder naturnahe Habitate angepasst
und somit nur in den wenigen Landschaftsbereichen anzutreffen sind, die die
entsprechenden Habitatbedingungen bieten.
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Abstract

Distribution patterns of vascular plant taxa in the federal states of Lower Saxony
and Bremen, Germany, with respect to their naturalisation and threat status

Detailed knowledge about the spatial distribution of richness centres is a pre-
requisite for developing national strategies for the conservation of vascular plant
species. Thereby, different groups of plant taxa may have different relevance
depending on their naturalisation and threat status. In this study, we investigate
the spatial distribution of plant species richness centres in the area of the federal
states of Lower Saxony and Bremen based on data from the plant survey of Lower
Saxony (Niedersachsisches Pflanzenarten-Erfassungsprogramm). Analyses include:
1.) The complete floristic list (1819 taxa) 2.) three groups of taxa defined by their
naturalisation status (1509 indigenous taxa, 160 archaeophytes, 145 established
neophytes), 3.) two groups of taxa defined by their threat situation (unthreatened
versus vulnerable taxa, including 643 taxa which have been red listed with status 1,
2,3, G or R). Based on the complete floristic list, a clumped distribution pattern was
observed. Site conditions in the Quaternary coastal and lowland areas are relatively
homogenous and, with exception of the major stream valleys of the Weser, Aller
and Elbe, relatively species poor, while the upland area, with its heterogeneous
site conditions, shows the overall highest taxonomic richness. The large group of
indigenous taxa shows a distribution very similar to that of the complete floristic
list. Archaeophytes are concentrated in the coastal area of Bremen, the Weser
and Aller plains, and the Old moraine loess landscapes, as well as smaller cities.
High phytodiversity of established neophytes is mainly found in congested urban
areas and several other small-scale centres of diversity. Red List species are mainly
indigenous (91 %), 8 % are archaeophytes and only 1% are neophytes. Their centres
of phytodiversity are spatially highly differentiated: at the coast only the islands in
the North Sea are small hotspots, while in the lowlands relatively large hotspots are
situated in the Wendland, the Luneburg Heath and the Elbe-Weser triangle north
of Bremen. In the uplands, the area around Géttingen, the uplands of the Weser
and Leine valleys and the Harz mountain margins are well defined hotspots of Red
List taxa. Many of these endangered species are presumably specialists adapted and
limited to natural and semi-natural habitats.

Keywords: Archaeophytes, plant diversity, phytodiversity, hotspots, neophytes, Red
Lists, richness centres.
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Einleitung

Das Verbreitungsmuster von Pflanzenarten im Raum wird durch deren Ausbreitungs-
modi, ihr Konkurrenz- und Anpassungsverhalten, Wechselwirkungen mit der abio-
tischen Umwelt, durch evolutionédre und erdgeschichtliche, aber auch aktuelle, meist
durch den Menschen verursachte Prozesse bestimmt (HAEUPLER, 1974). Landschafts-
raume mit hoher struktureller und Habitat-Heterogenitat, die sich aus einem Mosaik
von kiinstlich geschaffenen Habitaten und Resten naturnaher Vegetation zusammen-
setzen, weisen oftmals eine sehr hohe Pflanzenartenvielfalt auf (DEUTSCHEWITZ et al.,
2003). Insbesondere in stddtischen Ballungszentren liegen die Artenzahlen meist ho-
her als in dem umgebenden ldndlichen Raum (HAEUPLER, 1974; WANIA et al., 2006;
Lirre & KowaRik, 2008).

Fiir die Erfassung von Zentren der Artenvielfalt auf Landschaftsebene kommt ver-
schiedenen Artengruppen je nach Einbiirgerungsstatus und Gefiahrdungssituation ei-
ne unterschiedliche Bedeutung zu. Insbesondere Diversitdtszentren von indigenen
und/oder gefihrdeten Pflanzensippen ("Hotspots") sind fiir den Artenschutz von
Bedeutung (Globale Strategie zur Erhaltung der Pflanzen, SEKRETARIAT DER CBD,
2007), wahrend solche von gebietsfremden Arten, insbesondere von invasiven Neo-
phyten, auf eine Gefdhrdung von heimischen Arten, 6kologischen Kreislaufen und
des bestehenden Landschaftsbildes hinweisen konnen (Huso et al., 2007). Gefdhrdete
Arten stammen fast ausschliefSlich aus den Gruppen der Indigenen und Archdophy-
ten (Definition bei WAGENITZ, 2003). In der mitteleuropdischen Landschaft sind die
Hauptursachen fiir ihre Gefdhrdung die Intensivierung der Landnutzung und ihre
Folgen (Eutrophierung, Entwésserung, Aufgabe extensiver Bewirtschaftungsweisen)
sowie der gestiegene Flichenbedarf der Bevolkerung (GARrvE, 2004). Etablierte Neo-
phyten sind dagegen unter Einfluss des Menschen seit ca. 1500 n. Chr. in ein Gebiet
eingewandert und — nach zeitlichen und populationsbiologischen Etablierungskrite-
rien (SCHNITTLER & LuDwiG, 1996) — fester Bestandteil der Flora geworden. Aufgrund
der kontrastierenden Habitatanspriiche der verschiedenen Artengruppen ist anzu-
nehmen, dass sie wie die heimischen Arten unterschiedliche Nischen in der Land-
schaft besetzen, so dass bei grofsraumiger Betrachtung ihre Zentren der Artenvielfalt
raumlich getrennt sein sollten.

In dieser Studie werden fiir die Bundeslander Niedersachsen und Bremen die Ver-
breitungsmuster verschiedener Gefafspflanzengruppen untersucht: Es werden die Ge-
samtheit der Arten sowie weitere, nach ihrem Einbiirgerungsstatus (Indigene, Ar-
chdophyten und etablierte Neophyten) bzw. ihrer Gefdhrdungssituation (gefdhrdete
und ungefdhrdete Arten) definierte Artengruppen betrachtet. Die Analyse umfasst
die von 1982 bis 2003 erhobenen Funddaten von Sippen der Roten Liste und Florenlis-
te der Farn- und Bliitenpflanzen Niedersachsens und Bremens (GARVE, 2004) und ba-
siert auf der floristischen Kartierung der beiden Bundesldnder nach der Methodik des
Niedersdchsischen Pflanzenarten-Erfassungsprogramms (SCHACHERER, 2001). Dieses
wird von der niedersdchsischen Fachbehorde fiir Naturschutz (NLWKN) durchge-
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fithrt und liefert auf Ebene von Messtischblatt-Quadranten flichendeckende Infor-
mationen tiber die Funde aller Gefaf3pflanzensippen.

Die vorliegende Studie ist im Rahmen des von der Deutschen Bundesstiftung Um-
welt geforderten Projektes "Identifizierung von Indikatorartengruppen fiir ein Biodi-
versitdts-Monitoring zur Bewertung von Griinland- und Waldlebensraumen" entstan-
den. Sie stellt eine grundlegende Auswertung des Pflanzenartendatensatzes dar, auf
der weitere, speziellere Untersuchungen aufbauen. Auf Grundlage der Pflanzenarten-
daten sollen folgende Fragestellungen untersucht werden:

1. Welche Diversitatsmuster sind im gesamten Gebiet bzw. in den drei Naturrdu-
men Kiiste, Tiefland sowie Hiigel- und Bergland auf Grundlage der Gesamtliste
der Farn- und Bliitenpflanzen erkennbar?

2. Ergeben sich fiir die verschiedenen Gruppen je nach Einbiirgerungsstatus un-
terschiedliche Muster der Phytodiversitdt und wie stark tiberschneiden sich die
Zentren ihrer Diversitat?

3. Wo befinden sich die Zentren der Sippenvielfalt der Rote-Liste-Arten (Hotspots
im Sinne von SCHMITT & HAEUPLER, 2009) und wie unterscheiden sie sich von
den Diversitdtszentren der ungefdhrdeten Sippen?

Material und Methoden

Untersuchungsgebiet

Das Untersuchungsgebiet umfasst Niedersachsen und Bremen, wobei Niedersachsen
mit einer Grofe von 47.624 km? das zweitgrofite, Bremen mit einer Grofe von 404 km?
das kleinste Bundesland Deutschlands ist (NTEDERSACHSEN, 2008). Das Gebiet wird in
drei Grofiregionen unterteilt: die Kiiste, das Tiefland und das Hiigel- und Bergland
(Abb. 3.1).

Die einzelnen Regionen unterscheiden sich stark in ihrer Naturraumausstattung:
Die Kiiste wird geologisch vor allem durch marine Ablagerungen aus dem Holo-
zdn bestimmt (HeuniscH et al.,, 2007). Ihr Klima ist ozeanisch geprédgt, der mitt-
lere Jahresniederschlag betrdgt 700-900 mm, die mittlere Jahrestemperatur liegt bei
durchschnittlich 9 °C. Vorherrschende Bodentypen sind Marschen, Syroseme, podso-
lige Ranker und Gleye (NLFB, 1997). Die Kiistenregion wird dominiert von Griinldn-
dern, die etwa 57 % der Region einnehmen. Wahrend Ackerflichen hier einen Anteil
von 22 % besitzen, sind lediglich 1 % Waélder vorhanden.

Das niedersdchsische Tiefland wird von pleistozanen Ablagerungen dominiert
(HeuniscH et al., 2007). Von West nach Ost bringt ein Kontinentalitdatsgradient
Jahresniederschlagsmittel von 800 mm im Westen bis etwa 550 mm im Osten sowie
Jahresmitteltemperaturen von 8.0-8.5°C mit sich. Entlang dieses Klimagradienten
sind unterschiedliche Boden ausgebildet: Wéahrend im ozeanischen Westen von
Sickerwasserbildung, Verndssung und Stoffverlagerung gepréagte Boden (Moorbdden,
Podsole) vorherrschen, finden sich im subkontinentalen Osten vor allem Braunerden
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und Ranker (NLFB, 1997). Das Tiefland wird dominiert von Ackerflichen (41 %),
Wilder und Griinlainder nehmen jeweils etwa knapp 1/4 der Region ein (21 bzw.
22%).

Das standortlich sehr heterogene Hiigel- und Bergland wird vom Meso- und Pa-
laozoikum (HEeuNiscH et al., 2007) dominiert und weist aufgrund der stark vari-
ierenden Topographie besonders unterschiedliche klimatische Verhiltnisse auf. Das
Bergvorland ist gepragt von Loss- und Sandldssablagerungen sowie Ton-, Sand- und
Kalkgesteinen (NLFB, 1997). Neben Parabraunerden und Braunerden kommen auch
Uberginge zu Pseudogleyen vor (Bérdenvorland). In der Lossborde treten grofiflachig
Schwarz- und Parabraunerden auf. Die Jahresdurchschnittstemperatur der tieferen
Lagen (Becken) liegt 1-2 °C iiber der der Hohenziige; die mittleren Jahresniederschla-
ge sind auf den Hohenziigen deutlich hoher (800-900 mm) als in den Beckenlagen
(650-750 mm). Der Harz im Stidosten Niedersachsens nimmt eine Sonderstellung ein:
Der Hochharz (in Niedersachsen bis 971 m ii. NN) weist mittlere Jahresniederschla-
ge von bis zu 1.500 mm und eine Jahresmitteltemperatur von nur 7 °C sowie lange,
schneereiche Winter auf und ist somit (hoch-)montan gepréagt (NL¥B, 1997). Sowohl
im Hochharz als auch im Oberharz, der submontane bis montane Klimaverhaltnis-
se aufweist, kommen basenarme Silikatgesteine sowie Tonschiefer und Grauwacken
vor. Vorherrschende Bodentypen sind hier Braunerden und Podsole (NL¥B, 1997). Die
Region weist von den drei Grofiregionen den hochsten prozentualen Waldanteil auf
(32%). Griinlainder nehmen hier nur knapp 9% der Fliache ein, wahrend 45 % von
Ackerflachen gepragt sind.

Untersuchungsraster

Das Untersuchungsgebiet ist auf Grundlage der Topographischen Karte 1:25.000 in
ein Raster von Messtischblatt-Quadranten (MTB-Quadranten, im Folgenden nur Qua-
dranten genannt) mit einer Grofie von etwa 5.5 km x 5.5 km gegliedert. Fiir die vorlie-
genden Analysen wurden 1.762 Quadranten beriicksichtigt, von diesen liegen 1.386
vollstdndig im Untersuchungsgebiet und sind génzlich von Land bedeckt (Vollqua-
dranten), weitere 376 liegen teilweise oder vollstindig im Meer oder teilweise an der
Grenze zu anderen Bundeslindern (Randquadranten). Es wurden 255 Quadranten
der Kiiste, 1.101 Quadranten dem Tiefland und 406 Quadranten dem Hiigel- und
Bergland zugeordnet. Dabei wurden Quadranten im Grenzgebiet zweier Regionen
jeweils der Region zugeordnet, die den grofieren Flachenanteil hatte.

Pflanzenartendaten

Die Gesamtliste der Farn- und Bliitenpflanzen in Niedersachsen und Bremen rich-
tet sich nach GARVE (2004). Verbreitungsangaben auf Quadranten-Ebene wurden der
Datenbank des Niedersidchsischen Pflanzenarten-Erfassungsprogramms entnommen
(NLWKN 1982-2003, Stand 15.12.2008). Eine Sammlung von Artenverbreitungskar-
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Abbildung 3.1: Das Untersuchungsgebiet umfasst die Gesamtfliche der Bundeslander Nie-
dersachsen und Bremen und wird in drei naturrdumliche Grofiregionen unterteilt: die Kiiste,
das Tiefland und das Hiigel-/Bergland. Eine weitere Untergliederung erfolgt in zehn natur-
raumliche Hauptregionen (1 = Watten und Marschen, 2 = Ostfriesisch-Oldenburgische Geest,
3 = Stader Geest, 4 = Ems-Hunte-Geest und Diimmer-Geestniederung, 5 = Liineburger Hei-
de und Wendland, 6 = Weser-Aller-Flachland, 7 = Borden, 8.1 = Osnabriicker Hiigelland, 8.2
= Weser- und Leinebergland, 9 = Harz). Die 1.762 Messtischblatt-Quadranten sind grundle-
gende Kartiereinheit des Niedersidchsischen Pflanzenarten-Erfassungsprogramms (Zahlenan-
gaben am Rand entsprechen der TK25-Basisblatt-Nummer). Schraffierte Quadranten wurden
auf einer kleineren Fldche floristisch erfasst, da sie teilweise oder gédnzlich im Meer bzw. in
angrenzenden Bundesldndern liegen.

Figure 3.1: The study area the federal states of Lower Saxony and Bremen, with its three
natural landscape regions (Ktiste, coast; Tiefland, lowlands; Hiigel- und Bergland, uplands).
The region can be further divided into ten natural regions (1 = Wadden Sea and marshes, 2 =
East Frisian and Oldenburg moraine lowlands, 3 = Stade moraine lowlands, 4 = Ems, Hunte
and Dimmer moraine lowlands, 5 = Luneburg Heath and Wendland, 6 = Weser and Aller
plains, 7 = Old moraine loess landscapes, 8.1 = Uplands of Osnabriick, 8.2 = Uplands of the
Weser and Leine valleys, 9 = Harz mountains.) Plant occurrence data from the plant survey
of Lower Saxony were available for 1762 quadrants of the topographical map (scale 1:25,000,
i.e. about 5.5 x 5.5 km in size, frame numbers equal ordnance map numbers). The area of
hatched quadrants has only been partly inventoried, because they are either only partially
covered by land area or are situated in neighbouring federal states.
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ten mit Angaben zur Funddichte wurde von GaRrve (2007) verdffentlicht. Eine friihe-
re Auswertung der Anzahl der Rote-Liste-Arten je Quadrant erfolgte durch GARVE
(1994).

Der Pflanzenartendatensatz wurde nach folgenden Kriterien gruppiert:

1. Gesamtliste: alle Sippen der Farn- und Bliitenpflanzen mit floristischem Normal-
status, d. h. Indigene, Archdophyten und etablierte Neophyten, unter Ausschluss von
unbestdndigen und synanthropen Vorkommen sowie Sippen, die in Niedersachsen
und Bremen ausgestorben oder verschollen sind (1.819 Sippen mit Eintrdgen in der
Datenbank).

2. Einbiirgerungsstatus: Indigene (1.509 Sippen), Archdophyten (160 Sippen) bzw.
etablierte Neophyten (145 Sippen) nach der von GARVE (2004) verwendeten Definiti-
on. Der Einbiirgerungsstatus der Sippen wurde der Niedersachsischen Florenliste ent-
nommen, wobei der Etablierungsstatus der Neophyten von GARVE (2004) tibernom-
men wurde. Die Unterscheidung von Indigenen und Archdophyten erfolgte durch
Abgleich mit der BIOLFLOR-Datenbank (Krotz et al., 2002). Fiir fiinf der den Indi-
genen/Archdophyten zugeordneten Sippen konnte kein Einbiirgerungsstatus festge-
stellt werden (Panicum riparium, Persicaria mitis, Potamogeton x undulatus, Rumex x pra-
tensis, Silene x hampeana).

3. Gefdhrdungssituation: ungefahrdete Sippen inklusive der Arten der Vorwarnliste
(1.176 Sippen) bzw. gefdhrdete Sippen (643 Sippen mit Rote-Liste-Status 1, 2, 3, G
oder R), wobei sich der Gefdhrdungsstatus auf das Gesamtgebiet Niedersachsen und
Bremen bezieht (GARVE, 2004).

Datenanalyse

Fiir jede der untersuchten Gruppen wurde die Sippenzahl je Raumeinheit (Quadrant)
erfasst und mithilfe eines Geographischen Informationssystems dargestellt (ArcGIS-
ArcInfo 9.2; ESRI Inc., 2007). Bei der Visualisierung der Verbreitungsmuster wur-
den natiirliche Grenzwerte verwendet, wobei jeweils fiinf Sippenzahl-Klassen gebil-
det wurden. In den Abbildungen wurden negative Abweichungen vom Mittelwert
mit abgestuften Grautdnen und die Klassen um bzw. oberhalb des Mittelwerts in
Farbabstufungen dargestellt.

Zusétzlich wurden die mittleren und maximalen Sippenzahlen je Gruppe und Qua-
drant fiir Niedersachsen/Bremen bzw. die einzelnen Regionen Kiiste, Tiefland und
Hiigel- und Bergland ermittelt. Raumliche Autokorrelationen von Quadranten mit
hohen Sippenzahlen (Klumpungen der Diversitidtszentren) wurden als Moran’s Index
berechnet, wobei Werte gegen —1 auf eine starke Streuung und Werte gegen +1 auf
eine starke Klumpung von Quadranten mit hoher Artenvielfalt im Raum hinweisen.

Fir die nach ihrem floristischen Status (Indigene, Archdophyten, etablierte
Neophyten) bzw. ihrem Gefdhrdungsstatus (ungefdhrdete Arten, Rote-Liste-Arten)
gruppierten Sippen wurde jeweils fiir Paare dieser drei bzw. zwei Gruppen mittels
des Rangkorrelationskoeffzienten p nach Spearman fiir nicht normalverteilte Daten
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(Shapiro-Wilk Normality-Tests) mit der R-Software (R DEVELOPMENT CORE TEAM, 2012)
iiberpriift, ob ihre Diversititswerte (Zentren der Sippen-Diversitit) miteinander
korreliert sind. Der Koeffizient p kann Werte zwischen —1 und +1 annehmen, je
nachdem, ob eine negative, positive bzw. — bei einer Anndherung gegen Null — keine
Korrelation vorhanden ist.

Ergebnisse

Muster in der Phytodiversitat der GefaBpflanzen: Sippenzahlen auf Basis der
gesamten Florenliste

Von den insgesamt 1.819 in Niedersachsen und Bremen vorkommenden Gefaf3pflan-
zensippen mit floristischem Normalstatus kommen im Mittel etwa ein Viertel (435
Sippen) je Quadrant vor (Tab. 3.1). Maximal wurden 747 Sippen innerhalb eines Qua-
dranten gezdhlt. Tabelle 3.2 listet die fiinf Quadranten mit den hochsten Sippenzah-
len auf Basis der gesamten Florenliste auf. Die sippenreichsten Quadranten kommen
verstreut vor. Phytodiversitidtszentren lassen sich im stidlichen und 6stlichen Nieder-
sachsen sowie nordwestlich von Bremen identifizieren (Abb. 3.2). Vor allem im nordli-
chen und westlichen Niedersachsen ist die Gefafipflanzendichte gering. Die deutliche
rdumliche Konzentration von Diversitdtszentren kann auch durch die starke rdumli-
che Autokorrelation belegt werden (Tab. 3.3).

Vergleicht man die Gefafipflanzenvielfalt der drei naturrdumlichen GrofSregionen,
so weist das Berg- und Hiigelland sowohl die hochste absolute als auch die hochste
mittlere Sippenzahl je Quadrant auf (Tab. 3.1). Die Sippenzahl ist in allen Quadranten
relativ gleichméfsig hoch, eine Ausnahme stellt hier nur der Solling dar. Das Tiefland
nimmt eine Mittelstellung ein: Die mittlere Sippenzahl je Quadrant entspricht in etwa
dem fiir die Gesamtflache ermittelten Durchschnitt. Wahrend das westliche Tiefland
relativ artenarm ist, finden sich Zentren der Sippen-Vielfalt vor allem im Weser-Aller-
Flachland - insbesondere die Flusstiler von Aller, Leine und Weser zeichnen sich
deutlich ab —, in der Liineburger Heide und im Wendland. An der Kiiste kommen im
Mittel nur 306 Sippen je Quadrant vor, so dass die Sippenzahl wesentlich unter dem
Landesdurchschnitt liegt. Lediglich im Raum Bremen und auf den Inseln sind relativ
hohe Sippenzahlen je Quadrant zu verzeichnen.
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Abbildung 3.2: Anzahl der in Niedersachsen und Bremen vorkommenden Gefdfspflanzensip-
pen mit floristischem Normalstatus je Quadrant basierend auf der Gesamtliste (1.819 Sippen).

Figure 3.2: Number of taxa (excluding erratic and synanthropic occurences) per quadrant in
Lower Saxony and Bremen, considering the complete list of 1819 vascular plant taxa.

Muster in der Phytodiversitat der GefaBpflanzen unter Berlicksichtigung
ihres Einblirgerungsstatus

Die absolute Zahl der Indigenen ist mit 1.509 Sippen um ein Zehnfaches hoher als
die der Archdophyten (160 Arten) und der etablierten Neophyten (145 Arten) (Tab.
3.1). Dementsprechend unterscheiden sich auch die mittleren Sippenzahlen zwischen
den Gruppen mit durchschnittlich 347 Indigenen, 56 Archdophyten und 32 etablierten
Neophyten je Quadrant. An der Kiiste kommen in allen Gruppen weniger Sippen vor
als im Tiefland bzw. Hiigel- und Bergland, wobei letztere Region — jeweils nur mit
geringem Unterschied zum Tiefland — etwas artenreicher ist. Lediglich die absolute
Zahl der etablierten Neophyten ist im Tiefland hoher als in den {ibrigen Regionen.
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Tabelle 3.2: Auflistung der jeweils fiinf sippenreichsten Quadranten je Artengruppe . Qua-
drant = Nummer das Quadranten, Sippen = Anzahl der Sippen innerhalb des Quadranten,
Ort = Innerhalb des Quadranten gelegene Stadt/ Ortschaft.

Table 3.2: A list of the five quadrants with the highest number of taxa per species group.
Quadrant = Number of the quadrant, Sippen = Number of taxa inside the quadrant, Ort =
City/Town located inside the quadrant.

Artengruppe 1 2 3 4 5
Quadrant  4028/3 2832/1 3729/2 4129/1 3032/3
Gesamtliste ~ Sippen 747 743 736 727 726
Ort Langelsheim  Hitzacker Weddel Bad Harzburg Luckau
Quadrant ~ 4429/2 4028/3 3032/3 4129/1 2832/1
Indigene Sippen 611 598 591 590 586
Ort Walkenried  Langelsheim  Luckau Bad Harzburg  Hitzacker
Quadrant ~ 3624/4 3624/1 3625/1 3729/1 3825/2
Archédophyten Sippen 116 115 114 114 108
Ort Laatzen Hannover Misburg Braunschweig  Hildesheim
Etablierte Quadrant  3729/1 2818/4 2918/2 3624/1 2818/3
Neophvten Sippen 84 80 80 79 76
ophyte Ort Braunschweig Gropelingen = Bremen Hannover Grambke
" Quadrant  3729/1 3729/2 4129/1 4028/3 3032/3
Xi‘t%fahrdete Sippen 668 663 655 654 652
Ort Braunschweig ~ Weddel Bad Langelsheim Luckau
Harzburg
Rote-Liste- Quadrant ~ 4429/2 2934/4 2832/1 4429/1 2731/4
A‘Eteen S Sippen 127 111 110 109 108
Ort Walkenried Gartow Hitzacker Bad Sachsa Glienitz

Die Phytodiversititskarte der indigenen Sippen (Abb. 3.3) weist starke Parallelen
zur vorher besprochenen Darstellung der Sippen der gesamten Florenliste (Abb. 3.2)
auf. Im Vergleich der drei Regionen ist die Sippenzahl je Quadrant im Hiigel- und
Bergland meist tiberdurchschnittlich hoch. Lediglich im Solling und in den Borden
entsprechen die Sippenzahlen etwa dem Durchschnitt. Im Tiefland sind insbesondere
weite Teile der Ems-Hunte-Geest und Diimmer-Geestniederung sehr artenarm. Das
Wendland, Teile der Stader Geest und des Weser-Aller-Flachlandes — insbesondere
wieder das Aller- und Leinetal — sind dagegen ausgesprochene Diversitdtszentren.
Mit Ausnahme des Raumes Bremen ist die Kiistenregion nahezu flichendeckend arm
an Indigenen. Die fiinf sippenreichsten Quadranten (Tab. 3.2) sind anders gelagert als
die der Gesamtliste, weisen jedoch wie diese ebenfalls eine recht zerstreute Verteilung
auf.
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Tabelle 3.3: Moran’s Index als Maf fiir die raumliche Autokorrelation der Phytodiversitéts-
zentren fiir die verschiedenen Gruppen.

Table 3.3: Moran’s Index as a measure for spatial autocorrelation of plant richness centres
considering all plant groups.

Artengruppe Moran’s Index Z-Wert p-Wert
Gesamtliste 0,138 148,68 0,01
Region Kiiste 0,157 26,04 0,01
Region Tiefland 0,110 75,25 0,01
Region Hiigel-/Bergland 0,062 18,30 0,01
Indigene 0,133 143,18 0,01
Archdophyten 0,166 178,18 0,01
Etablierte Neophyten 0,090 97,69 0,01
Ungefahrdete Arten 0,142 152,39 0,01
Rote-Liste-Arten 0,097 104,77 0,01

Ein differenzierteres Muster zeigt die Phytodiversitdtskarte der Archdophyten
(Abb. 3.4). Hier sind insbesondere der Bremer Kiistenraum, das Weser-Aller-
Flachland, die Borden sowie das siidliche Weser-Leine-Bergland ausgesprochene
Phytodiversitdtszentren. Diese iiberschneiden sich stark mit denen der indigenen
Sippen (Tab. 3.4), treten aber noch stiarker raumlich konzentriert auf (Tab. 3.3). Dies
zeigt sich auch bei der Betrachtung der fiinf sippenreichsten Quadranten (Tab. 3.2):
Die drei artenreichsten Quadranten konzentrieren sich im Raum Hannover, weiterhin
ergeben sich hohe Sippenzahlen um Braunschweig und Hildesheim.

Die Phytodiversitdtskarte der etablierten Neophyten (Abb. 3.5) zeigt zum einen ei-
ne grofiflichige Konzentration im Bremer Kiistenraum, dem Weser-Aller-Flachland
und den Borden, zum anderen aber auch eine Vielzahl von zum Teil sehr isolierten
Einzelquadranten mit tiberdurchschnittlich hohen Sippenzahlen. Dabei sind stadti-
sche Ballungsrdume (Grofistidte > 100.000 Einwohnern; HEINEBERG, 2006) grund-
sdtzlich Zentren der Neophyten-Diversitdt. Diese starke Streuung von grofflichigen
und punktuellen Zentren der Neophyten-Diversitét fithrt zu einem relativ geringen
raumlichen Klumpungseffekt (Tab. 3.3). Dies spiegelt sich auch in der zerstreuten
Verteilung der fiinf sippenreichsten Quadranten wider (Tab. 3.2). Gleichzeitig ist je-
doch der raumliche Uberschneidungsbereich zwischen Archdophyten und etablierten
Neophyten sehr grofs und auch grofier als der zwischen Indigenen und Archdophyten
bzw. Indigenen und Neophyten (Tab. 3.4).

Muster in der Phytodiversitat der GefaBpflanzen unter Berlicksichtigung
ihrer Gefahrdungssituation

Etwa ein Drittel der Gefafipflanzen der Gesamtflorenliste (634 Sippen) sind als selten
oder gefdhrdet eingestuft (Tab. 3.1). Fiir diese Gruppe werden im Hiigel- und Berg-
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Tabelle 3.4: Ahnlichkeiten in den Verbreitungsschwerpunkten der Gruppen nach Einbiirge-
rungsstatus bzw. Gefdhrdungssituation. Ergebnisse der Berechnung des Rangkorrelationsko-
effzienten p nach Spearman. ***, signifikant auf dem Niveau p < 0,001.

Table 3.4: Similarities in the distribution of species groups sorted by naturalization status
(indigenous, archaeophytes, established neophytes) and threat situation (non-threatened vs.
Red List taxa). Results based on the calculation of Spearman’s Rank Correlation Coefficient
p. ***, significant with p < 0.001.

Spearmans p p-Wert
Indigene - Archdophyten 0,744*** < 0,001
Indigene - etablierte Neophyten 0,681*** < 0,001
Archdophyten - etablierte Neophyten 0,805*** < 0,001
Rote-Liste-Arten - ungefdhrdete Sippen 0,6917*** < 0,001

land sowohl die hochsten absoluten als auch mittleren Zahlen pro Quadrant erreicht.
Die Mehrzahl der Rote-Liste-Arten gehort der Gruppe der Indigenen an, jedoch sind
auch fast ein Drittel der Archdophyten Rote-Liste-Arten, wahrend nur 6 % der Neo-
phyten als gefdhrdet eingestuft werden (Tab. 3.5).

Die raumlichen Phytodiversitatsmuster der ungefdhrdeten Sippen (Abb. 3.6) wei-
chen von denen der Rote-Liste-Arten (Abb. 3.7) stark ab, wobei der Uberschneidungs-
bereich aber dennoch relativ hoch bleibt (Tab. 3.4). Insgesamt sind die Rote-Liste-
Arten starker auf mehrere, kleinflichigere Raumeinheiten verstreut als die stark zu-
sammenhdngenden Zentren der ungefihrdeten Arten (Tab. 3.3). In der insgesamt eher
artenarmen Kiistenregion bilden nur die Nordsee-Inseln isolierte Hotspots der Rote-
Liste-Arten (zum Hotspot-Begriff siehe ScamITT & HAEUPLER, 2009). Im Tiefland ist
die Uberlagerung von Verbreitungsmustern der ungefidhrdeten und gefihrdeten Sip-
pen relativ hoch, wobei insbesondere das Wendland (vgl. Tab. 3.2), die Liineburger
Heide und das Elbe-Weser-Dreieck nordlich von Bremen Hotspots der Rote-Liste-
Arten sind. Wahrend im Hiigel- und Bergland die Anzahl der ungefdhrdeten Sippen
fast tiberall {iberdurchschnittlich hoch ist, weisen die Rote-Liste-Arten dagegen stark
abgegrenzte Hotspots im Raum Gottingen, dem Weserbergland und am Harzrand
(vgl. Tab. 3.2) auf.

Diskussion

Die rdumliche Verteilung der Pflanzensippenvielfalt in Niedersachsen und Bremen
weist fiir alle betrachteten Gruppen sowohl von Nord nach Siid als auch in gewis-
sem Mafle von West nach Ost eine Zunahme in der Sippendichte auf. Dabei ist das
Hiigel- und Bergland grundsétzlich die Region mit der hochsten Sippendichte. Eine
Ausnahme bilden hier nur die Neophyten.
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Abbildung 3.3: Anzahl der in Niedersachsen und Bremen vorkommenden 1.509 indigenen
Gefafspflanzensippen.

Figure 3.3: Number of taxa per quadrant in Lower Saxony and Bremen, considering 1509
indigenous vascular plant taxa.

Die relative Artenarmut des norddeutschen Tieflandes ist sicherlich u.a. dadurch
bedingt, dass die landschaftliche Heterogenitdt (Klima, Relief, Gesteine, Boden) des
Hiigel- und Berglandes von den Lossborden bis in den Hochharz wesentlich hoher
ist als die des relativ uniform vom Quartér gepragten Tieflandes. Die kleinrdumigen
okologischen Gradienten diirften somit zusitzlich sowohl eine hthere absolute Sip-
penzahl als auch hohere Sippendichten im siidlichen Niedersachsen bedingen. Das
insbesondere im Tiefland ausgepragte Ost-West-Gefalle verlduft parallel zum klima-
tischen subkontinental-ozeanischen Gradienten. Insbesondere im nordlichen Harz-
vorland und im Wendland liegen die westlichen Verbreitungsgrenzen vieler Gefafs-
pflanzenarten, die Vorposten einer dstlich der Elbe reicheren, subkontinental getonten
Flora sind.
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Abbildung 3.4: Sippenzahl je Quadrant der in Niedersachsen und Bremen vorkommenden
160 Archdophyten.

Figure 3.4: Number of taxa per quadrant in Lower Saxony and Bremen, considering 160
archaeophytes.

Die Verbreitungsmuster der Artengruppen nach Einbiirgerungsstatus weisen grofse
raumliche Uberschneidungen auf. Wiahrend die Lage der Diversititszentren von In-
digenen und etablierten Neophyten im Tiefland viele Parallelen aufweist, sind sie im
Hiigel- und Bergland iiberwiegend negativ korreliert. KUBN et al. (2003) zeigten in
einer deutschlandweiten Analyse, dass die geologische Heterogenitat eines Gebietes
der wichtigste Faktor fiir die Sippenzahlen sowohl der Einheimischen als auch der
Gebietsfremden ist. PYSEK et al. (2002) erklédrten die positive Korrelation von Indige-
nen und Neophyten in Naturschutzgebieten Tschechiens mit einer hohen Habitatdi-
versitdt in den entsprechenden Gebieten, die dazu fiihrt, dass die beiden Gruppen
nicht unbedingt miteinander in Konkurrenz stehen miissen. Dies mag auch fiir die
positiv korrelierenden Vorkommen im niedersdchsischen Tiefland zutreffen. Gera-
de in den Gebieten des Hiigel- und Berglandes, in denen grofie, zusammenhéangen-
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Abbildung 3.5: Sippenzahl je Quadrant der in Niedersachsen und Bremen vorkommenden
145 etablierten Neophyten.

Figure 3.5: Number of taxa per quadrant in Lower Saxony and Bremen, considering 145
established neophytes.

de Zentren der Sippendiversitdt der Indigenen und besonders geringe Neophyten-
Dichten auftreten (Weserbergland, Gottinger Wald, Harz), sind jedoch auch noch be-
sonders grofse, relativ zusammenhdngende Waldfldchen vorhanden. Natiirliche und
naturnahe Walder, die in Mitteleuropa flachendeckend die potentiell natiirliche Ve-
getationsformation darstellen (BonN et al., 2000/2003), sind ein Refugium fiir eine
Vielzahl der heimischen Arten. Dagegen ist die Anzahl der Neophyten in Waldern
geringer als im Offenland. Weniger als ein Drittel der in Niedersachsen etablierten
Neophyten kommen nach ScHMIDT et al. (2003) regelmifsig in Waldern vor. IThre
Schwerpunkte in bewaldeten Landschaften liegen auf Kahlschlagfldchen und in bach-
und wegbegleitenden Vegetationstypen (vgl. CHYTRY et al., 2005).

Besonders hoch ist die Ubereinstimmung der Verbreitung der Archdophyten mit
der von etablierten Neophyten. Gemeinsam ist beiden Artengruppen, dass sie im
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Tabelle 3.5: Zahl der Gefiafspflanzensippen nach ihrem Einbiirgerungsstatus (Indigene, Ar-
chdophyten und Neophyten) und ihrer jeweiligen Gefdhrdungssituation (ungefihrdete und
Rote-Liste-Arten) auf Grundlage der Gesamtflorenliste fiir Niedersachsen und Bremen.

Table 3.5: Vascular plant taxa richness sorted by naturalization status (indigenous, archaeo-
phytes, established neophytes) and threat situation (non-threatened vs. Red List taxa) based
on the complete floristic list of Lower Saxony and Bremen.

Gesamtliste ~ Ungefdhrdete Sippen Rote-Liste-Arten

Indigene 1509 925 584
Archdophyten 160 111 49
Etablierte Neophyten 145 136 9
Sippen ohne floristischen Sta- 5 4 1
tus

Gefolge des Menschen nach Mitteleuropa eingewandert sind. Die meisten Archéo-
phyten sind in Acker-, Griinland- und Ruderalvegetation angesiedelt. Sie sind damit
zum Teil wichtige Bestandteile von historisch bedeutsamen, heute gefdhrdeten Bioto-
ptypen, die relativ kleinflachig in eine ansonsten intensiv genutzte Kulturlandschaft
eingebettet sind. Dies zeigt sich auch an der Vielzahl der als gefdhrdet eingestuften
Archdophyten. Der von KUHN et al. (2003) festgestellte hohe Anteil von Archdophy-
ten in Lossgebieten stimmt in der vorliegenden Auswertung mit einem Schwerpunkt
der Vorkommen dieser Artengruppe in den Lossborden iiberein. Letztere sind seit
langem besiedelte und heute intensiv genutzte Agrar- und Industrielandschaften, in
denen sich auch Neophyten grofsflachig etablieren konnten.

Urbane Ballungsrdume weisen in Niedersachsen und Bremen generell eine hohe
Artenzahl auf. Dies stimmt mit den Ergebnissen anderer Untersuchungen, etwa de-
nen von HAEUPLER (1974), WaN1A et al. (2006) und LiprE & KowaRrik (2008) iiber-
ein, die feststellten, dass urbane Lebensraume generell eine hohere Pflanzenartenzahl
aufweisen als ldndliche Gebiete gleicher Grofle. Sie fiihrten dies auf die hohe Land-
schaftsheterogenitét in den vielfdltig genutzten Rdumen zuriick, die in der Regel ein
kleinrdumiges Mosaik von standortlich sehr heterogenen naturnahen und kiinstlich
geschaffenen Lebensrdumen darstellen und somit einer Vielzahl von Pflanzenarten
als Wuchsorte dienen konnen. KUHN et al. (2003) stellten aufSerdem fest, dass die Flo-
ra deutscher Stadte natiirlicherweise artenreich ist. Sie begriindeten dies damit, dass
Stadte oftmals in von vorneherein sehr artenreichen Landschaftsbereichen entstanden
sind.

Besonders evident ist der Zusammenhang zwischen der Diversitdt und der Urba-
nitdt der untersuchten Raumeinheiten fiir die Neophyten. Zu dhnlichen Ergebnissen
kamen auch andere Studien, die sich mit der Verbreitung dieser Artengruppe beschif-
tigen (PYSEK, 1998; Roy et al., 1999; HoNNAY et al., 2003; CHYTRY et al., 2005; MASKELL
et al., 2006; BorHAM et al., 2009; Nosis et al., 2009). MaskEeLL et al. (2006) wiesen fiir
den lindlichen Raum Grofsbritanniens nach, dass nichtheimische Arten sich vor allem
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Abbildung 3.6: Anzahl der in Niedersachsen und Bremen je Quadrant vorkommenden 1176
ungefahrdeten Gefafspflanzensippen.

Figure 3.6: Number of taxa per quadrant in Lower Saxony and Bremen, considering 1176
invulnerable vascular plant taxa.

in vom Menschen gepriagten Habitaten etablierten. Boram et al. (2009) untersuch-
ten in Grofsbritannien innerhalb von zwei verschiedenen Untersuchungszeitraumen
(1987-1988 und 2003-2004) die Bindung von indigenen Pflanzenarten, Archdophyten
und Neophyten an verschiedene Landbedeckungsklassen. Sie stellten fest, dass Neo-
phyten in beiden Zeitabschnitten stark an urbane Landschaftsbereiche gebunden wa-
ren, wohingegen die Archdophyten nur im ersten Untersuchungszeitraum stark mit
urbanen Lebensrdaumen assoziiert waren. In geringerem Mafie als fiir die Neophy-
ten ist fiir die Archdophyten auch in unserer Studie ein Zusammenhang zwischen
Urbanitiat und Artenreichtum zu erkennen. Diese Gruppe zeigt relativ kleinflichig
ausgepragte Diversititszentren im Umfeld vieler niedersachsischer Stadte. Aufgrund
der Grofiraumigkeit der zugrundeliegenden Raumeinheiten konnte hier nicht unter-
sucht werden, ob der Artenreichtum der Archdophyten, wie PySEk (1998) bemerkt,
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Abbildung 3.7: Anzahl der 643 seltenen und gefdhrdeten Gefaflpflanzensippen Niedersach-
sens und Bremens (Rote Liste-Status 1, 2, 3, G, R) je Quadrant.

Figure 3.7: Number of taxa per quadrant in Lower Saxony and Bremen, considering 643 rare
and endangered vascular plant taxa (Red List status 1, 2, 3, G, R).

aufgrund ihrer Anpassung an landliche Rdume vor allem auch in kleineren Stadten
erhoht ist.

HAEUPLER & VOGEL (1999) sowie HAEUPLER (2000) betonen, dass die Musteranalyse
von Rote-Liste-Artenzahlen gut geeignet ist, die 'echten’ Hotspots der Gefafspflanzen-
diversitat aufzudecken. Fiir Niedersachsen und Bremen weisen die gefdhrdeten Arten
ein wesentlich differenzierteres und eher punktuelles Verbreitungsmuster auf als die
anderen betrachteten Artengruppen. Die Hotspots der Rote-Liste-Arten korrelieren
in vielen Féllen mit denen der anderen Artengruppen, liegen jedoch nicht unmittel-
bar in den stddtischen Ballungszentren. Bei den Rote-Liste-Arten handelt es sich fast
ausschliefSlich um Indigene bzw. Archdophyten, wobei diese Arten oft Spezialisten
sind, die an natiirliche oder naturnahe Habitate angepasst sind. Eine besonders star-
ke Uberschneidung von Raumeinheiten mit hoher Dichte sowohl gefihrdeter Arten
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als auch von Neophyten ergeben sich in Niedersachsen fiir das Wendland, die Umge-
bung von Goéttingen, Hildesheim und Goslar sowie die Region nordlich von Bremen.
Es kann jedoch davon ausgegangen werden, dass die Hauptursachen der Gefahrdung
von Pflanzenarten in der Intensivierung der Landnutzung und ihren Folgen (Eutro-
phierung, Entwésserung, Aufgabe von Extensivfldchen) sowie dem gesteigerten Fla-
chenbedarf der Bevolkerung liegen und nicht durch die Konkurrenz der Neophyten
bedingt sind (GARVE, 2004).
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Summary

The present study tests the effectiveness of protected areas for the conservation of
rare and threatened vascular plant species. For this purpose, the lowland area of the
federal state of Lower Saxony, Germany with its 41 geographical sub-regions served
as a model region.

The analysis was conducted for nature protected areas' and Natura 2000 sites that
represent the most important and extensive conservation areas in the lowlands. In-
formation on the occurrences of Red List (RL) species were obtained from the floristic
mapping of the state (plant survey of Lower Saxony, NLWKN 1982-2003). In addition
to the total number of RL species, those species linked to forest habitats? (forest affin-
ity categories 1.1 and 1.2, ScumiIDT et al., 2011) were considered in the analysis. All
data were available on the basis of a regular grid of 15.729 grid cells with a size of
207 £+ 2ha. The study aimed at answering the following research questions: 1.) What
patterns of diversity can be observed for the two species groups? 2.) Are occurrences
of threatened species covered by nature protected areas? 3.) Does the designation of
Natura 2000 sites improve the situation? 4.) Are the results obtained for RL species
transferable to RL forest species?

The correlation between the extent of protected areas and the number of RL species
per grid cell was analysed using Generalised Linear Models (GLM) with Poisson
distribution. The calculation was performed separately for each of the 41 geographical
sub-regions. The same kind of analysis was repeated for RL forest species.

Richness of the rare and threatened vascular plant species in the lowlands of Lower
Saxony showed a distinct pattern. Centres of species richness (hotspots) were iden-
tified that should be considered as priority areas for nature conservation. Hotspots
of RL species were mainly located in the Wendland area, the Westmiinsterland and
the Wesermiinder Geest, those of RL forest species in the Oldenburger Geest. In con-
trast, large parts of the western lowlands as e. g. the Hunte-Leda-Moorniederung, the
Bersenbriicker Land as well as the Bourtanger Moor were found to be very species-
poor. With the Ostmiinsterland and the Rahden-Diepenauer Geest being an excep-
tion, hotspots of RL species were well covered by protected areas. In contrast, richness
centres of RL forest species were effectively protected in only c. 60 % of the geograph-
ical sub-regions. However, the number of species in those regions where no positive
correlation between the distribution of species richness and the extent of protected
areas could be found was generally very low. By including Natura 2000 sites the pro-
portion of well-protected hotspots increased to an effective protection in 95 % of the
geographical sub-regions for RL species and 81 % for RL forest species.

The diverging results obtained for the two species groups suggest that it is rea-
sonable to not only focus on the total number of RL species representing a wide

1German: Naturschutzgebiete
2Below named 'RL forest species'.
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ecological amplitude as it has been done in most studies dealing with the effective-
ness of protected areas for species conservation. Instead it is worthwhile to extent the
analysis to species groups that represent more narrow habitat requirements.
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Abstracts

Die Einrichtung von Schutzgebieten ist ein zentrales Instrument des Artenschutzes.
Am Beispiel der 41 naturrdaumlichen Regionen des niedersichsischen Tieflands wird
ein Verfahren zur Uberpriifung der Effektivitdt von Naturschutz- (NSG) und FFH-
Gebieten (Fauna Flora Habitat) fiir den Schutz seltener und gefdhrdeter Gefafspflan-
zenarten (Rote-Liste-Arten = RL-Arten) vorgestellt. Grundlage sind die Daten des
Niedersachsischen Pflanzenarten-Erfassungsprogrammes.

In 85 % der naturrdumlichen Regionen ist die Gesamtzahl der RL-Arten durch NSG
effektiv geschiitzt; fiir die an den Lebensraum Wald gebundenen RL-Arten hingegen
trifft das nur in 61 % der naturrdumlichen Regionen zu. Die Ausweitung des Schutz-
gebietssystems durch FFH-Gebiete verbessert die Schutzsituation der RL-Arten ins-
gesamt wie auch die der RL-Waldarten erheblich.

Der vorgestellte Ansatz ermoglicht die Identifizierung von Zentren der Artenviel-
falt (Hotspots), die in Hinsicht auf ihren Schutz und ggf. gezielte konservierende
Pflegemafinahmen besondere Beachtung finden sollten.

Effectiveness of protection areas for the conservation of rare and endangered
vascular plant species — An investigation in the lowlands of Lower Saxony, Germany

The establishment of protected areas is a central tool in species conservation. Using
the 41 geographical regions of the Lowlands of Lower Saxony, Germany, as a model
region, a method to test the effectiveness of nature protected areas and Natura 2000
sites for the conservation of rare and endangered vascular plant species (RL, Red List
species) is proposed. RL species are effectively protected by nature protected areas
in 85 % of the geographical regions; for RL species linked to forest habitats this is the
case only in 61 % of the geographical regions. The extension of the protected area
system to include Natura 2000 sites greatly improves the situation.

The approach allows the identification of regions with high species richness of
endangered plants (hotspots) that should be particularly considered for conservation
and management actions.
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Einleitung

Die Einrichtung von Schutzgebieten stellt ein zentrales Instrument von Strategien
zur Verringerung von Biodiversitdtsverlusten dar (MEA, 2005; GasToN et al., 2006;
BMU, 2007). In diesem Zusammenhang fordert die 'Globale Strategie zur Erhaltung
der Pflanzen' (GSPC, CBD-COP6, Entscheidung VI/9, SEKRETARIAT DER CBD, 2007)
einen effektiven in-situ-Schutz, durch den dem weiteren Riickgang von gefdhrde-
ten Pflanzenarten entgegengewirkt werden soll. Ob die fiir den Pflanzenartenschutz
bedeutsamen Flachen auch tatsdchlich durch Schutzgebiete abgedeckt sind, wurde
bisher fiir grofsere Riume kaum untersucht. Fiir Deutschland fehlen Studien, die die
Wirksamkeit der bestehenden Schutzgebietskulisse analysieren (ENGEL et al., 2012),
und auch auf internationaler Ebene sind nur wenige Untersuchungen zur Effektivi-
tat von Schutzgebieten fiir den Artenschutz bekannt (DiMiTRAKOPOULOS et al., 2004;
DEecGursk & KEeRR, 2006; JAcksoN et al., 2009).

Naturschutzgebiete (NSG) und Fauna-Flora-Habitat-Gebiete (FFH-Gebiete) des
europdischen Netzwerks Natura 2000 sind in Deutschland die flichenmifig be-
deutsamsten Schutzgebietskategorien (BEN, 2008). Die Ausweisung von NSG kann
aus wissenschaftlichen, naturgeschichtlichen und/oder landeskundlichen Griinden
sowie wegen der Seltenheit, besonderen Eigenart oder hervorragenden Schonheit
der Gebiete erfolgen (§23 BNatSchG, 2009). Der Artenschutz ist also nicht unbedingt
explizites Kriterium fiir die Schutzgebietsausweisung. Im Rahmen der FFH-Richtlinie
(Richtlinie 92/43/EWG) werden Schutzgebiete dagegen vorrangig nach Kriterien
des Habitat- und Artenschutzes ausgewiesen (Ssymank, 1998). Hierbei wurden
allerdings vielfach bestehende Schutzgebiete, insbesondere NSG, eingeschlossen. Fiir
beide Schutzgebietskategorien gibt es keine allgemeingiiltigen Schutzbestimmungen
— diese miissen durch Schutzgebietsverordnungen (NSG) bzw. Managementpline
(FFH-Gebiete) festgelegt werden.

Die vorliegende Studie untersucht die Effektivitdt von Schutzgebietssystemen (NSG
und FFH-Gebiete) fiir die Erhaltung von seltenen und gefdhrdeten Gefafipflanzen im
niedersdchsischen Tiefland. Dabei werden zunichst alle im niedersdchsischen Tief-
land vorkommenden GefafSpflanzenarten der Roten Liste Niedersachsens betrachtet
(490 Sippen; Rote Liste-Status der Tiefland-Region 1, 2, 3, G, R; GARrvE, 2004; im Fol-
genden RL-Arten genannt).

Um feststellen zu konnen, ob die fiir die RL-Arten der Gesamtliste erhaltenen Er-
gebnisse gleichermafien fiir einen Teil der an einen bestimmten Lebensraum gebun-
denen RL-Arten gelten, werden die Analysen beispielhaft fiir die seltenen und gefahr-
deten Waldarten (nach Scumipr et al., 2011; 60 Sippen; im Folgenden RL-Waldarten
genannt) wiederholt, da die Datenlage zu dieser Artengruppe sehr gut ist und Waldle-
bensrdume eine grofie 6kologische Bedeutung besitzen (ML, 2004). Wélder, insbeson-
dere solche mit langer Habitatkontinuitdt, nehmen im nordwestdeutschen Tiefland
im Vergleich zum nordostdeutschen Tiefland und vielen deutschen Mittelgebirgs-
regionen einen sehr geringen Fldchenanteil ein (GLASER & HAUKE, 2004; SCHMIDT
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et al., 2009). Hinsichtlich der Nutzungsgeschichte und Grofie der Walder sowie ih-
res Fragmentierungsgrades bestehen zwischen den 41 naturrdumlichen Regionen des
Tieflands grofle Unterschiede, die sich sowohl in der Ausstattung mit seltenen und
gefdhrdeten Waldgefafipflanzenarten als auch in der Schutzgebietskulisse widerspie-
geln sollten.

Die NSG und FFH-Gebiete im niedersdchsischen Tiefland sind sehr unterschiedli-
chen Alters. Wahrend die NSG teilweise bereits seit tiber 90 Jahren bestehen (PoHL,
1999), wurden die FFH-Gebiete als Teile des Natura-2000-Schutzgebietssystems erst
seit 1997 an die EU gemeldet (NMUK, 2010).

Folgenden Fragestellungen wird nachgegangen:

1. Wie ist die Artenvielfalt der betrachteten Artengruppen im niedersdchsischen
Tiefland verteilt?

2. Inwieweit sind die Vorkommen der RL-Arten durch NSG abgedeckt?

3. Hat sich die Schutzgebietsabdeckung durch die Ausweisung von FFH-Gebieten
verbessert?

4. Sind die fiir die RL-Arten der Gesamtliste erhaltenen Ergebnisse auf die RL-
Waldarten iibertragbar?

Methoden

Untersuchungsgebiet

Die Untersuchungen beziehen sich auf das niedersdchsische Tiefland (Abb. 4.1),
das sich in fiinf naturrdumliche Grofsregionen mit 41 naturrdumlichen Regionen
(NR) gliedert (MEYNEN & ScHMITHUSEN, 1953-1962, modifiziert nach PiLGrRiIM &
FRANKE, 1993). Das Untersuchungsgebiet (UG) ist durch geringe Reliefunterschiede
geprdagt und von pleistozdnen Ablagerungen dominiert (HeEunisch et al.,, 2007).
Von West nach Ost besteht ein Kontinentalitdtsgradient, der sich in mittleren
Jahresniederschlags- sowie Temperaturgradienten ausdriickt und sich auch auf die
Bodenzusammensetzung auswirkt (NL¥B, 1997).

Die Ems-Hunte-Geest und Diimmer-Geestniederung im Stidwesten des UG ist in
ihrem nordlichen Teil von ausgedehnten, vielfach von Flugsanden oder Sandloss
bedeckten Grundmordnenplatten geprdgt. Ihr Siidteil wird von Talsandfldachen,
grofiflichigen Mooren und kleineren Grundmoréanenplatten dominiert, die z.T. von
Endmordnenziigen iiberragt werden. Der Waldanteil liegt bei 17 %, geschiitzte Wald-
bereiche nehmen 1% ein. Die Ostfriesisch-Oldenburgische Geest im Nordwesten
liegt auf Grundmoranenplatten und wird intensiv landwirtschaftlich genutzt; Walder
haben einen Flachenanteil von 7 %. Das Weser-Aller-Flachland mit den Urstromtélern
von Aller und Weser und den sich stidlich anschlieffenden flachwelligen Morénen-
landschaften liegt im Siidosten des UG an der Grenze zum Hiigel- und Bergland
und hat mit 21 % den zweithochsten Waldanteil im Tiefland. Die im Norden gelegene
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Stader Geest ist durch Grundmorédnen, Geesten sowie moorreiche Flussniederungen
gepragt. Sie setzt sich aus kleinrdumigen Acker-, Griinland-, Wald- und Moorgebieten
zusammen. Walder nehmen knapp 15% der Region ein. In Liineburger Heide und
Wendland im 6stlichen Teil des UG iiberwiegen sandige Grund- und Endmorénen.
Die Region wird von Ackern, Waldern und den grofiten Sandheiden Niedersachsens
gepragt und hat mit 39 % den hochsten Waldanteil der Grofiregionen des UG.

GefaBpflanzendaten

Die Verbreitungsdaten der im UG als selten oder gefdhrdet eingestuften Gefafspflan-
zensippen (RL-Status der Tiefland-Region 1, 2, 3, G, R; GARVE, 2004) wurden der
Datenbank des Niedersidchsischen Pflanzenarten-Erfassungsprogramms entnommen
(NLWKN 1982-2003, Stand 15.12.2008). Es gingen 490 Sippen (468 Arten, 14 Subspe-
zies, 8 Aggregate) in die Analyse ein. Die Sippen wurden jeweils auf der hochsten in
der Datenbank aufgefiihrten taxonomischen Ebene zusammengefasst. Die Analyse
erfolgte auf Minutenfeld-Ebene (15 Minutenfelder pro Messtischblatt-Quadrant;
insgesamt 15.729 Minutenfelder mit einer mittleren Grofie von 207 + 2ha). Fiir die
Teilanalyse der an den Wald gebundenen RL-Arten wurden aus der Gesamtliste
diejenigen Straucher und krautigen RL-Arten extrahiert, die im geschlossenen Wald
sowie an Waldriandern und auf Waldverlichtungen vorkommen (Waldbindungska-
tegorien 1.1, 1.2, ScamipT et al., 2011). Der Gruppe gehorten 60 Sippen (59 Arten, 1
Aggregat) an. Die Verbreitungsmuster der Arten wurden als Artenzahl pro Minu-
tenfeld berechnet und in einem Geografischen Informationssystem (ESRI Inc., 2007)
visualisiert. Dabei wurden natiirliche Grenzwerte mit jeweils fiinf Klassen verwendet.

Schutzgebietssysteme

Die Ausdehnung und Lage der NSG und FFH-Gebiete wurden digitalen Daten ent-
nommen (NLWKN, 2010a; NLWKN, 2010b, Stand: 31.12.2009). Fiir die Teilanalyse
der an den Wald gebundenen RL-Arten wurden die digitalen Schutzgebietsdaten mit
dem ATKIS-DLM-Layer Wald (LGN, Hannover) verschnitten. In die Analyse wur-
den zum einen durch NSG, zum anderen zusitzlich auch die durch FFH-Gebiete ge-
schiitzten (Wald-)Flachen einbezogen und ihr Flachenanteil je Minutenfeld berechnet.

Effektivitats-Analyse

Der Zusammenhang zwischen der Ausdehnung der Schutzgebiete (NSG bzw.
NSG und FFH-Gebiete) bzw. der geschiitzten Waldflachen (durch NSG bzw. NSG
und FFH-Gebiete geschiitzte Waldflichen) und der Anzahl von RL-Arten bzw.
RLWaldarten pro Minutenfeld wurde mit Generalisierten Linearen Modellen mit
Poisson-Verteilung untersucht. Es wurden einzelne Analysen fiir jede der 41 natur-
rdaumlichen Regionen berechnet. Die Schutzgebietsflache je Minutenfeld war dabei
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die erkldrende, die Artenzahl die abhingige Variable. Die Datenanalyse erfolgte mit
dem Statistikprogramm R (R DEVELOPMENT CORE TEAM, 2012).

Habitatbindung der RL-Waldarten

Fiir die weitere Interpretation wurde die Habitatbindung der RL-Waldarten gemafs
FloraWeb-Datenbank (BN, 2010; Haupt- und Schwerpunktvorkommen) und GARVE
(1994) ermittelt (bis zu drei Mehrfachnennungen je Art).

Ergebnisse

Verbreitung der RL-Arten

Im UG wurden insgesamt 490 RL-Arten nachgewiesen. Die absolute Artenzahl vari-
ierte zwischen den Grofsregionen stark. Wahrend sie maximal bei 454 RLArten lag
(Lineburger Heide und Wendland), kamen im Minimum in der Ostfriesisch-Olden-
burgischen Geest nur 255 Arten vor (Tab. 4.1). Die rdumliche Verteilung von RL-
Hotspots war deutlich inhomogen (Abb. 4.2). Maximal kamen pro Minutenfeld 86
Arten, im Mittel 5 (£ 6) Arten vor. Weniger als 1% der Minutenfelder wies mehr
als 28 Arten auf, wobei die grofite Dichte dieser Hotspots im Wendland lag (NR 860,
876). Rund 7 % der Minutenfelder waren sehr artenreich (15-28 Arten). Das westliche
Tiefland war allgemein artenarm mit punktuell grofiflichigen Hotspots im Benthei-
mer Raum (NR 544, 580), im Emsgebiet (NR 586, 592, 604) und nordwestlich von
Oldenburg (NR 602, 603). Im 6stlichen Tiefland war die Artendichte pro Minutenfeld
tendenziell hoher. Grofiflichige Hotspots lagen vor allem im Elbe-Weser-Dreieck (NR
631-633), in der Allerniederung (NR 626, 627), der Liineburger Heide (NR 641, 642)
und im Wendland. Die Teilmenge der an Waldhabitate gebundenen RL-Arten lag mit
60 Arten bei 12 %. Die Verbreitungsmuster der RL-Waldarten (Abb. 4.3) unterschieden
sich stark von denen der Gesamtliste. Maximal kamen 22 Arten, im Mittel nur 0,5 (&
1,3) Arten pro Minutenfeld vor (Tab. 4.1). In 76 % der Minutenfelder konnte keine Art
nachgewiesen werden. Die Hotspots mit mehr als sieben Arten waren nur punktuell
ausgebildet und umfassten weniger als 1% der Minutenfelder. Réume mit hoheren
Artendichten waren die Oldenburger Geest (NR 603), das Elbe-Weser-Dreieck (NR
633, 634), das Uelzener und Bevenser Becken (NR 643) sowie die Burgdorf-Peiner
Geestplatten und das Ostbraunschweigische Flachland (NR 623, 624). Das Wendland
wie auch die im duflersten Westen des UG gelegenen Gebiete, die bei Betrachtung
der Gesamtliste die hochsten RL-Artenzahlen aufwiesen, waren vergleichsweise arm
an RL-Waldarten.
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Abbildung 4.1: Das Untersuchungsgebiet des niedersdchsischen Tieflandes mit seinen fiinf na-
turrdumlichen Grofiregionen und 41 naturrdumlichen Haupteinheiten (MEYNEN & SCHMITHU-
SEN, 1953-1962, modifiziert nach PILGRIM & FRANKE, 1993). Bezugssystem: Deutsches Haupt-
dreiecksnetz (DHDN, Gauss-Kriiger, Zone 3).
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Schutzgebietssysteme

Im UG waren 530 NSG ausgewiesen, die insgesamt 140.439ha (4,4 %) der Ge-
samtfliche einnahmen. Die 240 FFH-Gebiete erfassten mit 212.962ha 6,6 % der
Tieflandflache. Durch eine starke Uberlappung der Schutzgebietskategorien (Abb.
4.4) summierte sich die insgesamt von NSG und FFH-Gebieten abgedeckte Flache im
UG auf 257.445ha (8 % der Gesamtfliche; Tab. 4.1). Durch NSG geschiitzte Wélder
nahmen 41 446 ha (1,3 % der Gesamtfliche), durch FFH-Gebiete geschiitzte Walder
64.791 ha (2 %) ein. Der Anteil der insgesamt durch NSG und FFH-Gebiete geschiitz-
ten Waldbereiche lag bei 2,3 %, der Anteil an der Waldfldche bei 10,7 % (Tab. 4.1).

Effektivitat von Schutzgebieten fur den Artenschutz

Die Vorkommen und Verbreitungsschwerpunkte der RL-Arten lagen zum {iberwie-
genden Teil in Schutzgebieten (Tab. 4.2a). Die Effektivitdtsanalyse zeigte fiir 85 % der
NR einen positiven Zusammenhang zwischen NSG- und RL-Arten-Vorkommen, in
den iibrigen NR bestand kein Zusammenhang. In der Unteren Mittelelbe-Niederung
(NR 876), die eine aufsergewohnlich hohe RL-Artenzahl und -dichte aufwies, lagen
die Artvorkommen iiberwiegend aufierhalb von NSG. Mit der Erweiterung der
Schutzgebietskulisse um FFH-Gebiete (ca. 117.000 ha) erhohte sich die Anzahl der
NR mit Gebietsschutz auf 95%. Dabei nahm z.B. die Schutzgebietsfliche in der
Loccumer Geest von <1 % auf 18 % zu (Abb. 4.5a/b), im RL-Hotspot Untere Mittel-
elbe-Niederung war sogar ein Anstieg von <1 % auf 24 % zu verzeichnen. Lediglich
in zwei naturrdumlichen Regionen, in denen keine nennenswerte Verdnderung der
Schutzgebietsfliche stattfand, wurde auch weiterhin keine effektive Abdeckung der
Artvorkommen durch Schutzgebiete erreicht.

Die Hotspots der RL-Waldarten waren deutlich schlechter durch Schutzgebiete
abgedeckt als die der RL-Arten der Gesamtliste (Tab. 4.2b). Lediglich in 61 %
der NR lagen die Artvorkommen iiberwiegend in als NSG geschiitzten Waldern.
Durch die Ausweisung der FFH-Gebiete stieg der Anteil der NR mit einer guten
Schutzgebietsabdeckung der Vorkommen der RL-Waldarten jedoch auf insgesamt
81 %. Markante Beispiele fiir diese Entwicklung sind die Oldenburger Geest (NR
603) und die Burgdorf-Peiner Geestplatten (NR 623). Hier sind die Minutenfelder
mit besonders hohen Artendichten (>11 RL-Waldarten) nicht durch NSG geschiitzt,
wurden jedoch in die FFH-Gebietskulisse einbezogen (Tab. 4.2b, Abb. 4.5¢/d).

Gegentiber der Schutzgebietsabdeckung der Vorkommen der RL-Arten insgesamt
waren die Vorkommen der RL-Waldarten damit zwar deutlich weniger stark durch
Schutzgebiete gesichert, allerdings waren die verbleibenden NR, in denen kein
Zusammenhang von RL-Waldartenverteilung und Schutzgebieten erkennbar war,
generell relativ artenarm. Eine Ausnahme bildete lediglich die Rahden-Diepenauer
Geest (NR 582), in der sowohl die RL-Arten insgesamt als auch die mit einer ver-
gleichsweise hohen Zahl vorkommenden RL-Waldarten auch nach der Ausweisung
von FFH-Gebieten nicht ausreichend durch Schutzgebiete gesichert waren.
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Abbildung 4.2: Anzahl der seltenen und gefdhrdeten Gefifipflanzensippen pro Minutenfeld
im niedersédchsischen Tiefland. Insgesamt gingen 490 Sippen in die Berechnung ein.
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Abbildung 4.3: Anzahl der seltenen und gefdahrdeten WaldgefafSpflanzensippen pro Minuten-
feld im niedersédchsischen Tiefland. Insgesamt gingen 60 Sippen in die Berechnung ein.
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Abbildung 4.4: Schutzgebietsflichen (in Hektar) in den prf Grofiregionen des niedersédch-
sischen Tieflands unter Berticksichtigung der rdumlichen Uberlagerung von NSG und FFH-
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Abbildung 4.5: Beispiele fiir die Korrelation zwischen Schutzgebietsausdehnung und den Vor-
kommen der RL-Arten bzw. RL-Waldarten je Minutenfeld. In der Loccumer Geest (NR 628)
tiberlagern sich die durch NSG geschiitzten Flachen und die Vorkommen der RL-Arten nicht
(a), wahrend sich unter Einbeziehung der FFH-Gebiete eine positive Korrelation zwischen
Schutzgebietsausdehnung und den Vorkommen der RL-Arten zeigt (b). In den Burgdorf-
Peiner-Geestplatten (NR 623) sind die Vorkommen der RL-Waldarten nicht durch NSG abge-
deckt (c), wihrend sich unter Einbeziehung der FFH-Gebiete eine positive Korrelation zwi-
schen Schutzgebietsausdehnung und den Vorkommen der RL-Waldarten zeigt (d).

Diskussion

Die Verbreitung der seltenen und gefdhrdeten Gefafipflanzenarten im niedersichsi-
schen Tiefland zeigt ein differenziertes Bild (vgl. auch ScaMIEDEL et al., 2011). Es
lassen sich Zentren der Artenvielfalt identifizieren, die im Sinne einer "Hotspots-
Strategie" (MEYER et al., 2009) aus der landesweiten Perspektive als Naturschutz-
Vorranggebiete angesehen werden miissen. Solche Hotspots finden sich vor allem
im Wendland, im Westmiinsterland und der Wesermiinder Geest fiir RL-Arten bzw.
der Oldenburger Geest fiir RL-Waldarten. Dagegen ist ein Grofiteil des westlichen
Tieflands, wie etwa die Hunte-Leda-Moorniederung, das Bersenbriicker Land und
das Bourtanger Moor, sehr artenarm.
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Die Vorkommen der RL-Arten insgesamt sind nur in wenigen Landschaftsraumen
des UG nicht durch Schutzgebiete gesichert (z. B. Ostmiinsterland, Rahden-Diepen-
auer Geest). Die Vorkommen der RL-Waldarten sind zwar in einer geringeren Zahl
der naturrdumlichen Regionen effektiv durch NSG und FFH-Gebiete geschiitzt, al-
lerdings ist die Zahl der RL-Waldarten in den Naturrdumen mit nur geringfiigiger
Schutzgebietsabdeckung auch sehr klein. Griinde hierfiir sind in diesen Regionen
im geringen Anteil alter Waldstandorte und im insgesamt niedrigen Waldanteil zu
suchen.

Im Allgemeinen verbessert sich die Schutzsituation fiir beide betrachteten Arten-
gruppen bei Berticksichtigung von FFH-Gebieten. Dies zeigt, dass die erst in jiingerer
Zeit ausgewiesenen FFH-Gebiete im niedersdchsischen Tiefland kiinftig neben den
NSG bei entsprechender Mafinahmenplanung eine wichtige Rolle fiir den Schutz sel-
tener und gefdhrdeter Gefdfipflanzenarten spielen konnten. In diesem Zusammen-
hang sollte gepriift werden, ob der durch die Untersuchung bestéatigte effektive Ge-
bietsschutz auch in allen Féllen einen effektiven Artenschutz impliziert (vgl. RODRI-
GUESs et al., 2004). Die Effektivitdt der Schutzgebiete fiir den Artenschutz ist in hohem
Mafe von den in den Schutzgebietsverordnungen bzw. Pflege- oder Managementpla-
nen der Gebiete festgelegten Handlungsanweisungen abhédngig. Insbesondere bei l-
teren NSG sind diese z. T. sehr unbestimmt formuliert (vgl. ENGEL et al., 2012) und fiir
FFH-Gebiete derzeit noch in Arbeit. In vielen Fillen ist der Artenschutz zudem nicht
vorrangiges Ziel bei der Schutzgebietsausweisung. Zukiinftig sollten daher bei der
Erarbeitung und Fortschreibung von Pflege- und Managementpldnen in Schutzgebie-
ten mit Hotspots zur dauerhaften Sicherung der bestehenden Populationen gezielt
die Belange des Artenschutzes berticksichtigt werden.

Zu den Faktoren, die die Effektivitdt der Schutzgebiete einschranken kénnen, zah-
len vor allem eine zu geringe Flachengrofse der Gebiete bzw. ein hoher Grad an Iso-
lierung: Sind die Schutzgebiete zu klein bzw. sind sie zu stark isoliert, konnen mogli-
cherweise iiberlebensfahigen Populationen der schiitzenswerten Arten nicht erhalten
werden (DEGUISE & KERR, 2006; JACKSON et al., 2009). Da ein Schutz grofierer Flachen
jedoch vielfach nicht umsetzbar ist, erscheint es in diesem Zusammenhang umso
wichtiger, nicht allein auf die Wirkung von Schutzgebieten zu setzen, sondern im
Rahmen einer "dualen Naturschutzstrategie" (JAcksoN et al., 2009) auch Landschafts-
bereiche aufserhalb von Schutzgebieten so zu bewirtschaften, dass sie Populationen
seltener und gefdhrdeter Arten nachhaltig als Lebensraum dienen kénnen (DEGUISE &
KERR, 2006; OTTE et al., 2008). In diesem Zusammenhang konnen beispielsweise die
durch Eigenbindung ausgewiesenen Waldschutzgebiete im niedersdchsischen Lan-
deswald eine wichtige Funktion erfiillen (NIEDERSACHSISCHE LANDESFORSTEN, 2011).

Die fiir die Artengruppen voneinander abweichenden Ergebnisse zeigen, dass es
sinnvoll ist, den Fokus nicht, wie in den bisher vorliegenden Studien zur Effekti-
vitdt von Schutzgebieten (z.B. DEGUISE & KERR, 2006; JACKSON et al., 2009; VELLAK
et al.,, 2009), lediglich auf die Gesamtheit der seltenen und gefdhrdeten, eine grofie
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Abbildung 4.6: Habitatbindung der seltenen und gefidhrdeten Waldgefdfipflanzenarten des
Tieflandes (bis zu drei Mehrfachzuordnungen pro Art).

standortliche Amplitude reprasentierenden GefdfSpflanzenarten zu legen. Stattdessen
kann die Analyse starker differenziert und vergleichend auch solche Artengruppen
einbezogen werden, die auf einen bestimmten Lebensraumtyp spezialisiert sind und
somit eine geringere Standortamplitude aufweisen. Im vorliegenden Beispiel wurden
hierfiir die auf Walder spezialisierten RL-Arten ausgewdhlt, da gerade Wéldern als
der grofiflachig potenziell natiirlichen Vegetation in Deutschland im Hinblick auf den
Arten- wie auch den Prozessschutz eine grofie Bedeutung zukommt (BMU, 2007). Im
niedersdchsischen Tiefland zeigt ein Grofiteil der RL-Waldarten eine starke Habitat-
bindung an Laubwalder mittlerer Standorte (Waldmeister-Buchenwélder, Stieleichen-
Hainbuchenwiélder) und Auenwiélder (Abb. 4.6). Von den 60 RL-Waldarten waren 43
an einen dieser beiden Habitattypen gebunden.

Die RL-Gefédfspflanzenarten konnen, obwohl sie nur einen Baustein des Gesamt-
okosystems darstellen, aufgrund ihrer Sensibilitdt gegentiber dufleren Einfliissen als
gute Indikatoren fiir intakte Okosysteme und die an diese gebundenen Arten und
Lebensgemeinschaften angesehen werden.

Die fortlaufend durch das Pflanzenarten-Erfassungsprogramm erhobenen Verbrei-
tungsdaten der RL-Arten sind eine sehr gute Grundlage fiir ein Monitoring der Ef-
fektivitat der Schutzgebiete im UG. Wiederholende Untersuchungen in den folgen-
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den Jahren werden zeigen, ob der in der vorliegenden Untersuchung belegte effektive
Gebietsschutz langfristig auch zu einem effektiven Artenschutz fiihrt.

Fazit far die Praxis

¢ Im niedersédchsischen Tiefland liegen sowohl die Hotspots der Rote-Liste-Arten
(RL-Arten) insgesamt als auch die der an Waldlebensrdume gebundenen RL-
Arten tiberwiegend in Schutzgebieten (NSG, FFH-Gebiete); die Ausweisung von
FFH-Gebieten verbessert den Gebietsschutz fiir die RL-Arten in den meisten na-
turrdumlichen Regionen erheblich. Wiederholungen der Untersuchungen wer-
den zeigen miissen, ob der effektive Gebietsschutz auch zu einem effektiven
Artenschutz fiihrt.

* Bei der Erarbeitung und Fortschreibung von Pflege- und Managementpldnen in
Schutzgebieten mit Hotspots sollten kiinftig gezielt die Belange des Artenschut-
zes berticksichtigt werden, um die bestehenden Populationen von RL-Arten
dauerhaft zu sichern.

* Die aufgezeigten Methoden der Hotspot-Analyse sollten stiarker im Sinne einer
"dualen Naturschutzstrategie" genutzt werden, um wichtige Populationen von
RL-Arten auch aufierhalb von Schutzgebieten durch nachhaltige Bewirtschaf-
tungsformen zu erhalten.

* Rasterbasierte Verbreitungsdaten von RL-Arten sollten in regelméfsigen Zeitab-
stinden aktualisiert werden, um sie als Grundlage eines Monitorings der Effek-
tivitat von Schutzgebieten fiir den Artenschutz einsetzen zu kdnnen.

Dank

Die Untersuchungen wurden dankenswerterweise durch die Deutsche Bundesstif-
tung Umwelt gefordert (DBU Az. 26752).
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Abstract

Landscape fragmentation has been identified as a major threat to biodiversity world-
wide. Several landscape metrics have been developed to quantify the extent of frag-
mentation, of which the Effective Mesh Size Index (m.fs) is one of the most widely
used. However, its relevance for biodiversity has been rarely tested. We analysed
the explanatory power of m,fs for richness patterns of different groups of vascular
plant species (all species, and species groups by residence and threat status) in Lower
Saxony, Germany, by using a grid of 1386 landscape units. Since we assumed species
richness to be influenced by abiotic conditions and spatial autocorrelation, we used
variation partitioning to separate the effects of these variables from that of fragmen-
tation. We tested five types of m, s based on various fragmentation geometries of
which two were identified as relevant for species richness.

We found that m, ¢ had a large effect on richness of neophytes and a slightly smaller
effect on that of archaeophytes whilst the richness of native species was only slightly
affected, and threatened species were not affected. All species groups, except threat-
ened species, showed a negative correlation with m,f, i.e. richness was highest in
highly fragmented and lowest in less fragmented grid cells.

We conclude that m,¢; is a meaningful tool to explain richness patterns of vascu-
lar plant diversity, if relevant fragmentation geometries are chosen. Our approach
may therefore help future studies to determine correct fragmentation geometries to
use with m,.¢r and may facilitate the unravelling of fragmentation impacts on the
landscape-scale.

Keywords

Alien plant species, archaeophytes, native plant species, naturalisation, neophytes,
PCNM, Red List, regional plant species richness patterns, variation partitioning, vas-
cular plant diversity
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Introduction

The term 'landscape fragmentation' describes both the process of the subdivision of a
large continuous patch into smaller and more isolated fragments, as well as the state
of a landscape (FOrRMAN, 1995). As soon as the effect of fragmentation on the biota is
concerned, frequently also the term 'habitat fragmentation' is applied.

Besides general habitat loss and decline in habitat quality, fragmentation has
been identified as a major threat to biodiversity worldwide (JAEGER, 2000; YOUNG &
CLARKE, 2000; HoNNAY et al., 2005; KuussaARt et al., 2009; Krauss et al., 2010). In
Central Europe, habitat change accelerated in course of urbanisation and industrial-
isation in the late 19th and early 20th century (TSCHARNTKE et al., 2005; KRAUSE &
CuLmskg, 2013) and has been reinforced by the advent of the common agricultural
policy of the EU since the 1950s (STOATE et al., 2001; KrRAUSE et al., 2011; LEUSCHNER
et al., 2013). However, landscape development in Central Europe currently does not
appear to be following a clear trend, and we observe complex and diverse landscapes
as a result of multi-layered historical and current land use practices (Vos & MEEKES,
1999; Curmseg, 2013). This, in turn, results in differences in the fragmentation
intensity between neighbouring landscapes and in a more or less strong gradient of
fragmentation on the regional and supra-regional scales.

The analysis of landscape fragmentation is an important aspect of landscape ecolog-
ical research (Ha1La, 2002). Many different indices for the quantification of landscape
fragmentation have been introduced, such as the Number of Undissected Areas, Bowens
Landscape Dissection Index (BOWEN & BURGEss, 1981), Splitting Index (JAEGER, 2000) and
Effective Mesh Size (JAEGER, 2000). All of these indices provide a spatially differenti-
ated assessment of the fragmentation of a region (JAEGER, 2000). By evaluating these
four plus additional four indices, JAEGER (2000, p. 127) found that Effective Mesh Size
(m.fr) is the most appropriate fragmentation measure due to its "mathematical char-
acteristics and its intuitive interpretation". The index quantifies the probability that
two randomly chosen points in a study area are connected (GIrRvETZ et al., 2008) and
has frequently been used to quantify landscape fragmentation, e.g. in Europe (EEA,
2011), Germany (JAEGER et al., 2001; ESSWEIN & SCHWARZ-VON RAUMER, 2004; WALz,
2005; EsswWEIN & SCHWARZ-VON RAUMER, 2006), Italy (MoOsER et al., 2007), Switzerland
(JAEGER et al., 2008), the USA (GIirvETzZ et al., 2008) and China (L1 et al., 2010).

In Germany, 1,y is one of two indicators used by the government to quantify land-
scape fragmentation for environmental reporting (BMU, 2007). However, despite its
frequent application and the fact that the ecological relevance of m,s; has been pro-
posed by many researchers (JAEGER, 2000; JAEGER et al., 2008; GIRVETZ et al., 2008), its
effect on biodiversity has been rarely analysed (but see LI et al., 2010). STRAND et al.
(2007) suggested that studies investigating the direct effect of landscape fragmenta-
tion (expressed in terms of fragmentation metrics) on biodiversity should be under-
taken, because indicators that quantify landscape fragmentation are more useful if
they can be directly linked to possible impacts on species diversity and distributions.
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A multitude of man-made landscape elements, including urban, industrial and traf-
fic infrastructure, can cause landscape fragmentation, resulting in patchy landscapes
with generally small remaining natural or semi-natural habitat fragments. Depending
on the specific biological traits of the species, very different landscape elements, in-
cluding (near-) natural ones, can be considered fragmentation elements (see GIRVETZ
et al., 2008; EEA, 2011).

The fragmentation of habitats may result in increasing isolation of plant or animal
subpopulations that inhabit the patches. Habitats colonised by different subpopula-
tions of the same species are isolated if genetic exchange is constrained because the
area between the patches is too large, or too impermeable, to be overcome by pollina-
tion or dispersal events (OOSTERMEIJER et al., 1994; PoscHLOD et al., 1997). The loss
of genetic variation, in turn, may hamper the species’ ability to respond to changing
environmental conditions (Booy et al., 2000) and the populations may thus become
threatened with extinction. Numerous studies examined the effect of habitat frag-
mentation on plant and animal assemblages at the local and landscape scales (see for
an overview DEBINskI & Horrt, 2000; FaAHRIG, 2003). Frequently, the size of and the
isolation of or connectivity between patches were used as measure of fragmentation
(e.g. HELM et al., 2006; Cousins et al., 2007; Kors, 2008; ZiMBREs et al., 2013), yet
none of these studies applied the Effective Mesh Size Index.

The effects of landscape fragmentation on species richness may vary depending
on the species groups considered (EweRrs & DipHAM, 2006; RODRIGUEZ-LOINAZ et al.,
2012). Certain species, particularly those spreading along linear landscape elements
or associated with man-made habitats, may benefit from landscape fragmentation
(DeEUTSCHEWITZ et al., 2003; HoNNAY et al., 2003; DARrk, 2004; Nosis et al., 2009; Bot-
HAM et al., 2009). In contrast, threatened species may be adversely affected by frag-
mentation events (EwWers & DipHAM, 2006). However, especially species that exhibit
long life cycles and small population sizes show delayed extinctions following habitat
loss and fragmentation (Kuussaarr et al., 2009; Krauss et al., 2010), which at first
can hamper the detection of these negative effects. This phenomenon is known as
'extinction debt' (TILMAN et al., 1994). However, the evidence for the existence of an

extinction debt in vascular plants across Europe is ambiguous (reviewed in CousINs,
2009).

The overall objective of our study was to investigate whether the frequently used
Effective Mesh Size Index (m,sy) is a suitable measure to explain vascular plant species
richness on the landscape scale. We used the state of Lower Saxony, Germany,
as a model region as it hosts a high diversity of landscapes differing in habitat
composition and structural complexity. Therefore, we expected a long gradient in
fragmentation across the study area. Furthermore, the area is particularly suitable
due to the availability of extensive data collected in a state-wide mapping program
on the distribution of vascular plants with a resolution of c. 30km? (NLWKN
1982-2003, GArvE, 2007). Thus, high quality data were available for a region that
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is more or less homogeneous in climate and bio-geographical history, so that we
considered the same regional species pool throughout the studied landscapes. We
used different subsets of fragmentation geometries (FGs) and also different subsets of
the regional plant species pool, dependent on the residence and threat status of the
species, in order to investigate the underlying patterns in plant species distributions
as responses to different fragmenting landscape elements.

Specifically, we hypothesised that:

1. Landscape fragmentation, expressed as Effective Mesh Size (m,y), varies in space,
which results in a gradient in the degree of fragmentation within the sample of
landscape units used in this study.

2. The choice of fragmentation geometries that are used for the calculation of ¢
is of major importance for explaining plant species richness patterns on the
landscape scale.

3. Plant species richness varies between landscape units along the fragmentation
gradient, with the effect size differing between different groups of species de-
pendent on their residence (natives, archaeophytes and neophytes) and threat
status (threatened vs. non-threatened).

Methods

Study area

The study was carried out in Lower Saxony, Germany (c. 47,500 km?, Fig. 5.1). As a
result of the variety in relief and bedrock, colonisation history and current land use
are diverse across north-western Germany (BEHRE, 2008). Lower Saxony harbours
a relatively large number of different habitats, which include natural coastal and
forest-dominated landscapes, structured and homogeneous agricultural landscapes,
and densely populated areas (GHARADJEDAGHI et al., 2004).

The coastal area in the north is dominated by Holocene marine deposits, while the
lowlands were formed during the Pleistocene. The landscape of the uplands is shaped
by Mesozoic and Palaeozoic bedrocks. From the coast in the north to the uplands in
the southeast, elevation ranges from 0-971m a.s.l.. The climate gradually changes
eastwards from oceanic (mean annual precipitation up to 900 mm) to suboceanic-
subcontinental (c. 550 mm; NLfB, 1997).

Following the grid system of topographical maps, the study area was subdivided
into a regular grid of 1386 cells sized c. 5.5 x 5.5 km? (30 km?; Fig. 5.1). In our
analysis, we omitted the 353 border cells only partially occurring in the study area.
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Figure 5.1: The state of Lower Saxony, Germany, with its three major landscape components:
coast, lowlands and uplands. The 1386 grid cells (size c. 5.5 x 5.5km? or 30 km?) display the
basic mapping units of the vascular plant survey program and represent the landscape units
for which landscape fragmentation was assessed. Hatched grid cells were not considered in
this study, because they are not completely terrestrial or they are situated at the state’s borders
and thus information on plant occurrences were incomplete. Maps with Transverse Mercator
projection, Germany Zone 3 ("Deutsches Hauptdreiecksnetz").

Plant species distribution data

Species occurrences were derived from the data base of the plant survey of the state
of Lower Saxony (NLWKN, Hanover, Germany; period I from 1982 to 1992; period II
from 1993 to 2003; period III from 2004 onwards). As the third fieldwork period is still
underway, we used only data from 1982-2003 (GARVE, 2007; data base updated on 15
December 2008). The data base holds information about the presence and distribution
of 2708 vascular plant species occurring in Lower Saxony (GARVE, 2007).
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Table 5.1: Number of vascular plant species in Lower Saxony, Germany, grouped by their
residence and threat status.

Sum of resi-

Threat sta tus
dence status

Non-threatened Threatened Unspecified

Native species 703 482 112 1297
Residence Archaeophytes 103 46 0 149
status Neophytes 134 9 0 143
Unspecified 4 1 0 5
Sum of threat status 944 538 112 1594

Species were assigned to different groups according to their residence and threat
status (Table 5.1). In the designation of the residence status of the plant species we fol-
lowed Kro7z et al. (2002). Native species were distinguished from archaeophytes and
neophytes. Within the non-native species, archaeophytes became established prior to
and neophytes in the 16" century or later. In the designation of threat status we fol-
lowed GARVE (2004), whereby threatened species (including the Red List categories 1,
2,3, G and R) were distinguished from non-threatened species. Five species could not
be assigned to a certain floristic status, while 112 species lacked information about
their threat status (hereafter 'not specified' species). Subspecies were assigned to the
species level and species to the respective aggregate found in the data base. In total,
1594 species remained that were considered in the analysis.

For each species group, species richness (based on presence/absence data) was
calculated for each of the 1386 grid cells. Distribution patterns of the selected species
groups were described in detail by SCHMIEDEL et al. (2011).

Quantification of landscape fragmentation

Landscape fragmentation analysis was conducted with the 1386 grid cells used by the
plant species monitoring program (Fig. 5.1). Each grid cell was considered a land-
scape unit. Landscape elements were derived from a digital landscape model (DLM)
of Lower Saxony, scale 1:25,000 (LGN, 2008), and summarised to eight major habitat
types that represent suitable habitat formations for vascular plants: forest, grassland,
cropland, water bodies, urban, industrial and traffic areas, and other habitats (e. g. is-
lands, tree rows, bogs). Linear elements represented in the DLM as polylines (roads,
rivers) were buffered by using either standard values (roads; FGSV, 1996) or infor-
mation provided by the dataset itself (rivers) in order to convert them to polygons.
Data were converted by using Hawth’s Analysis Tools (BEYER, 2004) and combined
with the other polygon features to a non-overlapping feature layer by using ArcGIS-
ArcInfo 9.2 (ESRI Inc., 2007).
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Habitat types that were assumed to increase fragmentation of habitats suitable for
different groups of vascular plant species were classified into five types of fragmen-
tation geometries (FG1-FG5; Table 5.2). Starting with FG1, fragmenting landscape
elements were successively added to the following FGs. FG1 included the most artifi-
cial land cover classes of traffic and urban-industrial areas. FG2 additionally included
water bodies. Similar FGs have frequently been used in fragmentation studies and
will thus allow for comparisons. The subsequent FG3-FG5 were built by adding fur-
ther land cover classes (FG3: croplands, FG4: grasslands, FG5: other habitats) to
the former FGs, thus setting a gradient of decreasing human impact (Fig. 5.2). FG5
included all landscape elements except forests which were rated as (semi-)natural
landscape elements, because forests represent the potential natural vegetation of tem-
perate Europe (BouN & NEuHAUSL, 2000/2003).

Landscape fragmentation was quantified by the Effective Mesh Size Index (m.fs). The
index denotes the size of patches when the landscape is divided into S areas (each
of the same size) with the same degree of landscape division as obtained for the
observed cumulative area distribution (MCGARIGAL, 2014). Thus m,ss is an ecologi-
cally relevant metric that quantifies landscape fragmentation based on the probability
that two randomly chosen points in a landscape unit are located in the same non-
fragmented patch (JAEGER, 2000). The probability is multiplied by the total area of
the landscape unit (in m?) and finally gives the value of m,s¢. The Effective Mesh Size
Index was calculated following McGARIGAL (2014) using the following formula:

2
aj;

Lt

_= T
Meff = 74 (10,000) (5-1)

where 7 is the number of patches, 4;; is the size of patch ij and A is the total area of
the landscape. Values of m,¢s are given in hectares (ha) by using the factor of 1:10,000
to convert m? into ha.

For the calculation of m,¢r based on different FGs, subsequently called MeshFG1-
MeshFG5 (Table 5.2), the FGs derived from the DLM vector data were transformed to
raster format, and m,s; of the non-fragmented parts of the landscape was calculated
for each grid cell using Fragstats 3.3 (McGARIGAL et al., 2002). We applied the CUT
procedure proposed by JAEGER (2000), and not the CBC procedure as proposed by
MoseR et al. (2007), to obtain spatially explicit values for m, ¢ that could be correlated
with the grid-based distribution data on plant species.

A Shapiro-Wilk normality test was performed on all m, ¢ variables to test them for
normal distribution with the R software, version 2.15.2 (R DEVELOPMENT CORE TEAM,
2012). Furthermore, a Wilcoxon signed-rank test was used to test for significant dif-
ferences between the m,f types.
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Figure 5.2: Example of one of 1386 landscape units in Lower Saxony, Germany (grid cell no.
44254, Gottingen, sized c. 5.5 x 5.5 km? or 30km?). (a) The digital landscape model (ATKIS-
DLM, scale 1:25,000; LGN, 2008) was translated to five different fragmentation geometries,
FG1-5, (b) FG1 (traffic and urban-industrial areas), (c) FG2 (FG1 + water bodies), (d) FG3
(FG2 + croplands), (e) FG4 (FG3 + grassland), (f) FG5 (all landscape elements except forested
areas).
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Accounting for environmental co-variables and spatial autocorrelation

We assumed that both landscape fragmentation and environmental factors influence
species richness. Thus, to account for the explanatory value of the abiotic envi-
ronment, supplementary environmental data were derived from various digital data
sources (Table 5.2). Mean elevation was taken from the digital elevation model (DEM)
of Lower Saxony (LGN, 2008). DEM data were further used to calculate mean heat
load (McCuNE & KEoN, 2002, eq. 3) per grid cell by using the ArcScript 'Heat load
index' (Parks, 2004) in ArcView GIS 3.3 (ESRI Inc., 2002). Information on soil mois-
ture, CaCOg3 content of soils and soil types were derived from the digital soil map
of Lower Saxony (BUK 50, LBEG, 2003). For each grid cell, the surface ratio of five
soil moisture and three CaCOj soil content classes were calculated. Based on the
distribution and cover of 27 soil types, for each grid cell the Shannon Diversity Index
(SHDI) was computed in Fragstats 3.3 after vector data were transformed to raster
format. Information on climatic and phenological conditions (annual mean precipi-
tation and temperature, start of snowdrop flowering) per grid cell were derived from
digital data of the German Meteorological Service (DWD, 1961-1990) and the average
of each variable was calculated per grid cell. The 15 environmental variables that
were used in the analysis were uncorrelated (Spearman’s rank correlation coefficient
(1p1<0.7).

To account for spatial autocorrelation in the dataset, PCNM technique was applied
using the following steps (cp. BORCARD & LEGENDRE, 2002; BORCARD et al., 2004):
(1) We constructed a matrix of Euclidean distances between the 1386 grid cells (land-
scape units) based on the x- and y-coordinates (centroids) of the cells. (2) We defined
a threshold (smallest distance keeping all cells connected, i.e. 8036 m) below which
the Euclidean distances were kept as measures and above which all distances were
replaced by a value four times larger than the threshold (i. e. 32,144 m). (3) We com-
puted the principal coordinates (correction of negative eigenvalues) of the modified
matrix using PrCoord, version 1.0 (implemented in CANOCO 4.5, BrRaAK & Smi-
LAUER, 2002), and (4) we reduced the number of the remaining 787 spatial variables
to those that were significant for the richness of the species groups (Monte Carlo
Permutation test under full model, 99,999 permutations; Holm-correction, p < 0.05;
LEGENDRE & LEGENDRE, 2012).

Statistical analysis

In order to determine the explanatory power of m,sf, the environmental factors
and spatial axes for species richness patterns across the 1386 grid cells, variation
partitioning was applied by using the 'varpart' function ('vegan' package, OKSANEN
et al., 2012) in R (cp. Fig. 5.3). Separate analyses were conducted for each species
group (Table 5.1) in combination with each type of m.fs (Table 5.2). Species
numbers of threatened species were square root transformed because they showed a
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skewed distribution. Significance of all testable fractions was tested using 'rda' and
‘anova.cca' functions in 'vegan'.

To determine the direction of the relationship of species richness and the m,f
types, Kendall’s T was calculated using R. This correlation analysis was performed
for MeshFG1 and MeshFG2 only because variation partitioning showed that the other
types of m,sr explained only a negligible proportion of the species richness of all
groups.

Results

Variation in Effective Mesh Size (m.s) based on different fragmentation
geometries across landscapes

Values of m, calculated for the 1386 landscape units (grid cells) across the study area
showed large variation both in range between landscapes and between fragmentation
geometries (Table 5.2). All m¢s types (MeshFG1-MeshFG5) showed a large range
from entirely fragmented (m.f = Oha) to entirely non-fragmented (mm,.¢s ~3,000 ha)
landscape units, the latter corresponding to the total size of a landscape unit of
c. 30km?. The mean value of n1,¢s was highest when only traffic and urban-industrial
areas were used (MeshFG1, m, s = 1,912 ha + 782 SD) indicating a relatively low frag-
mentation impact, and was lowest when all landscape elements with the exception of
forests were used (MeshFGS5, m, s = 152ha + 381SD). From MeshFG1 to MeshFG5,
mean m,¢¢ gradually decreased when additional fragmentation geometries were suc-
cessively included, whereas each of them had an additional impact as fragmenting
landscape element against the previous (Wilcoxon signed-rank test, p<0.001 for all
pairs of MeshFG1-MeshFG5). None of the m, s variables was normally distributed
(Shapiro-Wilk normality test, p<0.05). Values of MeshFG1 showed a slightly right-
skewed distribution, i. e. larger values of m,sr were more frequent than small values
(Fig. 5.4a), while values of m,¢s for MeshFG2 were slightly left-skewed (Fig. 5.4b).

Figure 5.3: Fractions obtained from
variation partitioning based on three [h]
variables (Venn diagram). Fractions
[a] to [c] correspond to the pure effect

of variables a, b and ¢, fractions [d]
to [f] correspond to the variation ex-
plained by variables a and b, b and ¢,

and a and ¢, respectively. Fraction [g]
corresponds to the variation explained
by all three variables together whereas
[h] describes the unexplained variance
(residuals).
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The remaining m,f types (Fig. 5.4c-e) all showed a strongly left-skewed distribution
with the majority of landscape units exhibiting a mesh size <200 ha.
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Figure 5.4: Frequency distribution of the five m,¢f types (a-e, MeshFG1-MeshFG5) for the
sample of 1386 landscape units (grid cells) in Lower Saxony, Germany. Maximum value of
mesr was c. 3,000 ha which corresponds to the size of a fully non-fragmented landscape unit

of 30 km?2. None of the distributions were normally distributed (Shapiro-Wilk normality test,
p<0.05).

The explanatory power of Effective Mesh Size (mg), based on different
fragmentation geometries, versus other environmental factors for species
richness-patterns on the landscape-scale

Depending on fragmentation geometries (FGs) used for the calculation of m,¢f and on
the species group considered, the variation partitioning revealed large differences in
the explanatory power of m,s; versus other environmental factors for vascular plant
species richness patterns on the landscape scale (Table 5.3).

Accounting for the total of 1594 plant species, environmental variables explained
14% (£0SD) and spatial variables 7% (£0SD) of the variance in species richness
(Table 5.3a). The response to landscape fragmentation largely varied in dependence
on the mesh size variable (MeshFG1-MeshFG5). While m, ¢ types that used only
traffic, urban-industrial areas and water bodies had a considerable influence of 5%
(MeshFG1) and 6 % (MeshFG2), the other m, ¢ variables, which additionally included
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other man-made habitats such as agricultural areas and grasslands (MeshFG3 -
MeshFG5), influenced species richness by <1%. Similar patterns were observed
across all species groups. On average, 52% (£3SD) of variation in all species
remained unexplained, and similar figures were found in the other species groups,
with a range of 42 % (£4SD) of unexplained variation in archaeophytes (Table 5.3c)
to 61 % (£6 SD) in threatened species (Table 5.3f).

When distinguishing species groups according to the residence status, the general
patterns observed in all species were more or less repeated in the partition of the
largest group of 1297 native species, but with slightly lower explanatory power of the
mess variables (Table 5.3b). Spatial distribution patterns of natives were also relatively
clustered (explanation of the spatial fraction was 8 % £ 0SD). However, the smaller
groups of archaeophytes (149 sp.) and neophytes (143 sp.) showed different patterns.
Archaeophytes were more strongly related to landscape fragmentation (MeshFG1 and
MeshFG2: 7 %) and especially to environmental conditions (26 % + 2 SD; Table 5.3c),
indicating a relatively narrow environmental niche width of these species. Neophytes
were most strongly associated with fragmented landscapes (Table 5.3d). M,fr ex-
plained a large proportion of species richness, namely 15% (MeshFG1) and 16 %
(MeshFG2), while the environmental factors were of lower importance (10 % =+ 2 SD).
Spatial autocorrelation was generally low in both non-native groups (<2 % of the total
explained variation; Table 5.3c and d).

With respect to threat status, the large group of 944 non-threatened species fol-
lowed the patterns observed in all species (Table 5.3e). In contrast, threatened species
showed spatially distinguished incidence patterns (explained variation of spatial axes:
7% £ 0SD) and their occurrences were mostly determined by environmental variables
(19 % + 1SD), while they were not affected (m,r; <1%) by landscape fragmentation
(Table 5.3f).

With the exception of the threatened species group that showed no specific trend,
all species groups were negatively correlated with MeshFG1 and MeshFG2 (Table 5.4),
which means that species richness increased with increasing landscape fragmentation
(i.e. small m,¢¢ values).

Discussion

Variation in landscape fragmentation based on m s

The values of m,s obtained for the 1386 landscape units in our study varied between 0
and 30 km?. Thus, we identified a large gradient from entirely fragmented to entirely
non-fragmented landscape units. Because we applied the CUT procedure to calculate
Mesr, maximum values of the index were restricted by the size of the study units.
The latter also applies to other studies on s (see Table 5 for an overview), which
used differently sized reference units for the calculation of the index. Therefore,
conclusions from comparisons of our results with values of m,s; obtained in these
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Table 5.3: Results of variation partitioning (explained variation) for vascular plant species
richness in Lower Saxony, Germany, in the groups of (a) all species, (b) natives, (c) archaeo-
phytes, (d) neophytes, (e) non-threatened species, and (f) threatened species (numbers given
in brackets), in relation to landscape fragmentation expressed as Effective Mesh Size (MeshFG1-
MeshFG5) based on different sets of fragmentation geometries (FG1-FG5), spatial axes as
measures for spatial autocorrelation and environmental factors (cp. Table 5.2). Significance
was tested by Monte Carlo Permutation test (999 permutations) and refers to the partitions
[a], [b] and [c] (cp. Fig. 5.3); significant results are given in bold letters; ***, p<0.001; **,

p<0.01, *, p<0.05.

MeshFG1  MeshFG2 MeshFG3 MeshFG4  MeshFG5
(a) All species (1594 sp.)
[a] Meff 0.048 *** 0.061 *** 0.004 ** 0.004 ** 0.007 ***
[b] Spatial axes 0.067 *** 0.067 *** 0.073 *** 0.071 *** 0.074 ***
[c] Environmental variables 0.125 *** 0.145 *** 0.131 *** 0.139 *** 0.1471 ***
Shared variation [d], [e], [f], [g]  0.264 0.242 0.252 0.245 0.241
[h] Residuals 0.497 0.484 0.541 0.540 0.537
b) Natives (1297 sp.)
[a] Meff 0.024 *** 0.037 *** 0.001 0.002 * 0.005 ***
[b] Spatial axes 0.073 *** 0.073 *** 0.08 *** 0.077 *** 0.079 ***
[c] Environmental variables 0.121 *** 0.138 *** 0.123 *** 0.126 *** 0.129 ***
Shared variation [d], [e], [f], [g]  0.261 0.243 0.252 0.251 0.247
[h] Residuals 0.521 0.509 0.544 0.543 0.540
(c) Archaeophytes (149 sp.)
[a] Meff 0.067 *** 0.069 *** 0.013 *** 0.011 *** 0.011 ***
[b] Spatial axes 0.011 *** 0.016 *** 0.018 *** 0.018 *** 0.019 ***
[c] Environmental variables 0.245 *** 0.269 *** 0.247 *** 0.276 *** 0.274 ***
Shared variation [d], [e], [f], [g]  0.282 0.252 0.272 0.244 0.244
[h] Residuals 0.397 0.394 0.450 0.453 0.452
(d) Neophytes (143 sp.)
[a] M,f 0.154 *** 0.158 *** 0.010 *** 0.005 *** 0.002 *
[b] Spatial axes 0.010 *** 0.016 *** 0.021 *** 0.022 *** 0.023 ***
[c] Environmental variables 0.078 *** 0.078 *** 0.095 *** 0.115 *** 0.115 ***
Shared variation [d], [e], [f], [g]  0.152 0.147 0.124 0.103 0.103
[h] Residuals 0.606 0.602 0.750 0.755 0.758
(e) Non-threatened species (944 sp.)
[a] Meff 0.059 *** 0.069 *** 0.007 *** 0.006 *** 0.007 ***
[b] Spatial axes 0.063 *** 0.064 *** 0.071 *** 0.068 *** 0.072 ***
[c] Environmental variables 0.113 *** 0.135 *** 0.119 *** 0.13 *** 0.132 ***
Shared variation [d], [e], [f], [g]  0.275 0.252 0.262 0.252 0.248
[h] Residuals 0.490 0.479 0.542 0.543 0.541
(f) Threatened species (538 sp.)
[a] M,y 0.002 * 0.008 ***  0.004 ** 0.000 0.001
[b] Spatial axes 0.066 *** 0.066 *** 0.068 *** 0.067 *** 0.066 ***
[c] Environmental variables 0.191 *** 0.197 *** 0.180 *** 0.174 *** 0.185 ***
Shared variation [d], [e], [f], [g] ~ 0.090 0.084 0.100 0.107 0.096
[h] Residuals 0.650 0.644 0.648 0.652 0.651
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Table 5.4: Correlation of the m,¢s types MeshFG1 and MeshFG2, respectively, with species
richness of six species groups (all species, groups after naturalization or threat status) assessed
for Lower Saxony, Germany, using Kendall’s T (p < 0.05) as correlation coefficient.

mesf type Species group Kendall’s T z-score p-value
All species -0.188 -10.49 <2.2e-16
Natives -0.137 -7.62 2.61E-14
g’[nzsxhljillg 6ha min Archacophytes -0.246 -13.62 <2.2e-16
s Sh_) ’ ’ Neophytes -0.327 -18.00 <22e-16
- 7ona Non-threatened species -0.211 -11.75 <2.2e-16
Threatened species” -0.015 -0.84 0.4016
All taxa -0.164 -9.15 <22e-16
Natives -0.109 -6.04 1.55E-09
ansxh}—:cgzwz ha min  Archaeophytes -0.218 -12.07 <2.2¢-16
N Oha)_ ’ ’ Neophytes -0.343 -18.84 <22e-16
- Non-threatened species -0.183 -10.19 <2.2e-16
Threatened species” -0.011 -0.62 0.5364

@ Species richness of threatened species was square root transformed because it showed a skewed distribution.

studies have to be drawn with care. In contrast to the studies listed in Table 5, in
our analysis, we applied units of equal size and thus the values of m,f; may be
compared more easily. However, as we used relatively small landscape units, the
actual degree of fragmentation may be overestimated. Nevertheless, compared to the
results of other studies on m, s in Germany (Table 5, no. 3-5), all of which used
differently sized study units, our findings showed a similarly large variation. Values
of m,sf obtained for Baden-Wiirttemberg and Hesse ranged between 0 and c. 70 km?
(JAEGER et al., 2001; ESSWEIN & SCHWARZ-VON RAUMER, 2004; Table 5, no. 3 and 5).
In Bavaria, the maximum mesh size was c¢. 300 km?, which was mainly a result of
the high values of m,s; obtained for largely non-fragmented study units situated at
the foothills of the Alps (ESSWEIN & SCHWARZ-vON RAUMER, 2006; Table 5, no. 4).
The influence of largely non-fragmented mountainous areas also becomes obvious if
values of m,fs for Switzerland are considered: When large alpine areas were included
into the calculation procedure, maximum values of m,sr exceeded 1,500 km? (JAEGER
et al., 2008; Table 5, no. 8). However, as soon as these uninhabitable areas were
excluded from the computation process, the maximum values of m,s; dropped down
to 300 to 700 km?.

The European Environment Agency (EEA, 2011; Table 5, no. 2) compared the m,f
values of 28 EU countries and came to the conclusion that Germany, following the
Benelux countries, was one of the most fragmented countries in Europe. Thus, the
relatively small values of m1,¢; obtained for most of our studied landscape units seem
to be representative for most parts of Germany. In contrast, studies from outside
densely populated Europe showed much larger maximum values of 1, (see Table 5,
no. 1 and 9). For California, GIRVETZ et al. (2008) who used fragmentation geometries
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similar to ours, and for China, L1 et al. (2010) who calculated the Effective Mesh Size for
countries and provinces, came up with maximum values of m,s; that exceeded these
of our study a hundred- or even thousand-fold. However, even for these countries,
the range of values of m,ss varied considerably: Whilst maximum values of m, ¢ in
California reached c. 20,000 km? (Table 5, no. 9, B.1), the smallest values obtained
were equal to zero. Similarly, values of m,f for the 2,427 counties of China spanned
a large range of c. 10km? (the most densely populated areas) to c. 680,000 km? (the
Tibetan plateau).

The response of species richness patterns to mg as a function of the
choice of fragmentation geometries

Despite the fact that the FGs used in our analyses were nested, all types of m,y
(MeshFG1-MeshFGb) significantly differed from each other and thus did not contain
any redundant information. Nevertheless, when relating the values of m, s to species
richness of the studied species groups, only MeshFG1 and MeshFG2 were found to
be relevant. These m, s types are based on FGs that include urban-industrial and
traffic areas as well as water bodies and have been frequently used in studies on
landscape fragmentation (cp. Table 5). Thus, even without examining the relationship
of mefr and species richness, many authors have chosen FGs that are meaningful
for biodiversity. The explanatory power of MeshFG2 compared to that of MeshFG1
was slightly higher for all species groups. The inclusion of water bodies into the
FGs used to calculate m,sr seems thus reasonable not only regarding animals, as
proposed by GIRVETZ et al. (2008) and JAEGER et al. (2008), but also when distribution
patterns of vascular plants are investigated. The remaining types of m, ¢ that included
additional land cover classes supposed to have an added effect on the fragmentation
of the landscape, did not explain (or only explained to a small extent) plant species
richness patterns. We suppose that this was caused by the lack of a gradient of 1,/
in MeshFG3 — MeshFGS5; for the majority of grid cells very low values of m,ss were
reported and the frequency distribution thus was extremely skewed to the left. This
results from a country-wide intensive alteration of landscapes in Lower Saxony in
the course of human land use that left only very few (almost) completely forested
landscapes. Similar results could possibly be obtained for other intensively used
landscapes all over Europe. However, if landscapes with a larger amount of (semi-
)natural land cover classes are considered, the inclusion of agricultural areas (arable
fields, managed grasslands) into m,s; calculation may reveal a more differentiated
picture and thus may be more suitable to explain plant species richness. In contrast
to our results, GIRVETZ et al. (2008) who investigated the effect of the inclusion of
agricultural areas into the calculation of m, ¢ in California found these areas to only
affect the degree of fragmentation in locations where extensive agricultural areas were
present. In conclusion, the determination of relevant FGs is an important aspect when
the relationship of landscape fragmentation and biodiversity is analysed.
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Differentiating the effect of ms on species richness for selected plant
groups

The explanatory power of m, ¢ compared to that of abiotic and spatial variables dif-
fered considerably among species groups. Surprisingly, species richness and land-
scape fragmentation were positively correlated for all species groups, with the excep-
tion of threatened species. Thus, species richness was highest in highly fragmented
landscapes and was lowest in little fragmented landscapes.

For richness patterns of neophytes m, s was an exceptionally important factor. That
is not surprising, because alien species are known to be linked to urban habitats
and linear landscape elements and are associated with human activities (e. g. PYSEK,
1998; Roy et al., 1999; DeutrscHEwITZ et al., 2003; HoNNAY et al., 2003; KUHN et al.,
2003; Lirre & Kowarik, 2008). Archaeophytes, in contrast, are frequently found in
rural environments (PYSEK, 1998; DeuTscHEwITZ et al., 2003), particularly in loess
landscapes (KUHN et al., 2003) with a long colonization history (KUsTER, 1999). Today,
most of these areas in our study area are intensively used and highly fragmented
agricultural and/or industrial landscapes. The relation of archaeophyte richness with
loess landscapes and major rivers in Lower Saxony was confirmed by SCHMIEDEL et al.
(2011). As suggested by the high explanatory value of the environmental variables,
areas of high archaeophyte richness are related to environmental conditions rather
than to landscape fragmentation.

Only a very small proportion of native species richness was explained by ¢,
while environmental variables were more important. Even if weak, a negative rela-
tionship between m,sr and species richness was observed for this species group as
well. This finding may be attributed to the fact that urban areas are commonly sit-
uated in naturally diverse ecoregions as shown by KUnN et al. (2004), who found
that geological diversity is associated with areas of urbanisation in Germany. Fur-
thermore, niche availability in urban areas is known to be rather high (DEuTSCHE-
wiITZ et al., 2003; HoNNAY et al., 2003; KUHN et al., 2004; WANIA et al., 2006; LIPPE &
Kowarik, 2008). Possible adverse effects of fragmentation could therefore be masked.

Surprisingly, we found no effect of m,s; on threatened plant species richness pat-
terns. Environmental conditions were better predictors of threatened plant species
richness than was m, Ff- Similar to our results, HoNNAY et al. (2003), who studied the
effect of different landscape indices as predictors for regional plant species richness,
found the effect of landscape fragmentation on the richness of threatened species
to be compensated by high landscape diversity. However, it seems that threatened
species” occurrences are independent of the overall degree of landscape fragmenta-
tion (at least as long as it remains above a certain threshold). Threatened species
are usually closely linked to ecologically valuable, often threatened habitat types. As
discussed for Natura 2000 forest habitat types, characteristic forest species are lim-
ited in their dispersal ability and mostly linked to forests with long habitat continuity
(CuLMSEE et al., 2014). At first, fragmentation may have only little effect on remnant
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populations as long as habitats do not vanish completely, yet the consequences of
an extinction debt might be paid in the future (Kuussaari et al., 2009). However,
the observed result may be an effect of the study scale being too coarse to reveal
the relationship between landscape fragmentation and richness of threatened species
(JacksoN & FaHRIG, 2012). Further studies on different spatial scales are needed to
provide evidence on the latter.

Conclusions

The assessment of landscape fragmentation and approaches for linking fragmented
habitats by corridors are becoming increasingly important in nature conservation pol-
icy in Germany, as well as the rest of Europe (BEN, 2014; EUROPEAN COMMISSION,
2011; BunNDESKABINETT, 2012). The EEA (2011, p. 58) even identified the analysis
of the relationship between the levels of landscape fragmentation and biodiversity
as "one of the most important areas for future research". In this context, measures
of fragmentation are increasingly used to assess the status of a landscape (STRAND
et al., 2007; BMU, 2010). The Effective Mesh Size Mefs is one of the most frequently
applied indices in studies on landscape fragmentation. While many of these studies
have pointed out the ecological relevance of fragmentation in general and m,s; in
particular (JAEGER, 2000; JAEGER et al., 2008; GIRVETZ et al., 2008; L1 et al., 2010), to our
knowledge, until now no landscape-scale study has evaluated the impact of m,.¢s on
species richness. By addressing this issue, our study has contributed to increasing the
understanding of this relationship. We conclude that, as long as relevant fragmenta-
tion geometries for the landscapes under consideration are chosen, 1,¢; can act as a
meaningful measure to explain vascular plant species richness patterns. Out of the
five types of m,sr used in our study, two were found to be relevant for species rich-
ness, both having been used in previous studies (JAEGER et al., 2001; GIRVETZ et al.,
2008; JAEGER et al., 2008). We further conclude that it is important to consider not only
all vascular plant species, but also several smaller species groups. Species included
in these groups should differ in their residence or threat status or in other charac-
teristics in order to obtain more precise results on habitat requirements that facilitate
interpretations.

Because fragmentation is a landscape-scale process, its relationship with biodi-
versity should accordingly be studies at this scale (McGARIGAL & CusHMAN, 2002;
FanRrig, 2003). However, when evaluating 100 and 135 fragmentation studies, respec-
tively, MCGARIGAL & CusHMAN (2002) and FAHRIG (2003) recognised that about 50 %
of all studies were actually conducted at the patch scale. This is obviously related
to the practical difficulties arising from large-scale experiments. Thus, to be able to
study the effects of landscape fragmentation on biodiversity, it is important to de-
velop new methods for their assessment. Our approach avoids such difficulties by
using readily available high-resolution data on land cover and the distribution of vas-
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cular plant species. As such data are becoming increasingly available in more and
more countries (CULMSEE et al., 2014) and because computational power is rapidly
increasing, our approach is easily extendable to other — even larger — study areas.

Further studies are needed to improve our understanding of the relationship of
species richness and landscape fragmentation. The transferability of our results to
other spatial scales should be tested, as well as the applicability of the method to
less human-dominated landscapes. Presumably, effects of landscape fragmentation
on species in highly transformed Central European landscapes differ from those in
more natural landscapes. Thus, further studies are encouraged to bridge the gap be-
tween the assessment of landscape fragmentation, which is methodologically already
advanced, and its relevance to species diversity, which has been rarely tested in the
past.

Acknowledgements

Funding of the project "Identification of indicator species groups of grassland and
forest habitats for biodiversity monitoring and evaluation" by the German Federal
Foundation for the Environment, grant number DBU 26752, is gratefully acknowl-
edged. We would like to thank all volunteers who reported vascular plant species
occurrences in Lower Saxony, and the Lower Saxony Water Management, Coastal
Defence and Nature Conservation Agency (NLWKN) for providing these data. We
thank Laura Sutcliffe for linguistic revision. Petr Smilauer (University of South Bo-
hemia, Ceske Budejovice, Czech Republic) helpfully advised us how to use PCNM
statistics in CANOCO.



5. The influence of landscape fragmentation on richness patterns of plants 121

References

Benrg, K.-E. (2008): Landschaftsgeschichte Norddeutschlands: Umwelt und Siedlung
von der Steinzeit bis zur Gegenwart. Wachholtz, Neumiinster. 300 pp.

Bever, H. L. (2004): Hawth’s Analysis Tools for ArcGIS. URL http://www.
spatialecology.com/index.php.

BFN (BunDEsaMT FUR NATURSCHUTZ) (2014): Zerschneidung — Wiedervernetzung.
URL http:/ /www.bfn.de/0306_zerschneidung.html. Retrieved 03/16/2014.

BMU (BUNDESMINISTERTUM FUR UMWELT, NATURSCHUTZ UND REAKTORSICHER-
HEIT) (2010): Indikatorenbericht 2010 zur Nationalen Strategie zur biologis-
chen Vielfalt. URL http://www.bfn.de/fileadmin/MDB/documents/themen/
monitoring /Indikatorenbericht-2010_NBS_Web.pdf. Retrieved 07/15/2013.

BMU (FEDERAL MINISTRY FOR THE ENVIRONMENT, NATURE CONSERVATION
AND NUCLEAR SAFETY) (2007):  National strategy on biological diver-
sity. URL http:/ /www.bmub.bund.de/fileadmin/bmu-import/files/english/
pdf/application/pdf/broschuere_biolog_vielfalt_strategie_en_bf.pdf. = Retrieved
07/01/2013.

Bonn, U. & NeunAust, R. (2000/2003): Map of the Natural Vegetation of Europe.
Scale 1:2,500,000: Part 1: Explanatory text with CD-ROM; part 2: Legend. Land-
wirtschaftsverlag, Miinster.

Booy, G.; HENDRIKS, R. J. J.; SMULDERS, M. J. M.; GROENENDAEL, J. M. v. & VosMAN, B.
(2000): Genetic diversity and the survival of populations. Plant Biology 2: 379-395.

Borcarp, D. & LEGENDRE, P. (2002): All-scale spatial analysis of ecological data by
means of principal coordinates of neighbour matrices. Ecological Modelling 153: 51—
68.

BORrCARD, D.; LEGENDRE, P.; Avois-JacQUET, C. & Tuomisto, H. (2004): Dissecting the
spatial structure of ecological data at multiple scales. Ecology 85: 1826-1832.

BotaaM, M. S.; RoTtuERY, P.; Hurme, P. E.; Hirr, M. O.; PrestoN, C. D. & Roy,
D. B. (2009): Do urban areas act as foci for the spread of alien plant species? An
assessment of temporal trends in the UK. Diversity and Distributions 15: 338-345.

BoweN, G. W. & BuraGess, R. L. (1981): A quantitative analysis of forest island pattern
in selected Ohio landscapes. ORNL/TM7759. Oak Ridge National Laboratory, Oak
Ridge, Tennessee. 122 pp.

Braak, J.EC.T. & SMILAUER, P. (2002): Canoco reference manual and CanoDraw for
Windows user’s guide: Software for canonical community ordination (version 4.5).
Microcomputer Power, Ithaca. 500 pp.


http://www.spatialecology.com/index.php
http://www.spatialecology.com/index.php
http://www.bfn.de/0306_ zerschneidung.html
http://www.bfn.de/fileadmin/MDB/documents/themen/monitoring/Indikatorenbericht-2010_ NBS_Web.pdf
http://www.bfn.de/fileadmin/MDB/documents/themen/monitoring/Indikatorenbericht-2010_ NBS_Web.pdf
http://www.bmub.bund.de/fileadmin/bmu-import/files/english/pdf/application/pdf/broschuere_biolog_vielfalt_strategie_en_bf.pdf
http://www.bmub.bund.de/fileadmin/bmu-import/files/english/pdf/application/pdf/broschuere_biolog_vielfalt_strategie_en_bf.pdf

122 5. The influence of landscape fragmentation on richness patterns of plants

BUNDESKABINETT (2012): Bundesprogramm Wiedervernetzung: Beschlossen vom
Bundeskabinett am 29. Februar 2012. URL http:/ /www.bmub.bund.de/fileadmin/
bmu-import/files/pdfs/allgemein/application/pdf/bundesprogramm_
wiedervernetzung_bf.pdf. Retrieved 03/16/2014.

Cousins, S. A. O. (2009): Extinction debt in fragmented grasslands: paid or not?
Journal of Vegetation Science 20: 3-7.

Cousins, S. A. O.; OHLsoN, H. & Eriksson, O. (2007): Effects of historical and present
fragmentation on plant species diversity in semi-natural grasslands in Swedish ru-
ral landscapes. Landscape Ecology 22: 723-730.

Curmseg, H. (2013): Biodiversitdt in der mitteleuropdischen Kulturlandschaft. In:
SIEGESMUND, S. & SNETHLAGE, R. (eds.) Naturstein in der Kulturlandschaft, Mit-
teldeutscher Verlag, Halle (Saale). pp. 30-38.

CuLMSEE, H.; ScHMIDT, M.; SCHMIEDEL, I.; SCHACHERER, A.; MEYER, P. & LEUSCHNER,
C. (2014): Predicting the distribution of forest habitat types using indicator species
to facilitate systematic conservation planning. Ecological Indicators 37: 131-144.

DARK, S. J. (2004): The biogeography of invasive alien plants in California: an appli-
cation of GIS and spatial regression analysis. Diversity and Distributions 10: 1-9.

DEeBINsk1, D. M. & Hott, R. D. (2000): A survey and overview of habitat fragmenta-
tion experiments. Conservation Biology 14: 342-355.

DeutscuewITz, K.; LauscH, A.; KUnN, I. & Krotz, S. (2003): Native and alien plant
species richness in relation to spatial heterogeneity on a regional scale in Germany.
Global Ecology and Biogeography 12: 299-311.

DWD (1961-1990): Gridded data sets of long-term area averages in Germany: Reso-
lution 1 km?: Updated 05 May 2009.

EEA (EurOPEAN ENVIRONMENT AGENCY) (2011): Landscape fragmentation in Eu-
rope: Joint EEA-FOEN report, EEA Report, vol. 2. URL http://www.eea.europa.
eu/publications/landscape-fragmentation-in-europe. Retrieved 05/15/2013.

ESRI Inc. (2002): ArcGIS-ArcView 3.3.
ESRI Inc. (2007): ArcGis-ArcInfo 9.2.

EsswelN, H. & ScHwARzZ-vON RaumEr, H.-G. (2004): Analyse der Landschaftsz-
erschneidung in Hessen. Endbericht im Auftrag des Hessischen Landesamtes
fir Umwelt und Geologie. URL http://www.hlug.de/fileadmin/dokumente/
nachhaltigkeit/landzerschneidung.pdf. Retrieved 05/10/2013.


http://www.bmub.bund.de/fileadmin/bmu-import/files/pdfs/allgemein/application/pdf/bundesprogramm_ wiedervernetzung_bf.pdf
http://www.bmub.bund.de/fileadmin/bmu-import/files/pdfs/allgemein/application/pdf/bundesprogramm_ wiedervernetzung_bf.pdf
http://www.bmub.bund.de/fileadmin/bmu-import/files/pdfs/allgemein/application/pdf/bundesprogramm_ wiedervernetzung_bf.pdf
http://www.eea.europa.eu/publications/landscape-fragmentation-in-europe
http://www.eea.europa.eu/publications/landscape-fragmentation-in-europe
http://www.hlug.de/fileadmin/dokumente/nachhaltigkeit/landzerschneidung.pdf
http://www.hlug.de/fileadmin/dokumente/nachhaltigkeit/landzerschneidung.pdf

5. The influence of landscape fragmentation on richness patterns of plants 123

Esswein, H. & ScHwARrz-vON RauMERr, H.-G. (2006): Darstellung und Anal-
yse der Landschaftszerschneidung in Bayern. Endbericht im Auftrag des Bay-
erischen Landesamtes fiir Umweltschutz. URL http://www.lfu.bayern.de/natur/
landschaftszerschneidung /unzerschnittene_raeume/doc/bericht_l1z_bz_06.pdf.

EuroPEAN CommiIssiON (2011): Our life insurance, our natural capital: an EU bio-
diversity strategy to 2020: Communication from the commission to the European
parliament, the council, the economic and social committee and the committee of
the regions. URL http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:
52011DC0244. Retrieved 05/16/2013.

EweRrs, R. M. & DipHAM, R. K. (2006): Confounding factors in the detection of species
responses to habitat fragmentation. Biological Reviews 81: 117-142.

FanRrig, L. (2003): Effects of habitat fragmentation on biodiversity. Annual Review of
Ecology, Evolution, and Systematics 34: 487-515.

FGSV (FORSCHUNGSGESELLSCHAFT FUR STRASSEN- UND VERKEHRSWESEN) (1996):
Richtlinien fiir die Anlage von Strafien, Teil: Querschnitte (RAS-Q 96).

ForMmaN, R. T. T. (1995): Land mosaics: The ecology of landscapes and regions. Cam-
bridge Univ. Press, Cambridge. 632 pp.

GARVE, E. (2004): Rote Liste und Florenliste der Farn- und Bliitenpflanzen in Nieder-
sachsen und Bremen. Informationsdienst Naturschutz Niedersachsen 24: 1-76.

GARrvE, E. (2007): Verbreitungsatlas der Farn- und Bliitenpflanzen in Niedersachsen
und Bremen. Naturschutz und Landschaftspflege in Niedersachsen 43: 1-507.

GHARADJEDAGHI, B.; HEmMANN, R.; LENz, K.; MARTIN, C.; PIEPER, V., ScHULZ, A.;
VaHABZADEH, A.; FINCK, P. & RIeckeN, U. (2004): Verbreitung und Gefdhrdung
schutzwiirdiger Landschaften in Deutschland. Natur und Landschaft 79: 71-81.

Girverz, E. H.; THORNE, J. H.; BERRY, A. M. & JAEGER, J. A. G. (2008): Integration of
landscape fragmentation analysis into regional planning: A statewide multi-scale
case study from California, USA. Landscape and Urban Planning 86: 205-218.

Harva, Y. (2002): A conceptual genealogy of fragmentation research: From island
biogeography to landscape ecology. Ecological Applications 12: 321-334.

HerwMm, A.; HaNskg, 1. & PARTEL, M. (2006): Slow response of plant species richness to
habitat loss and fragmentation. Ecology Letters 9: 72-77.

Honnay, O.; JacQuemyn, H.; Bossuyt, B. & HErmy, M. (2005): Forest fragmentation
effects on patch occupancy and population viability of herbaceous plant species.
New Phytologist 166: 723-736.


http://www.lfu.bayern.de/natur/landschaftszerschneidung/unzerschnittene_raeume/doc/bericht_lz_bz_06.pdf
http://www.lfu.bayern.de/natur/landschaftszerschneidung/unzerschnittene_raeume/doc/bericht_lz_bz_06.pdf
http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52011DC0244
http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52011DC0244

124 5. The influence of landscape fragmentation on richness patterns of plants

HonnNay, O.; PiesseENs, K.; LaANpuyt, W. v.; HERMY, M. & GuLINcK, H. (2003): Satellite
based land use and landscape complexity indices as predictors for regional plant
species diversity. Landscape and Urban Planning 63: 241-250.

Jackson, H. B. & FAHRIG, L. (2012): What size is a biologically relevant landscape?
Landscape Ecology 27: 929-941.

JAEGER, ]J. A. G. (2000): Landscape division, splitting index, and effective mesh size:
New measures of landscape fragmentation. Landscape Ecology 15: 115-130.

JAEGER, J. A. G.; BERTILLER, R.; Scawick, C.; MULLER, K.; STEINMEIER, C.; EWALD,
K. C. & GHAzOUL, ]. (2008): Implementing landscape fragmentation as an indicator
in the Swiss Monitoring System of Sustainable Development (MONET). Journal of
Environmental Management 88: 737-751.

JAEGER, J. A. G.; EsswgIN, H.; SCHWARZ-vON RAUMER, H.-G. & MULLER, M. (2001):
Landschaftszerschneidung in Baden-Wiirttemberg. Naturschutz und Landschaftspla-
nung 33: 1-13.

Krotz, S.; KUnN, I. & Durka, W. (2002): BIOLFLOR - Eine Datenbank zu biologisch-
okologischen Merkmalen der GefafSpflanzen in Deutschland. Schriftenreihe fiir Veg-
etationskunde 38: 1-334. URL http:/ /www.biolflor.de.

KoL, A. (2008): Habitat fragmentation reduces plant fitness by disturbing pollination
and modifying response to herbivory. Biological Conservation 141: 2540-2549.

Krausg, B. & CuLmseg, H. (2013): The significance of habitat continuity and current
management on the compositional and functional diversity of grasslands in the
uplands of Lower Saxony, Germany. Flora 208: 299-311.

Krausg, B.; CuLmskeg, H.; WescHE, K.; BERGMEIER, E. & LEUscHNER, C. (2011): Habitat
loss of floodplain meadows in north Germany since the 1950s. Biodiversity and
Conservation 20: 2347-2364.

Krauss, J.; BomMmAaRrco, R.; Guarpiora, M.; HEIKKINEN, R. K.; HELM, A.; KUUSSAARI,
M.; LINDBORG, R.; OcCKINGER, E.; PARTEL, M.; PiNO, J.; POYRY, J.; RAATIKAINEN,
K. M.; Sang, A.; STEFANEScU, C.; TEDER, T.; ZoBEL, M. & STEFFAN-DEWENTER, [.
(2010): Habitat fragmentation causes immediate and time-delayed biodiversity loss
at different trophic levels. Ecology Letters 13: 597-605.

Kunn, I; BranDL, R. & Krorz, S. (2004): The flora of German cities is naturally
species rich. Evolutionary Ecology Research 6: 749-764.

Kunn, I; BRanpL, R; May, R. & Krorz, S. (2003): Plant distribution patterns in
Germany - Will aliens match natives? Feddes Repertorium 114: 559-573.


http://www.biolflor.de

5. The influence of landscape fragmentation on richness patterns of plants 125

KUsTER, H. (1999): Geschichte der Landschaft in Mitteleuropa: Von der Eiszeit bis zur
Gegenwart. Beck, Miinchen. 423 pp.

Kuussaari, M.; BomMmarco, R.; HEIKKINEN, R. K.; HELM, A.; KraUss, J.; LINDBORG,
R.; OcxINGER, E.; PARTEL, M.; PINO, J.; RopA, E; STEFANEScU, C.; TEDER, T.; ZOBEL,
M. & STEFFAN-DEWENTER, 1. (2009): Extinction debt: a challenge for biodiversity
conservation. Trends in Ecology & Evolution 24: 564-571.

LBEG (LANDEsAMT FUR BERGBAU, ENERGIE UND GEOLOGIE) (2003): Digitale Bo-
denkundliche Ubersichtskarte 1: 50 000 (BUK50).

LEGENDRE, P. & LEGENDRE, L. (2012): Numerical ecology. 3 edn. Elsevier, Amsterdam
and Boston. 990 pp.

LruscHNER, C.; WEscHE, K.; MEYER, S.; KraUsg, B.; STEFFEN, K.; BECKER, T. & CUuLM-
seg, H. (2013): Verdnderungen und Verarmung in der Offenlandvegetation Nord-
deutschlands seit den 1950er Jahren: Wiederholungsaufnahmen in Ackern, Griin-
land und Fliefsgewdssern. Berichte der Reinhold-Tiixen-Gesellschaft 25: 166-182.

LGN (LANDESVERMESSUNG UND (GEOBASISINFORMATION INIEDERSACHSEN) (2008):
Amtliches Topographisch-Kartographisches InformationsSystem (ATKIS): Updated
17 December 2008.

L1, T.; SHiLLING, F,; THORNE, J. H.; L1, E; Scuott, H.; BoynTON, R. & BERRY, A. M.
(2010): Fragmentation of China’s landscape by roads and urban areas. Landscape
Ecology 25: 839-853.

Lirrg, M. v. D. & KowaRik, 1. (2008): Do cities export biodiversity? Traffic as dispersal
vector across urban-rural gradients. Diversity and Distributions 14: 18-25.

McCunE, B. & KeoN, D. (2002): Equations for potential annual direct incident radia-
tion and heat load. Journal of Vegetation Science 13: 603-606.

McGariGcar, K. (2014): Fragstats help. URL http://www.umass.edu/landeco/
research/fragstats/documents/fragstats.help.4.2.pdf. Retrieved 03/02/2014.

McGariGaL, K. & CusamaN, S. A. (2002): Comparative evaluation of experimental
approaches to the study of habitat fragmentation effects. Ecological Applications 12:
335-345.

McGariGat, K.; CusamaN, S. A.; NeeL, M. C. & ENE, E. (2002): FRAGSTATS: Spatial
pattern analysis program for categorical maps. Version 3. URL www.umass.edu/
landeco/research/fragstats/fragstats.html.

MOsER, B.; JAEGER, J. A. G.; TAPPEINER, U.; TassER, E. & Eisert, B. (2007): Modifica-
tion of the effective mesh size for measuring landscape fragmentation to solve the
boundary problem. Landscape Ecology 22: 447—-459.


http://www.umass.edu/landeco/research/fragstats/documents/fragstats.help.4.2.pdf
http://www.umass.edu/landeco/research/fragstats/documents/fragstats.help.4.2.pdf
www.umass.edu/landeco/research/fragstats/fragstats.html
www.umass.edu/landeco/research/fragstats/fragstats.html

126 5. The influence of landscape fragmentation on richness patterns of plants

NLFB (NIEDERSACHSISCHES LANDESAMT FUR BODENFORSCHUNG) (1997): Boden in
Niedersachsen, Teil 1: Bodeneigenschaften, Bodennutzung und Bodenschutz. URL
http:/ /www.lbeg.de/extras/nlfbook/html/nds_main.htm. Retrieved 07/09/2010.

Nosis, M. P.; JAEGER, ]. A. G. & ZiIMMERMANN, N. E. (2009): Neophyte species richness
at the landscape scale under urban sprawl and climate warming. Diversity and
Distributions 15: 928-939.

OKSANEN, J.; BLANCHET, F. G.; KINDT, R.; LEGENDRE, P.; MiNcHIN, P. R.; O'Hara, R. B;
SmmpsoN, G. L.; Sorymos, P.; HENRY, M.; STEVENS, H. & WAGNER, H. (2012): vegan:
Community Ecology Package. URL http://CRAN.R-project.org/package=vegan.

OOSTERMEDER, J. G. B.; VANECK, M. W. & DENNTys, J. C. M. (1994): Offspring fit-
ness in relation to population size and genetic variation in the rare perennial plant
species Gentiana pneumonanthe (Gentianaceae). Oecologia 97: 289-296.

PArks, S. (2004): ArcScript Heat Load Index. URL http:/ /arcscripts.esri.com/details.
asp?dbid=13368. Retrieved 12/18/2010.

Poscurop, P.; BoNN, S.; KIEFERN, S.; FiscHER, S.; FucHs, A.; JACKEL, A.-K.; LILIEN-
THAL, D. & TrRANKLE, U. (1997): Die Ausbreitung von Pflanzenarten und -
populationen in Raum und Zeit am Beispiel der Kalkmagerrasen Mitteleuropas.
Berichte der Reinhold-Tiixen-Gesellschaft 9: 139-157.

PySEK, P. (1998): Alien and native species in Central European urban floras: a quanti-
tative comparison. Journal of Biogeography 25: 155-163.

R DeveLorMENT CORE TEAM (2012): R: A language and environment for statistical
computing. URL http://www.R-project.org.

RoDRIGUEZ-LoINAZ, G.; AMEZAGA, I. & ONAINDIA, M. (2012): Does forest fragmenta-
tion affect the same way all growth-forms? Journal of Environmental Management 94:
125-131.

Roy, D. B.; HiLr, M. O. & ROTHERY, P. (1999): Effects of urban land cover on the local
species pool in Britain. Ecography 22: 507-515.

ScHMIEDEL, I.; SCHACHERER, A.; Hauck, M.; Scamipt, M. & Curmseg, H. (2011):
Verbreitungsmuster der Farn- und Bliitenpflanzen in Niedersachsen und Bremen
unter Berticksichtigung ihres Einbiirgerungsstatus und ihrer Gefadhrdungssituation.
Tuexenia 31: 211-226.

StoaTE, C.; BoaTMAN, N.; BorrALHO, R.; CarRvaLHO, C. R.; SN0O, G. R. D. & EDEN,
P. (2001): Ecological impacts of arable intensification in Europe. Journal of Environ-
mental Management 63: 337-365.


http://www.lbeg.de/extras/nlfbook/html/nds_ main.htm
http://CRAN.R-project.org/package=vegan
http://arcscripts.esri.com/details.asp?dbid=13368
http://arcscripts.esri.com/details.asp?dbid=13368
http://www.R-project.org

5. The influence of landscape fragmentation on richness patterns of plants 127

STRAND, H.; HOFT, R.; STRITTHOLT, J.; MILES, L.; HORNING, N.; FOSNIGHT, E. & TURNER,
W. (2007): Sourcebook on remote sensing and biodiversity indicators. 203 pp.

TiLmaN, D.; May, R. M,; LEamAN, C. L. & Nowak, M. A. (1994): Habitat destruction
and the extinction debt. Nature 371: 65-66.

TscHARNTKE, T.; KLEIN, A. M.; KRUESS, A.; STEFFAN-DEWENTER, 1. & TaiEs, C. (2005):
Landscape perspectives on agricultural intensification and biodiversity - ecosystem
service management. Ecology Letters 8: 857-874.

Vos, W. & MEEkEs, H. (1999): Trends in European cultural landscape development:
perspectives for a sustainable future. Landscape and Urban Planning 46: 3-14.

Warz, U. (2005): Landschaftszerschneidung in Grenzrdumen - Sachsen und die
Sachsisch-Bohmische Schweiz. GAIA 14: 171-174.

WaN1a, A.; KUnN, I & Krorz, S. (2006): Plant richness patterns in agricultural and
urban landscapes in Central Germany - spatial gradients of species richness. Land-
scape and Urban Planning 75: 97-110.

Young, A. G. & CLARKE, G. M. (2000): Genetics, demography and viability of frag-
mented populations. Cambridge University Press, Cambridge. 460 pp.

ZIMBRES, B.; FurTtaADO, M. M.; JAcomo, A. T. A.; SILVEIRA, L.; SOLLMANN, R.; TOR-
RES, N. M.; MacHADO, R. B. & MARINHO-FILHO, ]. (2013): The impact of habitat
fragmentation on the ecology of xenarthrans (Mammalia) in the Brazilian Cerrado.
Landscape Ecology 28: 259-269.






Plant species richness along a gra-
dient of landscape modification

Schmiedel, I.; Bergmeier, E. & Culmsee, H.: Plant species
richness along a gradient of landscape modification in
Lower Saxony, Germany. Submitted to journal.



130 6. Plant species richness along a gradient of landscape modification

Abstract

Several concepts of landscape modification, landscape naturalness and hemeroby
have been put forward to quantify the extent of human activities and impact on land-
scapes. However, despite numerous studies on the human influence on landscapes,
the relationship between these concepts and biodiversity has rarely been tested. On
a grid of 1386 lat/long cells (landscape units, c. 30 km?) we used simple informa-
tion on land cover and easily measurable landscape metrics to identify a gradient of
landscape modification for the model region of Lower Saxony, Germany. We linked
the gradient of landscape modification intensity to richness patterns of eight groups
of vascular plants that were aggregated using residence and threat status and habitat
preferences of the species.

K-means cluster analysis revealed a gradient of six landscape modification levels
ranging from highly-fragmented urban landscapes to little-fragmented landscapes
with large proportions of forest. Richness of all species groups differed significantly
along the gradient. For the total and native species pools, for forest, low-nutrient
indicating and threatened plants richness peaked at both ends of the modification
intensity gradient. For neophytes, urban plants and high-nutrient indicators, richness
decreased along the gradient from urbanised to less modified landscapes.

Due to its simplicity and coarse scale, our approach may easily be applied to
other study areas without comprehensive data on land cover. Furthermore, follow-
ing proper interpretation by experts, it can be used to identify and preselect priority
landscapes for nature conservation planning.

Keywords

Landscape metrics; diversity; hemeroby; landscape naturalness; neophytes; urbanisa-
tion
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Introduction

Over recent decades, tremendous man-induced changes in land cover, increasing
landscape fragmentation, degradation and intensification have occurred in landscapes
all over Europe (BAsTiAN & BERNHARDT, 1993; MEEUS, 1995; STOATE et al., 2001; MAN-
DER et al., 2004; FoLEy et al., 2005; WEscHE et al., 2012). Such landscape modifica-
tions have already led to large losses in (semi-)natural vegetation, biodiversity and
ecosystem functions (VEAC, 2010) and are expected to cause even more losses in the
future (SArA et al., 2000). Researchers have developed ideas on 'landscape modifica-
tion' (FOrRMAN & GODRON, 1986) and the related concepts of 'landscape naturalness'
(MacnHADO, 2004; LuirA & SEPP, 2009; WINTER et al., 2010), 'hemeroby' (Sukorr, 1976;
Kowarixk, 1988; GRABHERR et al., 1998; STEINHARDT et al., 1999, WRBKA et al., 2004;
WALz & STEIN, 2014), 'urbanity’ (HiLL et al., 2002; WrBKA et al., 2004) and 'degree of
culturalness' (JANSEN et al., 2009) that are used to quantify the degree of modification
a landscape has experienced. For plant species, qualifying indices are available that
are based on the concepts of hemeroby (i. e., estimating the degree of human influence
on the plant’s environment) or urbanity (i.e., strength of association with urban en-
vironments) (Jaras, 1955; KLorz & KUnN, 2002). Despite the vast number of studies
exploring concepts of landscape modification or investigating human influences on
biodiversity, the relationship between the two has rarely been tested directly at large
scales (but see NABE-NIELSEN et al., 2010 for animal populations). Systematic studies
on biodiversity patterns in modified landscapes are, however, urgently needed to as-
sess overall effects of human impact on biodiversity and to support landscape-scale
conservation planning (DAILry, 2001; FISCHER & LINDENMAYER, 2007).

There are numerous approaches to quantify the magnitude of deviation from the
natural state of a landscape. While some authors have based their assessment of the
landscape status solely on land cover data (STEINHARDT et al., 1999), others used mul-
tiple parameters to describe the degree of hemeroby (GRABHERR et al., 1998; WINTER
et al., 2010; WALz & STEIN, 2014) or naturalness (LitRA & Sepp, 2009; WINTER et al.,
2010) of a landscape. Most of these studies were conducted for forest habitats, but
WALz & STEIN (2014) developed an indicator of hemeroby applicable to the whole
of Germany. The authors used high-resolution data on land cover and spatial infor-
mation on the potential natural vegetation to derive the degree of hemeroby. They
assigned the land cover categories to seven levels of hemeroby and calculated land-
scape hemeroby for various reference units.

Most studies on the hemeroby, naturalness or modification of a landscape or
biotope are dependent on extensive field data and/or other detailed information. For
many countries, such comprehensive data are not available. To avoid this problem,
land cover data (either directly taken from existing digital landscape models or
derived from remote sensing approaches) might prove suitable for the assessment
of landscape modification and its relation to biodiversity. STEINHARDT et al. (1999,
p. 2) considered data on land use/land cover as the "interface between the natural



132 6. Plant species richness along a gradient of landscape modification

conditions of the landscape and the influence of man". These data are "attainable
within a reasonable time and with reasonable effort" (as demanded by MacHADO,
2004, p. 100). Various landscape metrics based on land cover data have been used
to describe and quantify changes in landscape patterns and the composition and
configuration of landscapes (Luck & Wu, 2002; YU & Ng, 2006; OLsEN et al., 2007).
Landscape parameters found to decrease when landscape modification increases
are the amount of (semi-)natural land cover types (henceforth LCTs), as well as
the average sizes of habitat patches (FORMAN & GODRON, 1986; MILLER et al., 1997;
Moskr et al., 2002). As patch sizes decrease, habitats are subdivided into smaller
fragments, patch numbers increase and core area sizes decrease. These processes may
reduce the connectivity of patches, increase isolation between suitable habitats and
enhance edge effects (HARPER et al., 2005; Mascarua Lorez et al., 2006). Depending
on the quality of the LCT under consideration, such landscape changes can either be
interpreted as increasing the structural diversity of the landscape or increasing its
subdivision (LANG & BrAscHKE, 2007).

Several studies have investigated the relationship between some of the above men-
tioned parameters and biota. KErRr & DEGUISE (2004) and FISCHER & LINDENMAYER
(2007) reported that native species benefit from the presence of natural vegetation
and suggested that a decrease in the amount and size of natural habitat patches (i.e.,
an increase in the fragmentation of the habitat) provokes a decrease in native species
richness. In contrast, many alien species are associated with human activities and
commonly linked to urban habitats and to linear landscape elements. They may thus
benefit from the modification of the landscape (e. g. DEuTscHEWITZ et al., 2003; Hon-
NAY et al., 2003; KUHN et al., 2003). Generally, high habitat heterogeneity was found
to be linked to large numbers of both native and alien species (DEUTSCHEWITZ et al.,
2003).

As ForMAN & GODRON (1986, p. 286) pointed out, it is "neither possible nor
useful” to separately consider the various types of human influence when evaluating
the status of a landscape. Instead, the combined effects of all human influences
visible at the landscape scale should be taken into account. In doing so, landscapes
can be arranged along a 'landscape modification gradient'. In their well-known
text on landscape ecology, FORMAN & GODRON (1986) proposed a 5-level concept
on landscape modification ranging from natural to urban landscapes. Inspired by
this idea, our aim was to analogously identify a gradient of landscape modification
intensity based on simple information on land cover and easily measurable landscape
metrics. We aimed to link the modification gradient to richness patterns of vascular
plant species that were available as presence data on latitude/longitude grid cells
covering the complete study area. We used LCTs that captured large proportions of
the landscape and were easy to identify using remote sensing approaches. In contrast
to WALz & STEIN (2014), our analysis does not make any a priori statements about
the naturalness or hemeroby of the LCTs under consideration. In the analysis, we
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used the total number of vascular plant species reported for the study area as well
as seven sub-groups of species aggregated using their residence and threat status as
well as information on habitat preferences.

We hypothesised:

¢ Based on landscape metrics used to assess the composition and configuration
of a landscape, clusters of landscapes with similar characteristics can be differ-
entiated. These can be placed along a gradient of landscape modification, as
proposed by FORMAN & GODRON (1986), spanning from (semi-)natural (mostly
forested) to urbanised landscapes.

¢ The landscape clusters are meaningful for vascular plant species richness, i.e.,
species numbers vary significantly along the gradient of landscape modification
intensity.

* Species numbers of different vascular plant species groups show different pat-
terns along the gradient of landscape modification intensity.

Material & Methods

Study area

The study was carried out in the German federal state of Lower Saxony (c. 47,500 km?,
Fig. 6.1a). As landscape formation history and natural environmental configuration,
colonisation history and current land use vary widely across the state, Lower Saxony
harbours a large number of different habitat types.

The coastal area in the north of Lower Saxony was formed in the Holocene. It
comprises the Wadden Sea, its islands and salt marshes, the estuaries of the three
largest rivers of Lower Saxony (Ems, Weser and Elbe) as well as impoldered former
tidal wetlands. The latter are today mainly covered by grasslands, croplands and
urban areas (DRACHENFELS, 2010).

The lowlands were formed during the Pleistocene and harbour various types of
landscapes, ranging from intensively managed agricultural landscapes in the west to
wooded landscapes in the east.

The uplands in the south have Mesozoic and Palaeozoic bedrock and display high
landscape heterogeneity. The landscape of the less elevated parts of this area is char-
acterised by a mosaic of croplands, grasslands and various forests, while the higher
elevations in the southeast (Harz Mountains) are largely covered by forests.

The largest cities of Lower Saxony are Hanover and Braunschweig, both situated at
the border of the lowland and upland areas, followed by Oldenburg in the northern
lowlands and Osnabriick in the western uplands.

From the coast in the north to the Harz Mountains in the southeast, elevation ranges
from 0-971m a.sl.. From the northwest to the east, the climate gradually changes
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from oceanic (mean annual precipitation up to 900 mm) to suboceanic-subcontinental
(c. 550 mm; NLfB, 1997).

Lower Saxony was selected as model region because of its high landscape diversity
and because the area is covered by a completed mapping program on the distribution
of vascular plants with a resolution of c. 30 km? (GARVE, 2007).

Landscape composition and configuration

Following the grid system of the topographical maps, the study area was subdivided
into a regular grid of 1739 cells sized c. 5.5 x 5.5km? (30 km?; Fig. 6.1a). The 353 grid
cells situated at the border of the state that only partially covered the study area and
a further three grid cells completely covered by water bodies were omitted. Thus, a
total of 1383 grid cells remained in the analysis; in the following each of these will be
treated as a landscape unit.

Landscape composition and configuration were derived from a digital landscape
model (DLM; LGN, 2008) of Lower Saxony. The DLM vector data were categorised in
eight LCTs (traffic, urban and industrial areas, water bodies, forests, grasslands, crop-
lands, and an additional class that summarizes all remaining landscape elements)
and then transformed to raster format with a resolution of 25 m2. Thirty different
landscape metrics (Table 6) were calculated for each of the 1383 landscape units using
Fragstats 3.3 (McGARIGAL et al., 2002). Ten of these indices describe landscape com-
position; the remaining 20 indices depict different aspects of landscape configuration.

We calculated the proportion of each LCT per landscape unit (Percentage of Land-
scape, PLAND). The diversity at the landscape level was assessed using the Shannon
Diversity Index (SHDI). The latter takes into account all LCTs present in the land-
scape as well as their extent and is especially sensitive to the presence of rare LCTs
(McGARIGAL et al., 2002).

The Effective Mesh Size Index (MESH) was used as an indicator to quantify the degree
of fragmentation of a landscape unit. For its calculation, landscape elements that can
act as barriers in the landscape (fragmentation geometries) have to be designated. In
a previous analysis (SCHMIEDEL & CULMSEE, submitted), urban, industrial and traffic
areas as well as water bodies were identified as suitable fragmentation geometries
for the prediction of plant species richness. Thus, these LCTs were also used in the
present study.

To capture average patch sizes, the Area-weighted Mean Patch Size Index (AREA_AM)
was assessed. Together with the Number of Patches (NP), it supports assumptions
about the fragmentation of a LCT and thus adds information to the general trend
that can be derived from MESH. Patch complexity was evaluated using the Area-
weighted Mean Shape Index (SHAPE_AM). Both, AREA_AM as well as SHAPE_AM
were calculated on the landscape scale (i.e., averaged over all LCTs) as well as on
the LCT level for forest, grassland and cropland areas, respectively; the number of
patches was calculated for forest, grassland and cropland areas only.
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Figure 6.1: (a) The state of Lower Saxony, Germany, with its three major landscape compo-
nents: coast, lowlands and uplands. The 1383 landscape units (size c. 5.5 x 5.5 km? or 30 km?)
display the basic mapping units of the vascular plant survey program and represent the land-
scape units used in this analysis. Hatched grid cells were not considered in the analysis.
(b) Distribution of landscape units included in clusters A to F in Lower Saxony. Maps with
Transverse Mercator projection, Germany Zone 3 ("Deutsches Hauptdreiecksnetz").

Edge length was assessed using the Total Edge Index (TE) that sums up all edges a
particular LCT shares with other LCTs.

As a measure for the isolation or rather connectivity of the patches of a LCT the
Mean Proximity Index (PROX_MN) was assessed. It is calculated by considering size
and distance of all neighbouring patches of the same type; the distance within patches
that should be regarded as 'connected' has to be specified by the user ('search radius’;
i.e.,, 100 m in the present analysis). It should be noted that only landscape con-
nectivity and not habitat and ecological connectivity was assessed (cp. FisCHER &
LINDENMAYER, 2007). TE and PROX_MN were calculated on the LCT level for forest,
grassland and cropland areas, respectively.

For the LCT 'forest' the Total Core Area Index (TCA) and the Mean Core Area Index
(CORE_MN) were assessed. The former measures the total amount of undisturbed
core habitat after a user-specified edge buffer (i.e., 100 m in the present analysis) is
eliminated (McGARIGAL et al., 2002). Analogously, CORE_MN quantifies the average
amount of undisturbed core habitat in the landscape.
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To improve statistical normality, the proportions of LCTs as well as the values ob-
tained for AREA_AM and PROX_MN were log-transformed prior to the analysis. All
landscape metrics were standardised to z-scores, because the range of values of the
different indices strongly differed.

Landscape metrics were tested for correlation amongst each other using Spear-
man’s rank correlation coefficient p. Highly correlated variables (Spearman’s p >
10.71;i.e., 15 variables, see Table 6) were excluded from the further analysis, whereas
the simple landscape composition metrics were preferred over the more complex in-
dices of landscape configuration. In total, 15 landscape metrics remained in the anal-
ysis (Table 6).

Cluster analysis

Based on the 15 standardised landscape metrics, k-means clustering was applied to
pool those landscape units with a similar landscape composition and configuration.
The k-means analysis groups entities according to the similarity of their attributes. It
was performed using the 'kmeansruns' function from 'fpc' package (HENNING, 2014)
in R version 2.15.2 (R DEVELOPMENT CORE TEAM, 2012). The function initialises the
k-means algorithm several times using different starting points. The number of runs
as well as the number of iterations was set to 100. The function estimates the optimal
number of clusters by considering the average silhouette width criterion. The latter
provides a measure of how well each landscape unit lies within the cluster it was
assigned to. The index ranges between +1 (well clustered) and —1 (poorly clustered)
(Brock et al., 2008). The number of clusters to be compared was set to a minimum of
5 and a maximum of 20 clusters.

To determine the main gradient underlying the clusters, a PCA on the standardised
variables was performed in R (function ‘prcomp' in the 'stats' package). Clusters were
sorted by the variable with most influence on the data set (i. e., prop_urban).

Species numbers per cluster

Plant species records were obtained from the data base of the vascular plant sur-
vey program of Lower Saxony (NLWKN 1982-2003) that holds information about the
presence/absence of all vascular plant species occurring in the aforementioned 30 km?
landscape units (GARVE, 2007).

In the analysis, we used the total number of 1594 vascular plant species reported
for the study area as well as seven sub-groups of species aggregated according to
their residence status, their threat status and their association with particular habitats
(Table 6.2). Threatened species were identified using the Red List of Lower Saxony
(GARVE, 2004). Native species were distinguished from established neophytes (KLoTz
et al., 2002). Forest species (ScHMIDT et al., 2011) were selected because they are
habitat specialists that usually do not occur outside of forests. Among the eight LCTs
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Table 6.2: Total number of vascular plant species of Lower Saxony, Germany, and the number
of species of seven sub-groups distinguished by residence status, threat status and habitat
preferences. Species groups were overlapping to some extent (cp. Table A.8 in Appendix A).

No. Species group Definition Numbers
of species

Total vascular plant flora

1 All species Total number of plant species recorded for Lower 1594
Saxony“'b

Residence status

2 Native species Species native to Lower Saxony’* 1297
3  Established neophytes Species not native to Lower Saxony, established 16th 143
century or later*

Threat status

4  Threatened species Red-listed species (threat status 1, 2, 3, G, R)¢ 538
Habitat preferences

5  Forest species Species linked to forest habitats® 197
6  Urban species Species linked to urban habitats/ 68
7 EIV species N 1-3 Species of nutrient-poor sites® 474
8  EIV species N 7-9 Species of nutrient-rich sites” 306

4 NLWKN (1982-2003); b Garve (2007); © Krotz et al. (2002); 4 GARVE (2004); ¢ Categories 1.1 and 1.2, ScaMIDT et al. (2011); f "Urbanity", categories
4 and 5, KLotz et al. (2002); 8 Ellenberg indicator value for nutrients (N) 1-3, BEN (2013); h Ellenberg indicator value for nutrients (N) 7-9, BEN (2013).

of our analysis, we considered forests representing areas least influenced by humans.
Following Krotz et al. (2002), a group of urban species linked to settlements was de-
fined (urbanity index 4 and 5). As eutrophication is one of the most important threats
for temperate European ecosystems (Disg, 2011), two further species groups were
assembled based on their association with nutrient-rich (Ellenberg Indicator Values,
EIV N 7-9) and nutrient-poor habitats (EIV N 1-3), respectively (BEN, 2013). Species
groups were overlapping to some extent (see Table A.8 in Appendix A). Subspecies
were pooled to the corresponding species and species to the relevant aggregate of
species if these were present in the data base.

Mean numbers of the total number of species reported for Lower Saxony and of the
seven sub-groups were calculated per cluster. To test for significant differences be-
tween species numbers of the different clusters, a non-parametric Kruskal-Wallis test
was performed in R. Multiple comparisons were made using the 'pgirmess' package
(GirauDOUX, 2013) at a 5 % significance level.
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Results

Clusters of landscape modification intensity

K-means clustering of the 1383 landscape units resulted in six clusters of varying size.
The smallest cluster (F) comprised 90 and the largest cluster (D) 389 landscape units
(Table 6.3). The average silhouette width value of 0.16 obtained for our six clusters
indicated a higher similarity within clusters than between neighbouring clusters. Al-
though this value was relatively low, the clusters were nevertheless well interpretable.

The results of PCA (Table 6.4) suggested that the most important landscape metric
was the proportion of urban areas (prop_urban). Further variables highly correlated
with PCA axis 1 were the Effective Mesh Size Index (meshsize) and the Area-Weighted
Mean Patch Size Index averaged over all patches of all LCTs in the landscape units
(all_AreaAm).

The six clusters showed the following features (see Table 6.3):

Cluster A contained only 131 landscape units (9 % of the total number of investi-
gated landscape units) and was characterised by an extremely high landscape frag-
mentation (very low meshsize, low area-weighted mean patch size). Compared to
the other clusters, the patches in this cluster showed very high landscape diversity
(all_SHDI). Most parts of these landscapes were made up by urban-industrial and
traffic areas, thus the landscape units included mainly large cities (Fig. 6.1b).

Cluster B, the second largest cluster in the analysis (28 % of the landscapes units),
was characterised by medium to high landscape fragmentation (low meshsize, low
area-weighted mean patch size) and medium to high landscape diversity. All LCTs
occurred at medium proportions. Forests, grasslands and croplands were each repre-
sented by a large number of patches suggesting relatively small but numerous patches
(i.e., highly fragmented). Landscape units of this cluster were dispersed all over
Lower Saxony (Fig. 6.1b).

Cluster C, representing 11 % of the landscape units, was characterised by numer-
ous grassland patches, very large proportions of grassland and water bodies and low
to very low proportions of forest and cropland. Landscape diversity as well as land-
scape fragmentation occurred at medium magnitude. The complexity of patches in
the landscape was very high. Landscape units of this cluster were — with only few
exceptions — mainly located in coastal and subcoastal areas and in the north-western
lowlands (Fig. 6.1b).

Cluster D, the largest cluster in the analysis (28 % of the landscapes units), was
dominated by croplands that on average covered more than 55% of the landscape.
Forests occurred at medium proportions, while the proportions of urban-industrial
and traffic areas as well as grasslands were small. The degree of fragmentation and
landscape diversity were generally medium to low. Landscape units of this clus-
ter were mainly distributed in the uplands and the eastern and central lowlands
(Fig. 6.1b).
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Cluster E, including 17 % of the landscape units, was characterised by a mosaic of
croplands (c. 35%), grasslands (c. 30 %), forests (c. 20%) and landscape elements
subsumed under "others" (c. 9 %). Urban-industrial and traffic areas were present at
small proportions. The degree of fragmentation and landscape diversity were gener-
ally medium to low. Landscape units of this cluster were — with one exception — all
located in the lowlands (Fig. 6.1b).

Cluster F, the smallest cluster in the analysis, containing 90 grid cells (7 % of the
landscapes units), was characterised by large proportions of forests and small pro-
portion of all other LCTs. The values obtained for the Effective Mesh Size Index and
area-weighted mean patch sizes were very high, thus the landscape fragmentation
was low. Landscape diversity was very low. The number of grassland and cropland
but also of forest patches was small. The latter in combination with the large propor-
tion of forests suggested the occurrence of large coherent forests. These had a highly
complex shape. The landscape units of this cluster were mainly situated in the Harz
and Solling Mountains in the southeast of Lower Saxony as well as in the Luneburg
Heath, which is part of the lowlands (Fig. 6.1b).

Species richness patterns along the landscape modification gradient

In all species groups, species richness differed significantly between the clusters (Fig.
6.2, Table A.9 in Appendix A). Richness of the total number of species reported for
Lower Saxony decreased from the strongly modified landscape of cluster A to the
grassland-dominated landscape of cluster C and then increased to clusters D, E and
F. For the latter clusters, species numbers were highest in the cropland-dominated
cluster D, followed by cluster F that was characterised by large proportions of forests
(Fig. 6.2).

Corresponding patterns could be observed for the species groups of native, red-
listed, forest and EIV species N1-3. While native and forest species followed the pat-
tern of all species, the trend observed for Red List species and those species linked to
nutrient-poor habitats showed a 'V shape' with the highest species numbers reported
for clusters A (strongly modified landscape) and F (forest-dominated landscape) and
the lowest for cluster C (grassland-dominated landscape).

The peak of species numbers in the strongly modified landscape of cluster A was
repeated by the remaining species groups (neophytes, urban and EIV species N7-
9), but, in contrast to the other groups, species richness more or less gradually de-
creased along the cluster gradient. This downward trend was only disrupted by the
cropland-dominated cluster D that showed slightly higher species numbers than the
surrounding clusters (Fig. 6.2).



6. Plant species richness along a gradient of landscape modification

143

Richness
200 400 600 800

Richness
40

Richness

Richness

20 60 80 0

0

40 60

20

100 150 200

50

0

a) All species

a b c b d bd

A B C D E F
c) Established neophytes

a b c d c c

A B c D E F
e) Urban species

a b c b c c

A B C D E F
g) EIV species N 7-9

a b c b c c

- =8C Q

A B C D E F

Richness
20 40 60 80 100

Richness

200

Richness

Richness

0

600

400

0

160

120

100 150 200

50

0

b) Threatened species

a bc d b ac a

T L -

A B cC D E F
d) Native species

a b c b d b

A B c D E F
f) Forest species

ab a c b d ab

A B cC D E F
h) EIV species N 1-3

ab a c d a b

Figure 6.2: Differences in vascular plant species richness between different clusters resulting
from k-means cluster analysis of 1383 landscape units (each c.
Germany (see also Table A.9 in Appendix A): (a) The total number of species recorded in
Lower Saxony, (b) threatened species, (c) established neophytes, (d) native species, (e) urban
species, (f) forest species, (g) species linked to nutrient-rich habitats (EIV species N 7-9) and
(h) species linked to nutrient-poor habitats (EIV species N 1-3). Boxes are drawn with widths
proportional to the square-roots of the number of observations in the groups; different letters
indicate significant differences between clusters (p<0.05, non-parametric Kruskal-Wallis test).

30km?) in Lower Saxony,



144 6. Plant species richness along a gradient of landscape modification

Table 6.4: Scores of the first ordination axis of

. - Landscape metric Scores PCA Axis 1
a PCA using the standardized landscape met-

rics calculated for 1383 landscape units in Lower ~ prop_urban 0.37
Saxony, Germany. The proportion of urban ar-  prop_traffic 0.35
eas (prop_urban) was found to be the most im-  all_ SHDI 0.35
portant variable to describe the underlying gra-  prop_industry 0.29
dient, thus clusters were sorted using this vari-  crop_NP 0.27
able. grass_NP 0.26
prop_grass 0.21
prop_water 0.20
all_ShapeAm 0.11
for NP 0.09
prop_others 0.09
prop_crop 0.04
prop_forest -0.20
meshsize -0.34
all_ AreaAm -0.36
Discussion

Levels of landscape modification

Our analysis revealed a gradient of landscape modification ranging from highly-frag-
mented and urbanised (cluster A) to little-fragmented landscapes with a large pro-
portion of forests (cluster F). If one compares the particular clusters with the levels of
landscape modification proposed by FORMAN & GODRON (1986), cluster A is an 'urban
landscape' as the landscape units of this cluster are dominated by artificial, man-made
elements (Table 6.5). In contrast, cluster F resembles the 'managed landscape' of For-
MAN & GODRON (1986) (Table 6.5). The landscape units of this cluster were chiefly
covered by forests and hosted only a very small proportion of settlements. As Lower
Saxony has a very long colonization history that affected and transformed all nat-
ural habitats such as primeval forest, bogs and marshland, no matural landscapes'
according to FORMAN & GODRON (1986) can nowadays be found.

In cluster B, all LCTs occurred at medium proportions and landscape fragmentation
was quite high. The definition of 'suburban landscapes' by FORMAN & GODRON (1986)
fits reasonably well to this cluster even if the landscape units were in several cases,
but not necessarily, situated close to larger cities and, in the strict sense, are not
'suburbs’. Nevertheless, the authors define 'suburban landscapes' as "a town and
country area with a heterogeneous, patchy mixture of residential areas, commercial
centres, cropland, managed vegetation, and natural areas" (FORMAN & GODRON, 1986,
p. 286), which is a good description of the situation found in the landscape units of
this cluster.
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The naming of the following three clusters is more difficult. Cluster C was mainly
characterised by a very large proportion of grasslands and water bodies. It dominates
the coastal area as well as the north-western parts of the lowlands. Its landscape is
highly transformed; most natural elements, i.e., marshlands and peat bogs that had
been widespread in the past have been transformed by peat digging and drainage
(BEHRE, 2008). The grasslands resulting from these landscape transformations are
intensively managed and interspersed with drainage ditches. Cluster D, dominated
by cropland, represents those parts of the study area with intensive agricultural use.
Croplands prevailed in the flatter areas while ridges were usually covered by forests.
The landscape of cluster E showed a patchy mosaic of cropland, grassland and forest
with relatively few settlements. All three clusters correspond to the 'cultivated land-
scape' of FORMAN & GODRON (1986). This shows that the simple 5-level concept of
'landscape modification' proposed by FORMAN & GODRON (1986) does not adequately
differentiate our clusters when it comes to cultivated landscapes. The 10-level concept
of landscape naturalness of MacHADO (2004) that allows for a more explicit differen-
tiation seems to be more appropriate in our context. Following MacuADoO (2004),
the cultivated landscapes of our study may be thus better characterised as highly
intervened (cluster C) to cultural assisted systems (cluster E; Table 6.5).

Species richness patterns along the landscape modification gradient

The clusters of landscape modification intensity found in this study were highly rel-
evant for species richness patterns. Plant species numbers in all groups significantly
differed between clusters. Species richness of the total number of species reported for
Lower Saxony was found to peak in urban (cluster A) followed by suburban (cluster
B) and managed landscapes (cluster F) whereas species richness was lowest in highly
intervened landscapes (cluster C). This trend was repeated by two of the species
sub-groups (native and forest species) whereas species richness of low-nutrient and
threatened plants followed a 'V shaped' trend with highest species numbers in urban
and managed and lowest in highly intervened landscapes. Species richness of the
remaining three sub-groups (neophytes, urban and high-nutrient plants) followed a
downward trend throughout from urban to managed landscapes. These results con-
firm our third hypothesis that species numbers of different plant species groups show
different patterns along the gradient of landscape modification. The results illustrate
that it is important to consider not only the entire species pool of an area but rather a
number of sub-groups selected using different criteria (cp. Kowarik, 1990).

The general peak in species numbers in urban (cluster A) and suburban landscapes
(cluster B) observed for all species groups is unsurprising. Several authors have al-
ready highlighted the high species diversity of urban areas (Kowarik, 1995; MILLER
et al., 1997; HONNAY et al., 2003), which is mainly due to the higher landscape/habitat
diversity (HoNNAY et al., 2003; KUHN et al., 2004) and facilitated plant immigration
in urban areas (KOwARIK, 1995). In contrast, low species numbers in all groups were
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found for the highly intervened landscape of cluster C. This is most likely a result
of the cluster’s low habitat diversity with its large proportion of transformed and in-
tensively managed grassland areas interspersed with only few other LCTs and a low
overall species diversity. The elevated species numbers in cluster D (cultural assisted
to highly intervened system) reported for almost all species groups might be due to
the spatial arrangement of the landscape units belonging to this cluster: Many of the
landscape units are situated in the upland area and the eastern part of the lowlands
with an overall larger species pool largely due to higher landscape heterogeneity (cp.
ScuMmIEDEL et al., 2011). Neophytes and high-nutrient plants might furthermore ben-
efit from the large amount of intensively managed agricultural areas. The richness
of forest species is also elevated in cluster D, which at first glance is surprising. This
pattern may be explained by the fact that woodland patches suitable for forest plants
are extant and widespread where agricultural land use was never, or is no longer,
profitable.

The results show that the occurrence of non-native and urban species as well as
species associated with nutrient-rich habitats is related to landscapes strongly in-
fluenced by urbanisation, fragmentation and eutrophication. For neophytes several
studies confirm this trend (e. g. Kowarixk, 1990; Roy et al., 1999; KUnN et al., 2003). By
contrast, the number of native, threatened and even low-nutrient species is high in ur-
ban areas but also on the opposite side of the gradient, i. e., in the managed landscape
less influenced by man. This is due to the aforementioned increased habitat diversity
in urban areas that was shown to support even vulnerable species (HoNNAY et al.,
2003) and, regarding the other side of the landscape gradient, to the fact that largely
unmodified landscapes are favourable to native plants and low-nutrient indicators
(KowaRrik, 1990; F1scHER & LINDENMAYER, 2007). LENZEN et al. (2009) reported that
richness of threatened species was negatively related to the amount of croplands and
permanent pastures, whereas the amount of non-arable land and natural forests was
positively related to threatened plant species richness. Interestingly, forest species
and species linked to nutrient-poor habitats follow the same trend and show rela-
tively high species numbers in urbanised and highly fragmented landscapes. As for
forest plants, apart from remaining woodland patches, they may find refuge in urban
woods and parks. Plants of nutrient-poor environments with low competitive ability
are found in urban areas on gravelly and abandoned sites such as railway areas and
industrial fallows. In accordance with our results, HONNAY et al. (2003) found the
number of low-nutrient indicator species to be positively correlated with the amount
of built-up area but did not give an explanation for this.
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Usefulness and transferability of the methodological approach

To establish the levels of landscape modification, our approach simply applies infor-
mation on landscape composition and configuration in combination with k-means-
clustering. Thus, it involves neither a priori assumptions about the hemeroby or nat-
uralness of the LCTs under consideration (as in WALz & STEIN, 2014) nor a subjective
classification of levels of naturalness (as proposed by MacuaDO, 2004). Therefore,
the process of distinguishing levels of landscape modification in our concept is less
susceptible to misinterpretation because only the results of the analysis and no inter-
mediate steps need interpretation. As the levels of hemeroby of WALz & STeIN (2014)
were determined for the whole of Germany, including Lower Saxony, their results
(especially those obtained for the 5km grid) can be directly compared with those of
our study. The comparison shows that the patterns derived from the two different ap-
proaches resemble each other. Both ways identify the human-dominated landscapes
around the larger cities in contrast to the mainly forested areas in the southern and
eastern parts of the state and designate areas under intense agricultural management.

When it comes to long-term monitoring of landscapes the concepts of Warz &
StEIN (2014) and MAcCHADO (2004) are superior to ours as their results may be easily
compared for different time-steps as long as the same study units are used. In our
approach, such results might not be directly comparable as changes in landscape
composition and configuration will result in changes in the number and delimitation
of clusters. Thus, our methodological approach may be applied when a 'snapshot'
of the landscape status is needed and/or if due to a lack of more comprehensive
information on landscape conditions more detailed assessments cannot be performed.

Similar to the concepts of WALz & STEIN (2014) and MacHADO (2004), our approach
can easily be extended to other spatial scales. The ideal scale for an analysis can be
selected that fits the particular research questions and/or the spatial resolution of
the available base data. The resolution of our study was restricted by the size of
the landscape units adopted by the plant survey of Lower Saxony. Higher resolution
through smaller landscape units and more detailed differentiation of LCTs would in-
crease the accuracy of the assessment. With enhancing differentiation of LCTs even
small-scale habitats of potential importance for nature conservation (e. g. rocky out-
crops, hedgerows) could be taken into account. Nevertheless, our study showed that
interpretable results can be obtained with less detailed base data.

Conclusions

Despite the fact that our approach used simple landscape metrics and was conducted
at a comparatively coarse scale of c. 30 km?, we were able to establish a 'gradi-
ent of landscape modification' that was shown to be meaningful for species richness.
The gradient spans from highly fragmented, urbanised to less fragmented landscapes
with a large proportion of forests. It was assessed without making a priori assump-
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tions about the hemeroby or naturalness of the LCTs under consideration. The sim-
plicity of the approach makes it transferable to regions and countries for which there
is no comprehensive information on landscape conditions. The methodology can eas-
ily be extended to other spatial scales. Those parts of the landscape which are most
valuable for nature conservation can be identified and preselected. It should, how-
ever, be kept in mind that the coarse scale of the analysis leaves small-scale habitats
of potential importance for nature conservation undetected. We could further show
that it is important to employ a set of different species groups to avoid misleading
conclusions drawn from richness patterns of a single possibly inadequate group. Suit-
able species groups to be considered should include indicator and threatened species
important for nature conservation as well as species that might pose a threat to other
species or ecosystems. As high-resolution data on recent land cover (for an overview
see MANAKOS & BrauN, 2014) and the distribution of vascular plant species are be-
coming increasingly available in more and more countries (see Table 6 in CULMSEE
et al., 2014) our approach is easily applicable to other large areas in Europe.
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The analyses performed in the context of the present thesis aimed at improving the
understanding of the relationship between species richness patterns and their under-
lying processes at the landscape scale with special emphasis on human influences.
In particular, the analyses (a) identified and described the patterns of vascular plant
species richness in the federal states of Lower Saxony and Bremen, Germany (chapter
3), (b) evaluated the adequacy of the protected area network for the protection of rare
and threatened plant species in the lowland region of the study area (chapter 4) and
(c) analysed the relationship between richness patterns and the human influence on
the landscape (chapter 5 and 6).

The following sections recapitulate the key findings of the four main chapters of
the thesis (section 7.1) and review the transferability of the methodologies applied
in the thesis to other study regions (section 7.2). Furthermore, the limitations of
landscape-level approaches are discussed (section 7.3). The chapter closes with con-
cluding remarks and the open questions that build on this research (section 7.4).

7.1 Key findings and implications

7.1.1 Distinct patterns of vascular plant species richness in Lower Saxony
and Bremen

The analysis presented in chapter 3 revealed a heterogeneous distribution of species
richness across the study area for all six species groups considered in the study.
Species numbers showed a remarkable increase from north to south and - to some
extent — also from west to east. The spatial distribution of the centres of plant species
richness of the different groups largely correlated with each other. However, also
some interesting differences in these patterns were observed. Richness patterns of
all species established in the study area largely corresponded to the patterns found
for native and non-threatened species. An aggregated distribution with high overall
species numbers were reported for the upland area and — with the exception of the
major stream valleys of the Weser, Aller and Elbe — a much lower overall richness in
the coastal and lowland area. Archaeophyte richness was particularly concentrated
in the coastal area of Bremen, the Weser and Aller plains, and the loess landscapes
of the lowland area! whereas the richness of established neophytes was highest in
urban centres.

Richness patterns of threatened plants — in contrast to the patterns of all other
groups — were found to be spatially highly differentiated: at the coast only the islands
in the North Sea represented small hotspots, while in the lowlands relatively large
hotspots were situated in the Wendland, the Luneburg Heath and the Elbe-Weser
triangle north of Bremen. In the uplands, the area around Géttingen, the uplands of

lGerman: Birden
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the Weser and Leine valleys and the margins of the Harz Mountains represented well
defined hotspots of Red List species.

A general trend that was observed across all species groups was that grid cells
inside which urban centres were situated were found to be particularly rich in
species. This relationship was especially evident for neophytes but weak for
threatened species.

The presented approach can support systematic conservation planning by identify-
ing landscape units rich in species that should receive particular attention. However,
in doing so not only the total number of species but also different groups of species
should be considered (cp. subsection 7.1.4). HAEUPLER & VOGEL (1999) and HAEUPLER
(2000) suggest that hotspots of threatened plant species are able to reveal the "real"
hotspots of vascular plant species richness and thus provide a suitable species group
to be used in the determination of landscape units of high conservation value (Du-
ELLI & OBRIsT, 2003). Indeed, richness patterns of threatened species were found to be
spatially much more differentiated than those of the other species groups considered
in the analysis.

7.1.2 Effective 'territorial' protection of hotspots of threatened plant species

In contrast to the results of similar studies conducted for different regions of the
world that identified numerous gaps in existing protected area networks (see e.g.
ScotT et al., 2001; ANDELMAN & WiLLI1G, 2003; DeGUIsE & KERR, 2006; RODRIGUES
et al., 2004), the analysis on the effectiveness of the protected area network for the
conservation of threatened plant species in the lowland region of the study area con-
firmed a good overall coverage of the hotspots of threatened species. In particular,
richness centres of the total number of threatened species were covered by nature
protection areas in 85 % of the 41 geographical sub-regions considered in the analy-
sis. The proportion of well covered hotspots increased to an effective protection in
95 % of the geographical regions when including Natura 2000 sites into the analysis.
A repetition of the analyses for threatened species linked to forest habitats showed
that richness centres of these species were effectively protected by nature protection
areas in only 60 % of the regions; an inclusion of Natura 2000 sites increased the pro-
portion to 81 %. However, the proven 'territorial' protection of these hotspots will
only be able to preserve viable populations of the species if the protected areas are
managed in an appropriate way. For many of these areas, legal regulations control-
ling the management of the areas are expressed very vaguely? or their development
is still under way®. To effectively protect viable populations of species in the future,
these regulations should be adjusted to be able to support the particular species of
conservation concern. Repetitive studies in future years will then need to show if the
effective 'territorial' protection is resulting in an effective species protection.

2This is especially the case for nature reserves (Naturschutzgebiete).
3This is mainly the case for Natura 2000 sites as these areas have been designated quite recently.
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As many protected areas are isolated and small in size their effectiveness in sup-
porting species might be limited. Therefore, areas outside reserves should also be
managed in a way that supports threatened species, i.e. a "dual conservation strat-
egy" according to JACKsON et al. (2009) should be pursued.

The methodology applied in the study was shown to be suitable to evaluate the
effective 'territorial' protection of hotspots of threatened species. By transferring it to
other regions with little information on the adequacy of the protected area network,
it can contribute to systematic conservation planning.

7.1.3 Human impact matters: Plant species richness along gradients of
landscape modification and fragmentation

The relationship between species richness patterns and human activities at the land-
scape scale was studied by evaluating the influence of the degree of landscape mod-
ification in general and landscape fragmentation in particular. The following two
subsections highlight the key findings of chapters 5 and 6 dealing with these topics.

The Effective Mesh Size Index as an ecologically meaningful measure of landscape
fragmentation The analysis presented in chapter 5 of the thesis demonstrated that
the Effective Mesh Size Index (m,sf) can act as an ecologically meaningful measure of
landscape fragmentation as long as relevant fragmentation geometries are chosen.
Landscape fragmentation expressed by m,ss in the study area was found to vary
largely between landscape units and was identified to significantly affect the richness
of almost all plant species groups considered in the analysis. The size of the effect
differed considerably between the groups and was largest for neophytes followed
by archaeophytes. In contrast, richness patterns of native species were only slightly
affected whilst those of threatened species were not affected. Instead, the variation
partitioning approach for the latter species groups clearly highlighted the importance
of the effect of environmental factors.

All species groups, except threatened species, showed a negative correlation with
Mesf, i. €. richness was highest in highly fragmented and lowest in least fragmented
grid cells.

In the analysis, five different m,¢s types calculated using different fragmentation
geometries were tested. Out of these, only two were found to be significant in ex-
plaining species richness patterns, namely those that used urban-industrial areas,
traffic infrastructure and water bodies as fragmenting elements.

The findings of the study support the untested assumption of several researchers
(e. g JAEGER, 2000; JAEGER et al., 2008 and GIRVETZ et al., 2008) that s is an ecolog-
ically relevant measure of landscape fragmentation. The presented approach might
help future studies to determine correct fragmentation geometries to use with m,sy
and might facilitate the unravelling of fragmentation impacts at the landscape scale.
As msr in Germany is regularly assessed as one of two national indicators of land-
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scape fragmentation in context of the National Strategy on Biodiversity the results
obtained in the analysis are especially relevant as a contribution to future assess-
ments.

Variation in species richness along a gradient of landscape modification Chapter 6
of this thesis applied simple information on land cover and easily measurable land-
scape metrics to determine a 6-level gradient of landscape modification spanning
from highly fragmented urban landscapes to little fragmented ones with a large pro-
portion of forests. Species richness of the eight groups of vascular plants considered in
the analysis significantly differed along the gradient. For the entire and native species
pool as well as for forest, low-nutrient indicating and threatened plants, species num-
bers peaked at the opposing ends of the modification gradient. For neophytes, urban
plants and high-nutrient indicators, richness decreased along the gradient from high
species numbers in urbanised to low numbers in less modified landscapes.

The study showed that concepts of landscape modification can be successfully
linked to measures of species richness/diversity that were tested empirically here
for the first time. This finding is of particular importance as concepts describing the
human influence on the landscape in Germany are planned to be integrated into the
nationwide monitoring system (WALz & STEIN, 2014). In this context, knowledge on
the actual relevance of such concepts for biodiversity might therefore further increase
their usefulness.

The strength of the analysis is, that the assessment of the landscape modification
gradient neither involved a priori assumptions about the hemeroby or naturalness of
the land cover types under consideration (as in WALz & STEIN, 2014) nor a subjective
classification of levels of naturalness (as proposed by MacraDpo, 2004). Therefore,
the process of distinguishing levels of landscape modification is less susceptible to
misinterpretation than the concepts of WaLz & STEIN (2014) and MacHADO (2004)
because only the results of the analysis and no intermediate steps need interpretation.
Due to its coarse scale, the analytical approach is transferable to other regions and
countries for which there is no comprehensive information on landscape conditions.
Following interpretation by experts, the methodology developed in the study allows
for the identification and preselection of those parts of the landscape that are most
valuable for nature conservation.

7.1.4 Overall key findings derived from the studies

In addition to the individual key findings of the four studies presented above, two
further overall findings of all the analyses conducted in the present thesis can be
derived that will be discussed below.

Habitat heterogeneity as a key driver of species richness in urban areas? A general
emerging trend that was observed in the conducted studies on landscape fragmen-
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tation and modification but also in the first study on species richness patterns, was
the relationship between species richness and urban land cover: The latter together
with the degree of landscape fragmentation which is usually tightly linked with the
degree of urbanisation were both found to be positively associated with the richness
of all species groups. The only exception being the richness of threatened species
that was found to be independent of landscape fragmentation. Therefore no direct
negative effects of human land use on species richness patterns could be identified.
However, these results should not be used to conclude that intensive human land use
increases the richness of species*. Instead, it seems that the elevated habitat hetero-
geneity of urban areas as proposed by several researchers (HAEUPLER, 1974; KUHN
et al., 2003; WaN1A et al., 2006; LirrE & Kowarik, 2008) balances or even outbalances
the assumed negative effect of landscape modification and fragmentation as long as
suitable habitats are not completely removed (cp. HoNNAY et al., 2003). Therefore it
can be concluded that it is important to conserve the high habitat diversity of urban
areas and to prevent their homogenisation.

Quality vs. quantity: avoiding drawing the wrong conclusions The analyses con-
ducted in the framework of the thesis produced results that differed considerably be-
tween the various species groups examined in the individual studies. The richness of
the groups showed different patterns according to the distribution in the study area,
the coverage by protected areas and the relationship with landscape modification and
fragmentation. These findings clearly emphasise the importance of considering not
one single but rather an array of different species groups using various criteria. By
doing so, not only quantitative but also qualitative aspects can be considered (cp.
subsection 7.1.2) which are not biased to protecting mainly easily recorded or com-
mon species at the cost of a wider range of biodiversity (cp. Kowarik, 1990; DUELLI
& OBrist, 2003; SCHETTER et al., 2013). In this context, for example, the residence or
threat status of species®, their habitat preferences® or a combination of these criteria’
can be used to assemble groups of species.

7.2 Transferability of the methodological approach

The analyses applied in the framework of the present thesis were conducted on a
regional scale covering the area of Lower Saxony and Bremen. For this area detailed
information on species occurrences and data on environmental conditions and land-
scape composition as well as configuration were available.

4Extensive management as applied in traditional cultural (pre-industrial) landscapes, in turn, is known
to be beneficial for biodiversity (EEA, 2004; ANGELsTAM, 2006)

5As applied in SCHMIEDEL et al. (2011, 2013, submitted) and ScHMIEDEL & CULMSEE (submitted).

6As applied in ScHMIEDEL et al. (2013) and SCHMIEDEL et al. (submitted).

7As applied in SCHMIEDEL et al. (2013).
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If suitable base data are at hand, the methodological approaches applied in the
present thesis can be transferred to other — even larger — areas. The most important
(and often the rarest) data in this context are area-wide species records. The records
need to be reported on a grid- or point-basis® and have to be of high quality (cp.
subsection 7.3). Additionally, data on land cover and the abiotic environment are
needed.

Transferability to Germany and its federal states For most of the federal states of
Germany, data comparable to those used in this thesis are available that would allow
a transfer. High-resolution data on land cover and topography in this thesis were
taken from ATKIS-DLM and ATKIS-DEM (see section 2.2) which are both available
for the whole country. Climatic and soil data can be obtained in high resolution
for every federal state from the German Weather Service and the regional authori-
ties, respectively. Concerning species records, most federal states maintain their own
mapping projects (see Table 7.1). The resolutions of these mapping approaches are
similar to that used for Lower Saxony or even higher (e.g. c. 8km? grid cells for
North Rhine-Westphalia, Saxony and Thuringia), the latter enabling even more de-
tailed assessments. However, the completeness and reliability of the floristic datasets
resulting from these projects would have to be tested before using them in further
analyses.

With the distribution atlas of the vascular plants of Germany having been pub-
lished recently (NETPHYD & BEN, 2013) reliable data on species occurrences are also
available for the whole of Germany. Species data of this database are reported at
the same resolution as the data for Lower Saxony (Messtischblatt-Quadranten, 1/4 of a
topographical map). Therefore, the methodologies applied in this thesis are directly
transferable to the whole country area.

Transferability to European countries Similarly to Germany, most countries in Eu-
rope maintain species mapping projects. Out of the projects listed in Table 7.1 for
data acquisition only Poland uses a grid less precise than that utilised in this thesis.
All other countries apply more or less equal or even higher resolutions than used in
this study. As suggested for species data of the federal states of Germany, prior to
an analysis, it needs to be checked whether the available information is reliable and
complete.

Additional information on land cover’ and environmental conditions should be
available for most European countries and therefore methods might be transferred to
these areas as well.

The database of the Atlas Flora Europaea (JALAS & SUOMINEN, 1972-2013) that covers
about 20 % of the European flora (FINN1sH MUsEuM OF NATURAL HisToRry, 2014) pro-

8Point data can be transferred to grid-based data of varying resolutions.
For an overview on existing data on land cover in Europe see MANAKOS & BRAUN (2014).
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vides data on species distributions for the whole of Europe on a grid of c. 250 km?,
i.e. a resolution much coarser than that used in the present thesis. Moreover, high-
resolution data on land cover for the whole area of Europe are not as easy to obtain
as for the particular countries. However, information on land cover on this scale
could be derived from more coarse-scaled data available for the overall area. 'Corine
Land Cover 2006' (EEA, 2013) in this context provides a remote-sensing-derived raster
data set on land cover with a pixel size of 100 m x 100 m that can be used for research
purposes free of charge. Information on topography and climatic conditions available
on a resolution of 1km x 1km can be derived from Worldclim data (HipmMANS et al.,
2013). Therefore, potentially suitable data are available that could form the basis of
analyses similar to that applied in this thesis. Because of the large differences in data
resolution the results obtained from such analyses would probably, however, vary
largely from those obtained at the regional scale.

Transferability to countries outside Europe The availability of high-resolution plant
records for countries outside Europe is limited. However, for some areas, e.g. the
state of California, USA (THE CALFLORA DATABASE, 2014) grid-based species records
are acquirable. For other states of the USA (e. g. Alabama, New York, Florida, see AL-
ABAMA HERBARIUM CoONSORTIUM, 2014; NEwW YORK FLORA AssocCIATION, 2014; UNI-
VERSITY OF FLORIDA, INSTITUTE FOR SYSTEMATIC BoTAaNY, 2014) as well as for China
(YANG et al., 2013) such information are not available on a grid basis but on county-
level only.

Information on species records from other countries unfortunately are very hard to
obtain. The transferability of the methods applied in this thesis to areas outside of
Europe is therefore limited.

7.3 Limitations of landscape-level approaches

Even if frequently shown to be very powerful, landscape-level approaches are sub-
jected to several inaccuracies arising from the scale chosen for the particular analysis,
the inclusion of biased base data and inaccuracies provoked by generalisations needed
to perform the analyses. GOTELLI et al. (2009) suggest that a large number of potential
sources of error are linked with each data layer included in the analysis.

7.3.1 Bias due to generalisations, data resolutions and spatial scale

The representation of 'real world' conditions and patterns in 'computer space' is al-
ways subject to necessary generalisations (i.e. delimitation and discretisation pro-
cesses) that help to pool the vast amount of available information. It is important
that the magnitude of generalisation applied to the data should match the processes
under consideration (LANG & Brascukg, 2007). The ATKIS-DLM data used in the
present thesis represent a good example for generalisations: The DLM defines hard
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boundaries along more or less homogeneous landscape elements that in most cases
can not fully reflect the real conditions, as the boundaries between many land cover
types (especially natural habitats) are usually more continuous. Because the latter
cannot be represented cartographically and furthermore would provoke problems in
data analysis, the hard boundaries are accepted as the best approximation of reality
(GREEN & HARTLEY, 2000).

Generalisations affect both the spatial and the thematic resolution of the data. The
latter describes the way in which the geo-spatial data are categorised!®. The spatial
resolution of an analysis, in turn, is described by the extent of the study area as well
as the grain sizell. It was shown to affect all levels of data, i.e. species, land cover
and environmental data.

In this context, several studies have shown that patterns of species rich-
ness/diversity change with the scale of observation or analysis (PALMER & WHITE,
1994; HEe et al., 2002; KALLIMANIS et al.,, 2008) and therefore "areas of high species
richness at one scale may appear of low species richness at the other scale" (KaLL1-
MANTS et al., 2008, p. 148). This particular behaviour is attributable to the fact that
species richness is non-additive when aggregated across different spatial scales (HE
et al., 2002).

Most studies conducted at the landscape scale make use of land cover data. Usually,
landscape metrics in this context are used to quantify the composition and configura-
tion of a landscape unit. As these indices are assumed to be strongly scale-dependent,
a lot of attention has focussed on the behaviour of the metrics across changing the-
matic and spatial resolutions. Within these studies, the thematic resolution was found
to largely affect the outcome of most landscape metrics (BAILEY et al., 2007; Buyan-
TUYEV & Wu, 2007). Related to this, the usefulness of the indices in describing land-
scape characteristics at varying thematic resolutions was found to largely depend on
resolution: Whilst some indices are more useful at a coarser thematic resolution oth-
ers are more suitable at finer scales (BAILEY et al., 2007). Similarly, only few landscape
metrics have been identified to behave consistently across different spatial resolutions
(TURNER et al., 1989; SAURA & MARTINEZ-MILLAN, 2001; Wu, 2004). In this context,
TURNER et al. (1989) identified an increase in grain size to be responsible for the loss of
rare and small-scale land cover types in the landscape. SCHINDLER et al. (2013) stud-
ied the performance of landscape metrics as indicators of species richness of various
taxonomic groups across multiple scales. They found the effects of landscape struc-
ture expressed in terms of landscape metrics on species richness to strongly depend
on the spatial scale of the analysis.

Finally, spatial scale also plays a role in the analysis of environmental conditions.
According to SIEFERT et al. (2012) both the extent and grain size may influence the
amount of variance observed in a given environmental factor. Due to the spatial au-

10¢p. subsection 2.2.2 for the categorisation of DLM data applied in the present study
11 e. the size of the smallest unit of observation, (PALMER & WHITE, 1994; TURNER, 2005)
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tocorrelation observed in most environmental variables, their variance is supposed to
increase when the extent of the study area is enlarged (WIENs, 1989; SIEFERT et al.,
2012). However, the size of this effect largely varies between different environmen-
tal variables. SIEFERT et al. (2012) distinguish coarse- and fine-grained variables. The
former include e. g. climate data which vary across broader scales, the latter are repre-
sented by e. g. edaphic variables that may show a large variation even within a small
area.

The aforementioned examples clearly illustrate the importance of scale. However,
the knowledge of this scale-dependence of landscape-level approaches can only rarely
be included in research as the spatial extent and grain of an analysis are usually
determined by the availability of the base data.

7.3.2 Bias due to data format

"Yes, raster is faster, but raster is vaster, and vector just seems more corrector.”

C. Dana Tomlin

For environmental assessments using GIS, both vector and raster data are commonly
used (WADE et al., 2003). Usually, vector data are referred to as allowing high levels
of cartographic accuracy'? (Wyart & RaLrHs, 2003). In contrast, raster data are sup-
posed to be less precise than vector data as it is difficult to "represent objects with a
sufficient level of cartographic precision using raster methods, since the resolution of
the raster grid needs to be prohibitively high to capture an equivalent level of detail”
(WyatT & RaLprus, 2003, p. 49). Nevertheless, raster data are often used in all kinds
of studies because in many cases they represent the only data source available and
are faster to process (LANG & BLAscHKE, 2007). For the present thesis, several data
sources were available in raster format (e.g. DEM and climate data, see Table 2.1).
Furthermore, some vector data (DLM) had to be converted to raster format as the
software used for the subsequent analysis (Fragstats 3.3, MCGARIGAL & CUSHMAN,
2002) was limited to this type of data. In transforming the data, an additional bias
is introduced because a balance between resolution and file size has to be found: If
pixel size is too large, the data set will suffer from cartographic imprecision, whilst a
very high resolution will generate a file too large for computation (WyaTT & RALPHS,
2003). In the present thesis the resolution of the transformed data was set to a pixel
size of 25 m2. This value was chosen because of hardware limitations (cp. subsection
2.2.5). However, for the analyses conducted in context of this thesis this resolution
should be sufficient to capture the overall characteristics of the landscape.

However, the pixel size of a raster not only affects the precision of the data set
but can also directly influence the calculation of landscape metrics (MCGARIGAL &
CusamMmaN, 2002; NEeL et al., 2004). Indices that include the complexity of patches
are particularly affected because of the step-wise structure of the patch margins that

12However, this attribute still depends on the accuracy of data acquisition.
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results in the overestimation of patch complexity and edge length (LEITAO et al., 2006).
In the present study this is especially true for the Total Edge as well as the Shape Index
utilised in chapter 6. The latter suffers from one further limitation: Because of the
raster format the simplest shape is set to be a square even though in reality circular
patches have the smallest perimeter-area relationship and thus experience fewer edge
effects.

7.3.3 Bias in species records

In species record data the main problem is the reliability of these data (HAEUPLER,
2000; HonNAY et al., 2003; DIEKMANN et al., 2008). Frequently, data on species occur-
rences are incomplete because some areas are better inventoried than others (BARTH-
LOTT et al., 1996). This problem apparently may provoke misleading results. Thus,
it is highly important to check data on species records prior to subsequent analyses.
The database utilised in the present thesis was carefully checked for its quality by the
responsible authority (SCHACHERER, 2001), so that the bias related to this particular
source of error should be of minor concern.

7.4 Concluding remarks and outlook

Although landscape-level approaches suffer from the "dilemma of indicating com-
plexity with simple measures" (DukLLI & OsBrist, 2003, p. 95) and are subject to
several limitations (cp. section 7.3), they are a powerful tool to disentangle the un-
derlying causes of species richness patterns. As many, if not most, of the processes
affecting biodiversity take place at the landscape level obviously they should also be
measured at this scale (McGARIGAL & CusHMAN, 2002; Fanric, 2003). However, ex-
perimental approaches on such a large scale are rarely possible (WILLIG et al., 2003;
GoTELLI et al., 2009), thus statistical approaches making use of existing data sources
represent the only feasible method to approach this complex topic.

By applying landscape-level approaches, the present thesis showed that patterns of
vascular plant species richness in Lower Saxony and Bremen are largely influenced
by anthropogenically-induced land use patterns. However, also the importance of the
abiotic environment in shaping species richness patterns was revealed. All analyses
were conducted using the data base of the vascular plant survey of Lower Saxony
that — due to its high quality and comprehensiveness — in this context provided a
solid basis for these assessments.

As already highlighted in the key findings, the individual results obtained from the
four studies each contribute to landscape and systematic conservation planning by
facilitating the identification and preselection of landscape units of high conservation
value and concern. However, by merging the knowledge derived from the studies, an
even stronger comprehensive picture of the conservation value of the landscape units
can be obtained. In doing so, landscape units of high conservation value, e. g. those
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hosting a large number of species but have experienced a low degree of landscape
modification and fragmentation, can be identified. In contrast, landscape units of
high conservation concern that are species-rich despite being under high pressure
from human land use, can be located. It is then possible to assess the protection
status of these located landscape units by using the methodology applied in chapter
4 and determine if further conservation measures ought to be taken.

Arising from the discussed limitations and uncertainties connected to landscape-level
approaches (cp. subsection 7.3), many open research questions remain that should be
examined in more detail in further studies. As the transferability of the methodologies
applied in this thesis is high (cp. section 7.2), it is possible to conduct analogue
studies that will further increase the understanding of the factors influencing species
richness patterns at the landscape scale. The most important and interesting research
questions that should be addressed by future research approaches are:

1. How do the results change if the analyses are conducted at different spatial

scales (changing grain size, changing spatial extent)?

2. Are the results also observed in other regions and particularly in more natural

landscapes with shorter history of cultivation?

3. How do the results change if not species richness but species composition is

used as the response variable in the analyses?

Progress in terms of the first research question could be made by using point-based
species records, as these can be summarised into grid data of varying resolutions.
For the study region of the present thesis such data could become available in the
near future as the third survey period of the vascular plant survey of Lower Saxony
(2004-2014) is currently assessing point-based species occurrence data.

The second research question could be addressed by transferring the methodolo-
gies of this thesis to other federal states of Germany or even other Central European
countries. To test if the results are reproducible even in landscapes with a less exten-
sive history of cultivation, a transfer to areas outside of Central Europe, e. g. to one of
the northern European countries is needed. The 'Kasviatlas' of Finland (see Table 7.1)
in this context could form a suitable basis for such a continuative analysis.

Finally, the third question would be particularly interesting to examine as several
researchers (HILLEBRAND et al., 2008; CROWDER et al., 2010; TSCHARNTKE et al., 2012)
have suggested that changes in species composition and evenness might have even
larger effects on an ecosystem than changes in species richness. However, grid-based
data at higher resolution than that utilised in the present thesis would probably need
to be used for such an analysis as preliminary analyses conducted in context of this
thesis did not return interpretable results.

By approaching these research questions, further progress will be made in the dis-
entanglement of the "high real-world complexity shaping [species richness] patterns”
(TsCHARNTKE et al., 2012, p. 678).
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Appendix A

Table A.1: Bio-geographical regions and natural landscape units of Lower Saxony. Basis:

PILGRIM & FRANKE (1993).

Bio-geographical regions Natural landscape unit No.
Coast
1 Watten und Marschen Emsmarschen 610
Harburger Elbmarschen 670
Wesermarschen 612
Lowlands
2 Ostfriesisch-Oldenburgische =~ Aschendorfer Emstal 604
Geest Bourtanger Moor 605
Hunte-Leda-Moorniederung 600
Oldenburger Geest 603
Ostfriesische Geest 602
Ostfriesische Zentralmoore 601
3 Stader Geest Achim-Verdener Geest 630
Hamme-Oste-Niederung 632
Wiimmeniederung 631
Wesermiinder Geest 633
Zevener Geest 634
4  Ems-Hunte-Geest und  Bersenbriicker Land 585
Diimmer-Geestniederung Cloppenburger Geest 593
Delmenhorster Geest 595
Diepholzer Moorniederung 584
Lingener Land 586
Nordhorn-Bentheimer Sandgebiet 580
Ostmiinsterland 540
Plantliinner Sandebene 581
Rahden-Diepenauer Geest 582
Sogeler Geest (Himmling) 592
Syker Geest 594
Westmiinsterland 544
5 Lineburger Heide wund Hohe Heide 640
Wendland Jeetzel-Dumme-Lehmplatte und Arendseer Platte 861
Liichower Niederung 860
Luheheide 644
Ostheide 642

Continued on next page
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Table A.1 — Continued from previous page

Bio-geographical regions Natural landscape unit No.
Stidheide 641
Uelzener und Bevenser Becken 643
Untere Mittelelbe-Niederung 876
Westaltméarkisches Waldhiigelland 865

6  Weser-Aller-Flachland Burgdorf-Peiner Geestplatten 623
Dromling 625
Hannoversche Moorgeest 622
Loccumer Geest 628
Mittelweser 583
Mittleres Wesertal 583
Obere Allerniederung 626
Ostbraunschweigisches Flachland 624
Thedinghduser Vorgeest 621
Untere Aller-Talsandebene 627
Verdener Wesertal 620

Uplands

7 Borden Biickebergvorland 522
Braunschweig-Hildesheimer Lossborde 520
Calenberger Lossborde 521
GrofSes Bruch 511
Nordliches Harzvorland, Westteil 510
Ostbraunschweigisches Hiigelland 512

8.1 Osnabriicker Hiigelland Ostliches Wiehengebirge 532
Liibbecker Lossland 533
Osnabriicker Hiigelland 535
Osnabriicker Osning 534
Ravensberger Hiigelland 531
Westliches Wiehengebirge 536

8.2 Weser- und Leinebergland Alfelder Bergland (mit Ith und Hils) 377
Eichsfelder Becken (Goldene Mark) 374
Fulda-Werra-Bergland 357
Gottingen-Northeimer Wald 373
Holzmindener Wesertal 367
Innerstebergland 379
Kalenberger Bergland 378
Leine-Ilme-Senke 372
Lipper Bergland 364
Oberwilder Land 361
Pyrmonter Bergland 365
Rinteln-Hamelner Weserland 366
Stidharzer Zechsteingtirtel 485
Stidliches Harzvorland 486
Stidwestliches Harzvorland 376

Continued on next page
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Table A.1 — Continued from previous page

Bio-geographical regions Natural landscape unit No.
Solling, Bramwald und Reinhardswald 370
Sollingvorland 371
Unteres Werratal 358
Weserengtal von Bodenwerder 368
Westhessische Senke 343
9 Harz Hochharz 381
Oberharz 380
Unterharz 382

Table A.2: List of vascular plant species of the data base of the vascular plant survey of Lower
Saxony. The table lists only those species for which occurrences are reported. Extinct species
are not listed. Species were aggregated on the highest taxonomical level found in the data
base, i. e. subspecies were assigned to the respective species and species were assigned to the
respective aggregate if the latter was listed in the data base. 'Edge’ denotes that the species
is present in the grid cells placed at the border of the state only (cp. section 2.1; Natural. =
naturalisation (nat = native taxa, arc = archaeophytes, neo = neophytes); RL NB = Red List
status assigned by GARVE (2004), categories 1, 2, 3, G and R denote threatened taxa, category
'V' denotes prewarned taxa, *' denotes non-threatened taxa (cp. Table 2.2); EIV N1-3/N7-9 =
Plant species of nutrient-poor/nutrient-rich habitats (Ellenberg Indicator Values for nutrients
1-3 and 7-9; BrN, 2013); Urban = Plant species of urban habitats (urbanity indicator 4 and 5;
Krorz et al., 2002); Forest = Herbaceous and shrubby plant species linked to forest habitats
(forest affinity categories 1.1 and 1.2; ScaMiDT et al., 2011); Code = Code used in the data base
of the NLWKN (1982-2003); Incl. = Codes of (sub-)species assigned to the particular taxon,
see Table A.3 for full names of (sub-)species.
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Acer campestre nat * cab
Acer platanoides nat * cad
Acer pseudoplatanus nat * X cae
Achillea collina nat R X caf
Achillea millefolium agg. nat * eab  cag
Achillea pannonica nat R X aaa
Achillea ptarmica nat * X cah
Acinos arvensis nat \% X aab
Aconitum lycoctonum nat 3 X aac
Acorus calamus neo * X cai
Actaea spicata nat * X X aad
Adonis aestivalis arc 2 X aae
Adonis vernalis nat 2 X aag
Adoxa moschatellina nat * X X caj
Aegopodium podagraria nat * X cal
Aethusa cynapium arc * eac can
Agrimonia eupatoria nat * aah
Agrimonia procera nat * aai
Agrostis canina nat * X cap
Agrostis capillaris nat * caq
Agrostis stolonifera agg. nat * ead cas
Agrostis vinealis nat * X cau
Aira caryophyllea nat A X aal
Aira praecox nat * X aam
Ajuga genevensis nat 3 X aao
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Ajuga reptans nat * cax
Alchemilla glaucescens nat 3 X aap
Alchemilla gramineum X nat 1 aas
Alchemilla plicata X nat 2 223
Alchemilla vulgaris agg. nat * aaq cay, caz, cba, cbb,cbc, cbd, cbe, cbf, cbg
Alisma lanceolatum nat * aat
Alisma plantago-aquatica agg. nat * eae  cbh
Alliaria petiolata nat * X X cbi
Allium angulosum nat 2 X aau
Allium carinatum ssp. carinatum neo 3 X aav
Allium oleraceum nat * cbj
Allium paradoxum neo * X X cbk
Allium schoenoprasum neo * X aax
Allium scorodoprasum nat 3 X aay
Allium senescens ssp. montanum nat 1 X aaw
Allium ursinum nat * X X aaz
Allium vineale nat * X cbm
Alnus glutinosa nat * cbn
Alnus incana neo * aba
Alopecurus aequalis nat * X cbo
Alopecurus bulbosus nat 2 abb
Alopecurus geniculatus nat * X cbp
Alopecurus myosuroides arc * cbq
Alopecurus pratensis nat * X cbr
Althaea hirsuta neo 2 X cbs
Althaea officinalis X nat 1 abc
Alyssum alyssoides nat 2 X abd
Amaranthus blitum arc * 363 cbv, cby
Amaranthus bouchonii neo * cbw
Amaranthus powellii agg. neo * X eag  cbz
Amaranthus retroflexus neo * X cca
Amelanchier lamarckii neo * X ccf
Ammophila arenaria nat * cci
Anacamptis pyramidalis nat 2 X abf
Anagallis arvensis arc * cck  eah
Anagallis foemina nat 2 abg
Anagallis minima nat 3 X ahp
Anchusa arvensis arc * ccm
Anchusa officinalis arc Vv abh
Andromeda polifolia nat 3 X abi
Anemone nemorosa nat * X cen
Anemone ranunculoides nat * X X abk
Anemone sylvestris nat 2 X abl
Anemone x seemenii nat * 242
Angelica archangelica nat * X ccp
Angelica sylvestris nat * ccq
Antennaria dioica nat 2 X abm
Anthemis arvensis arc \4 abn
Anthemis cotula arc v abo
Anthemis tinctoria arc * abp
Anthericum liliago nat 2 X abq
Anthericum ramosum nat 1 X abr
Anthoxanthum aristatum neo * X cct
Anthoxanthum odoratum nat * ccu
Anthriscus caucalis arc * X abs
Anthriscus nitida nat R X X abt
Anthriscus sylvestris nat * X ccw
Anthyllis vulneraria nat * X 391 cex, ccy
Apera spica-venti nat * ccz
Aphanes arvensis arc * cda
Aphanes inexspectata arc * cdb
Apium graveolens nat 3 X abw
Apium inundatum nat 2 X abx
Apium repens nat 1 X aby
Aquilegia vulgaris nat 3 X abz
Arabidopsis thaliana arc * cde
Arabis glabra nat v acb
Arabis hirsuta agg. nat * eam
Arctium lappa arc * X X cdg
Arctium minus nat * X X cdh
Arctium nemorosum nat * X X cdi
Arctium tomentosum arc * X X cdj
Arctostaphylos uva-ursi nat 2 X acc
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Arenaria leptoclados nat * cdk
Arenaria serpyllifolia agg. nat * ean  cdl
Aristolochia clematitis neo 2 X X acd
Armeria maritima nat * 393 ace, acf, cdm
Armoracia rusticana nat * X X cdn
Arnica montana nat 2 X acg
Arnoseris minima nat 2 X ach
Aronia x prunifolia neo * 302
Arrhenatherum elatius nat * X cdo
Artemisia absinthium arc * X cdp
Artemisia annua neo * X cdq
Artemisia biennis neo * X cdr
Artemisia campestris nat \% X aci
Artemisia maritima nat * X acj
Artemisia vulgaris nat * X X cdt
Arum maculatum nat * X X acl
Asarum europaeum nat * X cdu
Asparagus officinalis arc * cdv
Asperugo procumbens arc 1 X acm
Asperula cynanchica nat 2 X aco
Asplenium adiantum-nigrum nat 1 X acq
Asplenium ceterach nat 1 X aia
Asplenium ruta-muraria nat * X X acu
Asplenium scolopendrium nat 3 X ayk
Asplenium septentrionale nat 2 X acv
Asplenium trichomanes nat * X acw 224, 206, eaq, eap
Asplenium viride nat 2 X acx
Asplenium x alternifolium nat n/a X acr
Asplenium x murbeckii nat 1 act
Aster amellus nat 1 X acy
Aster linosyris nat 1 X acz
Aster novi-belgii agg. neo * X ear cdw, cdx, cdy, 232, 50
Aster tripolium nat * X ada
Astragalus cicer nat 2 X X adb
Astragalus danicus nat 1 X adc
Astragalus glycyphyllos nat * X X cdz
Athyrium distentifolium X nat R X add
Athyrium filix-femina nat * X cea
Atriplex glabriuscula nat R X ade
Atriplex laciniata X nat R X adf
Atriplex littoralis nat * X cec
Atriplex longipes nat * X ced
Atriplex micrantha neo * X cee
Atriplex oblongifolia neo * cef
Atriplex patula arc * X ceg
Atriplex pedunculata nat 3 X apo
Atriplex portulacoides nat * X ceh
Atriplex prostrata agg. nat * eas  cei
Atriplex rosea neo * X X cej
Atriplex sagittata neo * X cek
Atriplex tatarica neo * 13
Atropa bella-donna nat * X X cel
Avena fatua arc * cem
Azolla filiculoides neo * X ceo
Baldellia ranunculoides nat 2 X adi
Ballota nigra arc * X X adj cep, ceq
Barbarea intermedia neo * X cer
Barbarea stricta nat * X adk
Barbarea vulgaris nat * ces 300, 301, 364
Bellis perennis arc * X ceu
Berberis vulgaris nat 3 X adl
Berteroa incana neo * cev
Berula erecta nat * cew
Beta vulgaris ssp. maritima X nat R X 70
Betonica officinalis nat 3 X adm
Betula nana nat 2 X adn
Betula pendula nat * cex
Betula pubescens nat * X eat cey, cez
Bidens cernua nat * X cfa
Bidens connata neo * X cfb
Bidens frondosa neo * X cfc
Bidens radiata nat * X cfd
Bidens tripartita nat * X cfe
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Biscutella laevigata ssp. guestphalica nat R adp
Bistorta officinalis nat v azg
Blechnum spicant nat * X X adq
Blysmus compressus nat 1 X adr
Blysmus rufus X nat 2 ads
Bolboschoenus maritimus agg. nat * 398  adt, dpx
Botrychium lunaria nat 2 X adu
Botrychium matricariifolium nat 1 X adv
Brachypodium pinnatum nat * cfh
Brachypodium sylvaticum nat * X cfi
Brassica nigra neo * X cfl
Briza media nat v X ady
Bromus arvensis arc 3 adz
Bromus benekenii nat * X aea
Bromus commutatus arc * X aeb
Bromus erectus nat * X aec
Bromus hordeaceus agg. nat * eau  cfm
Bromus inermis nat * cfo
Bromus racemosus nat 2 aed
Bromus ramosus nat * X cfq
Bromus secalinus arc * cfr
Bromus sterilis arc * cfs
Bromus tectorum arc * cft
Bromus thominii nat * X cfn
Bryonia alba arc 3 aee
Bryonia dioica nat v aef
Bunias orientalis neo * cfu
Bunium bulbocastanum arc 2 aei
Bupleurum falcatum nat 3 X aej
Bupleurum longifolium nat 3 X aek
Bupleurum rotundifolium arc 1 ael
Bupleurum tenuissimum nat 2 aem
Butomus umbellatus nat 3 X aen
Cakile maritima nat * X cfv
Calamagrostis arundinacea nat * X aeo
Calamagrostis canescens nat * cfw
Calamagrostis epigejos nat * cfx
Calamagrostis phragmitoides nat R X 68
Calamagrostis stricta nat R X aep
Calamagrostis varia X nat R X aeq
Calamagrostis villosa nat * X cfy
Calla palustris nat 3 aer
Callitriche palustris agg. nat * eay  aes, cfz, cga, aeu, cgb, cgc
Calluna vulgaris nat * X cgd
Caltha palustris nat 3 cge
Calystegia sepium nat * X cgg
Calystegia soldanella X nat 1 aev
Camelina microcarpa arc 2 aex
Campanula bononiensis X nat 1 X aez
Campanula cervicaria nat 1 afa
Campanula glomerata nat 2 X afb
Campanula latifolia nat 3 X X afc
Campanula patula nat 3 afd
Campanula persicifolia nat * X X afe
Campanula rapunculoides nat * cgh
Campanula rapunculus nat * aff
Campanula rotundifolia nat * X cgi
Campanula trachelium nat * X X afg
Capsella bursa-pastoris nat * cgj
Cardamine amara nat * X cgk
Cardamine bulbifera nat * X cgl
Cardamine dentata nat * cgp
Cardamine flexuosa nat * X cgm
Cardamine hirsuta nat * X cgn
Cardamine impatiens nat * X X cgo
Cardamine paroiflora nat R afh
Cardamine pratensis agg. nat * eaz  cgq
Cardaminopsis arenosa neo * X cgr
Cardaminopsis halleri nat * afi
Cardaminopsis petraea X nat R X afj
Cardaria draba neo * cgs
Carduus acanthoides arc * X cgt
Carduus crispus nat * X ebb
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Carduus nutans arc * afk
Carex acuta nat * cgw
Carex acutiformis nat * cgx
Carex appropinquata nat 2 afl
Carex aquatilis nat 3 afm
Carex arenaria agg. nat * ebc  cgy
Carex bohemica nat 1 afp
Carex brizoides nat * X X cgz
Carex canescens nat * X cha
Carex caryophyllea nat * X afq
Carex cespitosa nat 2 afr
Carex demissa nat v X che
Carex diandra nat 2 X afv
Carex digitata nat * X afw
Carex dioica nat 1 X afx
Carex distans nat v afy
Carex disticha nat * chd
Carex echinata nat v X afz
Carex elata nat 3 chg
Carex elongata nat 3 X chh
Carex ericetorum nat 2 X X aga
Carex extensa nat * agb
Carex flacca nat * age
Carex flava nat 3 X agd
Carex hartmanii nat 2 X age
Carex hirta nat * chi
Carex hostiana nat 1 X agf
Carex humilis nat 3 X agg
Carex lasiocarpa nat 3 X agh
Carex lepidocarpa nat 2 X agi
Carex ligerica nat * X agj
Carex limosa nat 1 X agk
Carex montana nat * X X agl
Carex muricata agg. nat * ebe  chf, chk, chs
Carex nigra nat * X chl
Carex ornithopoda nat 2 X agn
Carex otrubae nat * chb
Carex ovalis nat * X chm
Carex pallescens nat * X ago
Carex panicea nat 3 agp
Carex paniculata nat * chn
Carex pauciflora X nat 2 X agq
Carex pendula nat * X cho
Carex pilosa nat R X agr
Carex pilulifera nat * X chp
Carex praecox nat 3 ags
Carex pseudobrizoides nat 2 X agt
Carex pseudocyperus nat * agu
Carex pulicaris nat 1 X agv
Carex punctata X nat 2 X agw
Carex remota nat * X chq
Carex riparia nat * chr
Carex rostrata nat * X agx
Carex strigosa nat * X cht
Carex sylvatica nat * X chu
Carex tomentosa nat 2 aha
Carex trinervis X nat 2 X ahb
Carex umbrosa nat 2 X ahc
Carex vesicaria nat v chv
Carex viridula nat v X agm  agy
Carex vulpina agg. nat 3 ebg  chw
Carex x beckmanniana nat * 97
Carex x elytroides nat * chx
Carex x involuta nat * 228
Carex x turfosa nat R 98
Carlina acaulis ssp. simplex nat 2 X ahd
Carlina vulgaris nat * X ahe
Carpinus betulus nat * chy
Carum carvi nat 3 ahf
Catabrosa aquatica nat 2 X ahg
Caucalis platycarpos arc 2 ahh
Centaurea cyanus arc * ahi
Centaurea jacea nat * cic
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Centaurea montana nat 2 ahj
Centaurea pseudophrygia nat v ahk
Centaurea scabiosa nat * cif
Centaurium erythraea nat * ahm
Centaurium littorale nat * X ahn cih, cii
Centaurium pulchellum nat * aho
Cephalanthera damasonium nat * X ahq
Cephalanthera longifolia nat 2 X ahr
Cephalanthera rubra nat 2 X ahs
Cerastium arvense nat * cij
Cerastium brachypetalum arc 2 X aht
Cerastium diffusum X nat 3 X ahu
Cerastium dubium nat 3 ahv
Cerastium glomeratum arc * cik
Cerastium glutinosum nat * ahw
Cerastium holosteoides nat * cil
Cerastium pumilum agg. nat * X ebh  ahx
Cerastium semidecandrum nat * ahy
Ceratocapnos claviculata nat * X cin
Ceratophyllum demersum nat * X cio
Ceratophyllum submersum nat * X ahz
Chaenorhinum minus arc * ciq
Chaerophyllum aureum nat * X aib
Chaerophyllum bulbosum nat * X aic
Chaerophyllum hirsutum nat * X cir
Chaerophyllum temulum nat * X X cis
Chelidonium majus nat * X X cit
Chenopodium album agg. arc * ebi  de, ¢jd
Chenopodium bonus-henricus nat 3 X X aid
Chenopodium ficifolium arc * X cix
Chenopodium foliosum X neo * X ciy
Chenopodium glaucum arc * X ciz
Chenopodium hybridum arc 3 X aie
Chenopodium murale arc 3 X X aif
Chenopodium polyspermum nat * X b
Chenopodium rubrum agg. nat * ebj cjc
Chenopodium urbicum arc 1 X X aig
Chenopodium vulvaria arc 1 X X aih
Chimaphila umbellata X nat 1 X X aii
Chondrilla juncea nat 3 aij
Chrysanthemum segetum arc * aik
Chrysosplenium alternifolium nat * X ail
Chrysosplenium oppositifolium nat * X aim
Cicendia filiformis nat 2 X ain
Cicerbita alpina nat 3 X aio
Cichorium intybus arc * aip
Cicuta virosa nat 3 aiq
Circaea alpina nat * X air
Circaea lutetiana nat * X X cjf
Circaea x intermedia nat * X ais
Cirsium acaule nat * X ait
Cirsium arvense nat * X Jg
Cirsium dissectum nat 2 X aiu
Cirsium eriophorum nat 3 aiv
Cirsium oleraceum nat * ch
Cirsium palustre nat * X Gi
Cirsium vulgare nat * X dj
Cirsium x rigens nat * 9
Cladium mariscus nat 2 X aix
Claytonia perfoliata neo * X X qk
Clematis vitalba nat * X ql
Clinopodium vulgare nat * X aiz
Cnidium dubium arc 2 aja
Cochlearia anglica nat v X gm
Cochlearia danica nat * qn
Cochlearia officinalis nat 1 ajb
Colchicum autumnale nat 3 ajd
Conium maculatum arc * X X aje
Conopodium majus neo * ajf
Consolida regalis arc 3 ajh
Convallaria majalis nat * X aji
Convolvulus arvensis nat * qr
Conyza canadensis neo * Jjs
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Corispermum leptopterum neo * ajk
Cornus mas nat 3 X ajl
Cornus sanguinea nat * qju
Cornus suecica nat 1 X ajm
Coronilla coronata nat 2 X X ajn
Coronopus squamatus arc 3 ajp
Corrigiola litoralis nat 3 ajq
Corydalis cava nat * X X ajr
Corydalis intermedia nat * X X ajs
Corydalis solida nat * X X ajt
Corylus avellana nat * gw
Corynephorus canescens nat * X qjx
Cotoneaster integerrimus nat R X aju
Cotula coronopifolia neo 3 X ajv
Crambe maritima nat R X ajw
Crataegus laevigata agg. nat * ebl ebm, cka, ckb
Crataegus monogyna nat * ebo ke, ckf
Crataegus rhipidophylla nat * X qjz ebk
Crataegus x macrocarpa nat * ckd
Crataegus x media nat * 21
Crepis biennis arc * ajy
Crepis capillaris arc * ckg
Crepis foetida arc 2 X ajz
Crepis mollis nat 2 aka
Crepis paludosa nat * ckh
Crepis praemorsa nat 1 X akb
Crepis tectorum nat \% X akd
Crepis vesicaria ssp. taraxacifolia nat * akc
Cruciata laevipes nat * X ckj
Cucubalus baccifer nat 2 X X akf
Cuscuta campestris neo * 19
Cuscuta epithymum nat 2 X akh
Cuscuta europaea nat * X ckk
Cuscuta lupuliformis neo * X aki
Cymbalaria muralis neo * X akj
Cynoglossum germanicum nat 3 X X akk
Cynoglossum officinale nat 3 X akl
Cynosurus cristatus nat * cko
Cyperus fuscus nat 3 akn
Cypripedium calceolus nat 2 X ako
Cystopteris fragilis nat * akp
Cytisus scoparius nat * ckq
Dactylis glomerata nat * ckr
Dactylis polygama nat * X cks
Dactylorhiza incarnata ssp. incarnata nat 2 X akq
Dactylorhiza maculata agg. nat 3 X akr  ebq
Dactylorhiza majalis nat 2 X akt
Dactylorhiza praetermissa nat 3 X aku
Dactylorhiza sphagnicola nat 2 X akv
Dactylorhiza x dinglensis nat n/a dpm
Danthonia decumbens nat v X ckt
Daphne mezereum nat * X akw
Datura stramonium neo * X akx
Daucus carota nat * cku
Deschampsia cespitosa nat * X ckv
Deschampsia flexuosa nat * X ckw
Deschampsia setacea nat 1 X aky
Deschampsia wibeliana nat 3 akz
Descurainia sophia arc * ckx
Dianthus armeria nat 3 X ala
Dianthus carthusianorum nat 3 X alb
Dianthus deltoides nat 3 X ale
Dianthus gratianopolitanus nat R X ald
Dianthus superbus nat 1 X ale
Digitalis grandiflora nat 2 X alg
Digitalis purpurea nat * X cky
Digitaria ischaemum arc * X ckz
Digitaria sanguinalis arc * alh
Diphasiastrum alpinum nat 2 X ali
Diphasiastrum complanatum nat 2 X X alj
Diphasiastrum issleri nat 2 X alk
Diphasiastrum tristachyum nat 2 X all
Diphasiastrum zeilleri nat 2 X alm
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Diplotaxis muralis neo * cla
Diplotaxis tenuifolia neo * X clb
Dipsacus fullonum arc * X aln
Dipsacus pilosus nat * X X cld
Draba muralis neo * X clf
Drosera intermedia nat 3 X alp
Drosera longifolia nat 1 X alo
Drosera rotundifolia nat 3 X alr
Drosera x obovata nat 1 X alq
Dryopteris affinis nat * X als
Dryopteris carthusiana nat * X X cli
Dryopteris cristata nat 3 alt
Dryopteris dilatata nat * X X clj
Dryopteris expansa nat R X X clk
Dryopteris filix-mas nat * X cll
Echinochloa crus-galli arc * X clm
Echinochloa muricata neo * 47
Echinops sphaerocephalus neo * X clp
Echium vulgare arc * alv
Elatine hexandra nat 2 X alx
Elatine hydropiper nat 2 X aly
Elatine triandra nat 2 alz
Eleocharis acicularis nat 3 X ama
Eleocharis austriaca nat R ebt
Eleocharis mamillata nat 3 X amb
Eleocharis multicaulis nat 2 X amc
Eleocharis ovata nat 1 amd
Eleocharis palustris nat * clr ebu, ebv
Eleocharis quinqueflora nat 3 X amf
Eleocharis uniglumis nat * amg
Elodea canadensis neo * X cls
Elodea nuttallii neo * X clt
Elymus athericus nat * clv
Elymus caninus nat * X X aaj
Elymus farctus ssp. boreoatlanticus nat * X clu
Elymus repens nat * X clw
Elymus x obtusiusculus X nat * 71
Elymus x oliveri nat * ctk
Empetrum nigrum nat * X clx
Epilobium angustifolium nat * X X cly
Epilobium ciliatum neo * X clz
Epilobium collinum nat 3 X cma
Epilobium hirsutum nat * X cmb
Epilobium lanceolatum nat R X amh
Epilobium montanum nat * cme
Epilobium obscurum nat * cmd
Epilobium palustre nat * X cme
Epilobium parviflorum nat * cmf
Epilobium roseum nat v X cmg
Epilobium tetragonum nat * ebw  cmh
Epipactis atrorubens nat 3 X ami
Epipactis helleborine nat * X 370  cmj, 243
Epipactis leptochila nat 3 X amj  cmk, cml
Epipactis microphylla nat 3 X amk
Epipactis muelleri nat 3 X X aml
Epipactis palustris nat 2 X X amm
Epipactis purpurata nat 3 amn
Epipogium aphyllum nat 1 X amo
Equisetum arvense nat * X cmm
Equisetum fluviatile nat * cmn
Equisetum hyemale nat 3 X amp
Equisetum palustre nat * X cmo
Equisetum pratense nat 2 X X amq
Equisetum sylvaticum nat * X cmp
Equisetum telmateia nat * X amr
Equisetum variegatum nat 1 X ams
Equisetum x litorale nat * cmq
Eragrostis albensis nat * 46
Eragrostis minor neo * X cms
Erica tetralix nat v X amt
Erigeron acris nat * X eby
Erigeron annuus neo * X cmx 401
Eriophorum angustifolium nat v X amu
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Eriophorum gracile nat 1 X amv
Eriophorum latifolium nat 1 X amw
Eriophorum vaginatum nat \% X amx
Erodium ballii X nat * X cmy
Erodium cicutarium nat * cmz
Erophila verna nat * X cnb
Erucastrum gallicum neo * end
Eryngium campestre nat 3 X amy
Eryngium maritimum X nat 3 amz
Erysimum cheiranthoides nat * X cne
Erysimum hieraciifolium nat 3 X ana
Euonymus europaea nat * cnh
Eupatorium cannabinum nat * X cni
Euphorbia amygdaloides nat * X cnj
Euphorbia cyparissias nat * X cnk
Euphorbia esula nat * cnl
Euphorbia exigua arc v anb
Euphorbia helioscopia arc * X cnm
Euphorbia palustris nat 2 anc
Euphorbia peplus arc * X cno
Euphorbia platyphyllos nat 2 and
Euphorbia x pseudovirgata neo * cnp
Euphrasia frigida X nat R X 248
Euphrasia nemorosa agg. nat 3 anf  cnq, enr
Euphrasia officinalis ssp. rostkoviana nat 3 ang
Euphrasia stricta nat * X cns
Fagus sylvatica nat * cnu
Falcaria vulgaris nat * anh
Fallopia convolvulus arc * dah
Fallopia dumetorum nat * X daj
Fallopia japonica neo * X dai
Fallopia sachalinensis neo * X daq
Fallopia x bohemica neo * 64
Festuca altissima nat * X cnv
Festuca arundinacea nat * cnw
Festuca gigantea nat * X cny
Festuca heterophylla nat 3 X ani
Festuca ovina agg. nat * X ecc coh, cnx, cnz, coa, anj, dsx, cog, 240, ank
Festuca pratensis nat * cob
Festuca rubra agg. nat * 397 413, ecd, 225, coe, 54, cod
Filago arvensis nat * X anl
Filago minima nat * X ann
Filago vulgaris nat 2 X ano
Filipendula ulmaria nat * ece coi, coj
Filipendula vulgaris nat 2 X anp
Fragaria moschata nat 3 X anq
Fragaria vesca nat * cok
Fragaria viridis nat v X anr
Frangula alnus nat * col
Fraxinus excelsior nat * X com
Fritillaria meleagris arc 3 ans
Fumaria officinalis arc * X ecg  coq
Fumaria vaillantii arc 3 ant
Gagea bohemica ssp. saxatilis X nat R X anx
Gagen lutea nat * X X anu
Gagea minima nat 2 X X anv
Gagen pratensis nat v anw
Gagea spathacea nat v X X cos
Gagea villosa arc 3 any
Galanthus nivalis neo * X X cot
Galeopsis angustifolia arc 3 cov
Galeopsis bifida nat * cow
Galeopsis ladanum nat 1 X anz
Galeopsis segetum nat 2 X aoa
Galeopsis speciosa nat v X aob
Galeopsis tetrahit nat * cox
Galinsoga ciliata neo * X coy
Galinsoga parviflora neo * X coz
Galium album nat * cpa
Galium aparine nat * X cpb
Galium boreale nat 3 X aoc
Galium glaucum nat 1 X aod
Galium odoratum nat * X aoe
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Galium palustre nat * cpc ctx
Galium pumilum nat 3 X cpe
Galium rotundifolium neo R X aof
Galium saxatile nat * X cpf
Galium spurium ssp. vaillantii arc 2 aog
Galium sylvaticum nat * X aoh
Galium uliginosum nat * X cpg
Galium verum nat * X cph  aoj
Galium wirtgenii nat 2 aok
Galium x pomeranicum nat * 23
Genista anglica nat 3 X aol
Genista germanica nat 2 X aom
Genista pilosa nat 3 X aon
Genista tinctoria nat v X aoo
Gentiana cruciata nat 2 X aop
Gentiana pneumonanthe nat 2 X aoq
Gentianella ciliata nat 3 X aou
Gentianella germanica nat 3 X aov
Geranium columbinum arc * X cpk
Geranium dissectum arc * cpl
Geranium lucidum nat R X aox
Geranium molle arc * cpm
Geranium palustre nat * X aoy
Geranium pratense nat v X aoz
Geranium purpureum neo * 96
Geranium pusillum arc * X cpo
Geranium pyrenaicum neo * X X cpp
Geranium robertianum nat * X cpq
Geranium sanguineum nat 2 X X apa
Geranium sylvaticum nat * X apb
Geum rivale nat 3 apc
Geum urbanum nat * X X cps
Glaucium flavum X nat R X 146
Glaux maritima nat * apd
Glechoma hederacea nat * X cpt
Glyceria declinata nat * cpu
Glyceria fluitans + nat * X cpv
Glyceria maxima nat * X cpw
Glyceria notata nat * X cpx
Gnaphalium sylvaticum nat * cpy
Gnaphalium uliginosum nat * cpz
Goodyera repens nat 2 X X apg
Gratiola officinalis nat 2 aph
Groenlandia densa nat 2 api
Gymmnadenia conopsea nat 3 X apj
Gymmocarpium dryopteris nat * X apk
Gymmocarpium robertianum nat 3 X apl
Gypsophila muralis nat 2 X apm
Gypsophila perfoliata neo * 43
Gypsophila repens X nat R X apn
Gypsophila scorzonerifolia neo * 44
Hammarbya paludosa nat 1 X app
Hedera helix nat * cqb
Helianthemum nummularium nat 3 apq  apr, aps
Helianthus tuberosus neo * X cqe
Helichrysum arenarium nat 3 X apt
Helictotrichon pratense nat 3 X adg
Helictotrichon pubescens nat * adh
Helleborus foetidus nat * X X cqf
Helleborus viridis nat 3 X apu
Hepatica nobilis nat * X apv
Heracleum mantegazzianum neo * X cqg
Heracleum sphondylium nat * X cqh
Herminium monorchis nat 1 X apw
Herniaria glabra arc * X X apx
Hesperis matronalis neo * X X cqj
Hieracium aridum nat * dsi
Hieracium arvicola nat G X cql
Hieracium aurantiacum neo * X apy
Hieracium bauhini nat * X apz
Hieracium bifidum nat 2 X aqa
Hieracium bifurcum nat G 236
Hieracium brachiatum nat * cqm
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Hieracium caespitosum nat * X aqc
Hieracium calodon nat G 226
Hieracium cochleatum nat G dwn
Hieracium cymosum nat 3 X aqd
Hieracium densiflorum nat G cqo
Hieracium diaphanoides nat * cqp
Hieracium flagellare nat G cqr
Hieracium flagelliferum nat * dps
Hieracium floribundum nat G cqs
Hieracium glaucinum nat * X aqge
Hieracium glaucisetigerum nat G 278
Hieracium glomeratum nat G 279
Hieracium guthnickianum nat * 7
Hieracium kalksburgense nat G X 79
Hieracium lachenalii nat * X cqt
Hieracium lactucella nat 2 X aqf
Hieracium laevigatum nat * X cqu
Hieracium laurinum nat * cqv
Hieracium leptophyton nat G cqw
Hieracium longiscapum nat G dwm
Hieracium macrostolonum nat * 195
Hieracium maculatum nat G X cqx
Hieracium murorum nat * X aqi
Hieracium pilosella nat * X cqy
Hieracium piloselloides nat * X cqz
Hieracium polymastix nat * 218
Hieracium prussicum nat G 212
Hieracium rothianum nat R X cqq
Hieracium sabaudum nat * X cra
Hieracium saxifragum X nat R 233
Hieracium schmidtii nat 1 X aqg
Hieracium schultesii X nat 1 X crb
Hieracium stoloniflorum nat * 219
Hieracium umbellatum nat * X cre
Hieracium visianii nat * 280
Hieracium vulgatum nat * X crd
Hieracium zizianum nat G cre
Hierochloé odorata nat 3 X aqj
Hippocrepis comosa nat 3 X agk
Hippophaé rhamnoides X nat * X crf
Hippuris vulgaris nat 3 aql
Holcus lanatus nat * crh
Holcus mollis nat * X cri
Holosteum umbellatum nat v X agm
Honckenya peploides nat * X crj
Hordelymus europaeus nat * X crk
Hordeum jubatum neo * X crl
Hordeum murinum arc * X crm
Hordeum secalinum nat v aqo
Hornungia petraea nat 1 X aqp
Hottonia palustris nat v aqq
Humulus lupulus nat * X X cn
Huperzia selago nat 3 X aqr
Hydrocharis morsus-ranae nat A% ags
Hydrocotyle vulgaris nat * X aqt
Hymenolobus procumbens neo * 36
Hyoscyamus niger arc 3 X aqu
Hypericum elodes nat 2 X aqv
Hypericum hirsutum nat * X X aqw
Hypericum humifusum nat * X aqx
Hypericum maculatum nat * X cp  ecm
Hypericum montanum nat 3 X aqy
Hypericum perforatum nat * crq
Hypericum pulchrum nat * X aqz
Hypericum tetrapterum nat * crr
Hypochaeris glabra nat 2 X ara
Hypochaeris maculata nat 1 X arb
Hypochaeris radicata nat * X crs
Ilex aquifolium nat * X crv
Illecebrum verticillatum nat 3 X arc
Impatiens glandulifera neo * X aw
Impatiens noli-tangere nat * X arx
Impatiens paroiflora neo * X cry
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Inula britannica nat 3 ard
Inula conyzae nat * X crz
Inula germanica X nat R X are
Inula helenium neo * arf
Inula hirta nat R X arg
Inula salicina nat 3 X arh
Iris pseudacorus nat * X csa
Iris sibirica nat 2 X ari
Iris versicolor neo * csb
Isoétes lacustris nat 1 X arj
Isolepis fluitans nat 2 X ark
Isolepis setacea nat 3 X arl
Jasione montana nat * X arm
Juncus acutiflorus nat * X cse
Juncus alpinus nat 2 X arn
Juncus anceps X nat * aro
Juncus articulatus nat * X csf
Juncus bufonius nat * csg
Juncus bulbosus nat * X csh
Juncus capitatus nat 1 X arq
Juncus compressus nat * csi
Juncus conglomeratus nat * X csj
Juncus effusus nat * csk
Juncus filiformis nat 3 X arr
Juncus gerardii nat * ars
Juncus inflexus nat * art
Juncus maritimus X nat * aru
Juncus minutulus nat D ecp
Juncus ranarius nat * X csm
Juncus squarrosus nat v X csn
Juncus subnodulosus nat 2 X arv
Juncus tenageia nat 2 arw
Juncus tenuis neo * cso
Juniperus communis nat 3 arx
Kalmia angustifolia neo * X X csp
Kickxia elatine arc 2 X ary
Kickxia spuria arc 2 X arz
Knautia arvensis nat * csq
Koeleria arenaria X nat Vv X asa
Koeleria glauca nat 2 X asb
Koeleria macrantha nat 3 X asc
Koeleria pyramidata nat A% X css
Lactuca serriola nat * X csu
Lactuca tatarica neo * csv
Lactuca virosa nat 3 X ase
Lamium album arc * X csw
Lamium amplexicaule arc * X csx
Lamium argentatum neo * X ecr
Lamium galeobdolon agg. nat * ecq  csz, cta
Lamium maculatum nat * X ctb
Lamium purpureum arc * X ect asf
Lapsana communis nat * X ctd
Laser trilobum nat 3 X X ash
Laserpitium latifolium nat 2 X asi
Lathraea squamaria nat A X ask
Lathyrus hirsutus neo * ctg
Lathyrus latifolius neo * X X cth
Lathyrus linifolius nat v X asm
Lathyrus maritimus X nat R X asn
Lathyrus niger nat 2 X X aso
Lathyrus nissolia neo * cti
Lathyrus palustris nat 2 X asp
Lathyrus pratensis nat * ctj
Lathyrus sylvestris nat * X asq
Lathyrus tuberosus nat v asr
Lathyrus vernus nat * X ctl
Ledum palustre nat 2 X ass
Leersia oryzoides nat 2 X ast
Legousia hybrida arc 2 X asu
Legousia speculum-veneris arc 1 X asv
Lemna gibba nat * X ctm
Lemna minor nat * ctn
Lemna minuta neo * cto
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Lemna trisulca nat * ctp
Lemna turionifera neo * 28
Leontodon autumnalis nat * ctq
Leontodon hispidus nat * asw
Leontodon saxatilis nat * asx
Leonurus cardiaca arc * X X asy  ctr,cts
Leonurus marrubiastrum nat 3 X asz
Lepidium campestre arc * ata
Lepidium heterophyllum neo * X ctu
Lepidium latifolium neo * ctv
Lepidium ruderale arc * cty
Leucanthemum vulgare agg. nat * X ecu  cub
Leucojum vernum nat * X atc
Leymus arenarius nat * cud
Ligustrum vulgare nat * X cue
Lilium bulbiferum nat 2 X atd ate, atf
Lilium martagon nat 3 atg
Limonium vulgare nat \% ath
Limosella aquatica nat 3 X ati
Linaria arvensis arc 1 atj
Linaria vulgaris nat * cug
Lindernia dubia neo * atk
Linnaea borealis nat 1 X X atl
Linum catharticum nat * X atm
Linum leonii nat 2 X atn
Linum tenuifolium nat 1 X ato
Liparis loeselii nat 2 X atp
Listera cordata nat 3 X X atq
Listera ovata nat * X X atr
Lithospermum arvense arc 3 aeg
Lithospermum officinale nat 3 ats
Lithospermum purpurocaeruleum nat 3 X aeh
Littorella uniflora nat 2 X att
Lobelia dortmanna nat 1 X atu
Lolium perenne nat * X cuk
Lonicera periclymenum nat * cum
Lonicera xylosteum nat * X atw
Lotus corniculatus nat * X cun
Lotus pedunculatus nat * cuo
Lotus tenuis nat v atx
Lunaria rediviva nat v X X atz
Lupinus polyphyllus neo * cus
Luronium natans nat 2 X aua
Luzula campestris nat * X cut
Luzula congesta nat 3 cuu
Luzula luzuloides nat * X aub 238
Luzula multiflora nat * X cuv
Luzula pilosa nat * X cuw
Luzula sudetica nat R X cux
Luzula sylvatica nat * auc
Lycium barbarum neo * X cuz
Lycopodiella inundata nat 3 X aue
Lycopodium annotinum nat 3 X X auf
Lycopodium clavatum nat 3 X aug
Lycopus europaeus nat * X cvb
Lysimachia nemorum nat * X X auh
Lysimachia nummularia nat * cve
Lysimachia thyrsiflora nat v aui
Lysimachia vulgaris nat * cve
Lythrum hyssopifolia nat 1 auj
Lythrum salicaria nat * cvf
Maianthemum bifolium nat * X X cvh
Malus sylvestris nat 3 auk
Malva alcea arc A% X ovj
Malva moschata arc * X cvk
Malva neglecta arc * X X avl
Malva pusilla arc 2 X cvm
Malva sylvestris ssp. sylvestris arc * X cvn
Marrubium vulgare arc 1 X aul
Matricaria discoidea neo * X X cvp
Matricaria recutita arc cvq
Matteuccia struthiopteris nat 3 X X aum
Medicago falcata nat * X cvs
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Medicago lupulina nat * cvt
Medicago minima nat 2 X aun
Medicago x varia neo * cvu
Melampyrum arvense nat 2 X auo
Melampyrum cristatum nat 2 X X aup
Melampyrum nemorosum nat v X auq
Melampyrum pratense nat * X cvv
Melampyrum sylvaticum nat * X aur
Melica nutans nat * X X aus
Melica uniflora nat * X cvw
Melilotus albus arc * cvx
Melilotus altissimus nat * X vy
Melilotus dentatus nat 1 aut
Melilotus officinalis arc * X cwa
Melittis melissophyllum nat 1 X X auu
Mentha aquatica nat * cwb
Mentha arvensis nat * cwe
Mentha longifolia nat * X auv
Mentha pulegium nat 2 X auw
Mentha x verticillata nat * cwi
Menyanthes trifoliata nat 3 X aux
Mercurialis annua neo * X X cwj
Mercurialis perennis nat * X X cwk
Meum athamanticum nat v X auy
Milium effusum nat * X cwl
Mimulus guttatus neo * auz
Mimulus moschatus neo * cwm
Minuartia verna ssp. hercynica nat 3 avb
Misopates orontium arc 2 avd
Moehringia trinervia nat * X X cwn
Molinia caerulea nat * X cwo
Moneses uniflora nat 1 X X avf
Monotropa hypopitys agg. nat 3 X avg ~ cwp, cwq
Montia fontana nat 3 avh cwi, avi, cws, cwt
Muycelis muralis nat * cwX
Myosotis arvensis arc * cwy
Muyosotis discolor nat Vv X avj
Myosotis laxa nat * X avk
Muyosotis nemorosa nat * avl
Myosotis ramosissima arc * X avm
Muyosotis scorpioides nat * cwz
Myosotis sparsiflora nat R X avn
Muyosotis stricta arc A% X cxa
Myosotis sylvatica nat * X X cxb
Muyosurus minimus arc * avo
Muyrica gale nat 3 X avp
Myriophyllum alterniflorum nat 3 X avq
Muyriophyllum spicatum nat * X avr
Muyriophyllum verticillatum nat * X avs
Muyrrhis odorata neo * X X cxc
Nardus stricta nat v X oxf
Narthecium ossifragum nat 3 X avu
Nasturtium officinale agg. nat * X edb  cxg, 191
Neottia nidus-avis nat * X avv
Nepeta cataria arc 2 X X avw
Neslia paniculata arc 1 avx
Nonea pulla nat 1 X avz
Nuphar lutea nat * awa
Nuphar x spenneriana nat R oxr
Nymphaea alba nat v awc
Nymphaea candida nat 3 awd
Nymphoides peltata nat 2 X awe
Odontites litoralis X nat 1 awf
Odontites vernus nat 3 oxk
Odontites vulgaris nat * oxl
Oenanthe aquatica nat * coxm
Oenanthe conioides X nat 1 X awh
Oenanthe fistulosa nat 3 awi
Oenanthe lachenalii nat 3 X awj
Oenothera biennis neo * cxo0
Oenothera oakesiana neo * oxn
Omphalodes scorpioides nat 1 X X awl
Onobrychis viciifolia neo * X oxs
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Ononis spinosa agg. nat * awn  awm, awo
Onopordum acanthium arc * X X awp
Ophioglossum vulgatum nat 3 X awq
Ophrys apifera nat 3 X awr
Ophrys insectifera nat 3 X aws
Orchis mascula nat 3 awu
Orchis militaris nat 2 X awv
Orchis purpurea nat 3 X awy
Orchis tridentata nat 2 X awz
Oreopteris limbosperma nat * X bgu
Origanum vulgare nat * X axb
Ornithogalum nutans agg. neo * X X axd
Ornithogalum umbellatum arc * X X axe
Ornithopus perpusillus nat * X oxw
Ornithopus sativus neo * XX
Orobanche caryophyllacea nat 1 b axh
Orobanche elatior nat 1 X axi
Orobanche lutea nat 1 axj
Orobanche picridis nat 1 axm
Orobanche purpurea nat 1 X axn
Orobanche rapum-genistae nat 2 X axp
Orobanche reticulata nat 3 X axl
Orthilia secunda nat 3 X X axq
Osmunda regalis nat 3 X axr
Oxalis acetosella nat * X cxz
Ouxalis corniculata neo * X cya
Oxalis stricta neo * X cyc
Panicum riparium n/a * dsf
Papaver argemone arc * cyh
Papaver dubium arc * ede  cyi, cyj
Papaver rhoeas arc * axs
Parapholis strigosa nat * cyn
Parietaria judaica neo * X X axt
Parietaria officinalis arc 3 X X axu
Paris quadrifolia nat A X X axv
Parnassia palustris nat 2 X axw
Pastinaca sativa nat * cyr
Pedicularis palustris nat 2 X axx
Pedicularis sylvatica nat 2 X axy
Peplis portula nat A% X axz
Persicaria amphibia nat * daf
Persicaria hydropiper nat * X dak
Persicaria lapathifolia nat * edl dal, dam
Persicaria maculosa nat * X dap
Persicaria minor nat * X dao
Persicaria mitis n/a * X azh
Petasites albus nat * cys
Petasites hybridus nat * X cyt
Petasites spurius nat 2 aya
Petrorhagia prolifera nat 2 X ayb
Peucedanum cervaria nat 2 X ayc
Peucedanum officinale X nat 1 X ayd
Peucedanum oreoselinum nat 2 X aye
Peucedanum ostruthium neo R X ayf
Peucedanum palustre nat * ayg
Phalaris arundinacea nat * X cyv
Phegopteris connectilis nat * X bgw
Phleum arenarium X nat v X ayh
Phleum bertolonii nat * cyx
Phleum paniculatum X nat 1 ayi
Phleum phleoides nat 2 X ayj
Phleum pratense nat * X cyy
Phragmites australis nat * X cyz
Physalis alkekengi nat * X ayl
Phyteuma nigrum nat \% X aym
Phyteuma orbiculare nat 2 X ayn
Phyteuma spicatum nat * X ayo  cza, czb
Picea abies nat * cze
Picris hieracioides nat * cze
Pilularia globulifera nat 2 X ayp
Pimpinella major nat * czf
Pimpinella nigra nat n/a X 402
Pimpinella saxifraga nat * X czg
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Pinguicula vulgaris nat 2 X ayq
Pinus sylvestris nat * czi
Plantago coronopus nat * ayr
Plantago lanceolata arc * czj
Plantago major nat * edi czk, czl, ayt
Plantago maritima nat * ayu
Plantago media nat * X czm
Platanthera bifolia nat 2 ayv
Platanthera chlorantha nat 3 X ayw
Poa angustifolia nat * X czn
Poa annua nat * X czo
Poa bulbosa nat 3 X ayx
Poa chaixii nat * X czp
Poa compressa nat * X czq
Poa humilis nat * X czu
Poa nemoralis nat * X czr
Poa palustris nat * X czs
Poa pratensis nat * czt
Poa remota nat 3 X X ayy
Poa supina nat * X czv
Poa trivialis nat * X czZw
Polemonium caeruleum X nat R czx
Polygala amara agg. nat 2 X azc daa, dab
Polygala comosa nat v X dac
Polygala serpyllifolia nat 2 X azd
Polygala vulgaris nat 3 X aze cyk, cyq
Polygonatum multiflorum nat * X dad
Polygonatum odoratum nat 2 X azf
Polygonatum verticillatum nat * X dae
Polygonum aviculare agg. nat * dag 144
Polypodium vulgare agg. nat * X edm dar, 276
Polystichum aculeatum nat 3 X X azi
Polystichum lonchitis nat R X azj
Populus alba neo * dat
Populus nigra nat 3 X azk
Populus tremula nat * dau
Populus x canescens neo * 258
Portulaca oleracea neo * X X dav
Potamogeton acutifolius nat 3 azl
Potamogeton alpinus nat \Y% azm
Potamogeton coloratus nat 2 X azo
Potamogeton compressus nat 3 azp
Potamogeton crispus nat * dax
Potamogeton friesii nat 3 azr
Potamogeton gramineus nat 2 azs
Potamogeton lucens nat 3 X azt
Potamogeton natans nat * day
Potamogeton nodosus nat 3 azu
Potamogeton obtusifolius nat 3 azv
Potamogeton pectinatus nat * X daz
Potamogeton perfoliatus nat 3 azw
Potamogeton polygonifolius nat 3 X azx
Potamogeton praelongus nat 1 azy
Potamogeton pusillus agg. nat * edo  daw
Potamogeton trichoides nat * dbb
Potamogeton x angustifolius nat 1 azn
Potamogeton x nitens nat 1 dbe
Potamogeton x spathulatus nat G dbg
Potamogeton x undulatus n/a R dbh
Potentilla alba nat 1 baa
Potentilla anglica nat A% bab
Potentilla anserina nat * X dbi
Potentilla argentea nat * X dbj
Potentilla erecta nat * X dbk
Potentilla heptaphylla nat 2 X bae
Potentilla incana nat 1 X bac
Potentilla intermedia neo * X dbm
Potentilla neumanniana nat v X baf
Potentilla norvegica neo * dbn
Potentilla palustris nat v X bag
Potentilla recta neo * X dbo
Potentilla reptans nat * dbp
Potentilla sterilis nat * X bah
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Potentilla supina nat 3 X bai
Primula elatior nat * X X baj
Primula veris nat \4 X bak
Primula vulgaris nat 1 X bal
Prunella grandiflora nat 3 X bam
Prunella laciniata nat 2 X ban
Prunella vulgaris nat * dbr
Prunus avium nat * dbs
Prunus padus nat * dbx
Prunus serotina neo * dby
Prunus spinosa nat * dbz
Pseudognaphalium luteoalbum nat 2 X apf
Pseudolysimachion longifolium nat 3 biw
Pseudolysimachion spicatum nat 2 X bjc
Pseudorchis albida nat 1 X bao
Psyllium arenarium neo * ays
Pteridium aquilinum nat * X X dcb
Puccinellia capillaris X nat R dcc
Puccinellia distans nat * ded
Puccinellia limosa nat R 89
Puccinellia maritima nat * dce
Pulicaria dysenterica nat 3 baq
Pulicaria vulgaris nat 3 X bar
Pulmonaria obscura nat * X X dcf
Pulmonaria officinalis nat * X bas
Pulsatilla pratensis nat 2 X bau
Pulsatilla vulgaris nat 2 X baw
Pyrola chlorantha nat 1 X X bax
Pyrola minor nat 3 X X baz
Pyrola rotundifolia nat 3 X X bba
Pyrus pyraster nat 3 bbb
Quercus petraea nat * dch
Quercus robur nat * dci
Quercus x rosacea nat * dsu
Radiola linoides nat 3 X bbc
Ranunculus acris nat * dqj
Ranunculus aquatilis agg. nat * bbd  bbe, bbi, bbj, bbk, bbn, bbg, bbo, dco, bbx
Ranunculus arvensis arc 2 bbf
Ranunculus auricomus agg. nat * dck
Ranunculus bulbosus nat * X bbh
Ranunculus ficaria ssp. bulbilifer nat * X dcl
Ranunculus flammula nat * X dem
Ranunculus lanuginosus nat * X X den
Ranunculus lingua nat 3 X bbl
Ranunculus platanifolius nat 3 X bbp
Ranunculus polyanthemos agg. nat 3 bbs  bbm, bbq, bbr, bbw, bbt
Ranunculus repens nat * X dcp
Ranunculus sardous nat 3 X bbv
Ranunculus sceleratus nat * X deq
Raphanus raphanistrum arc 3 der
Reseda lutea arc * dcu
Reseda luteola arc * dev
Rhamnus cathartica nat * bbz
Rhinanthus alectorolophus nat 3 bca
Rhinanthus angustifolius ssp. grandiflorus nat A X bed
Rhinanthus glacialis nat 1 X bcb
Rhinanthus minor nat v X bec
Rhynchospora alba nat 3 X bece
Rhynchospora fusca nat 2 X bef
Ribes alpinum nat * X X dew
Ribes nigrum nat * X dex
Ribes rubrum agg. nat * edw
Ribes uva-crispa nat * X dda
Robinia pseudoacacia neo * X ddb
Rorippa amphibia nat * X ddc
Rorippa anceps nat * X beg
Rorippa austriaca nat R X bci
Rorippa palustris nat * X ddd
Rorippa sylvestris nat * dde
Rosa agrestis nat 2 X bcj
Rosa arvensis nat 2 X bck
Rosa caesia agg. nat n/ bcl ddf
Rosa canina nat * ddg
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Rosa corymbifera nat * ddh
Rosa dumalis nat 3 dds  beq
Rosa elliptica nat 3 X bem
Rosa inodora nat G 87
Rosa micrantha nat 3 X ddj
Rosa rubiginosa nat * X ddk
Rosa rugosa neo * ddl
Rosa spinosissima X nat 3 X bco
Rosa subcanina nat * X ddo
Rosa subcollina nat 3 X ddp
Rosa tomentella nat 3 ben
Rosa tomentosa agg. nat 3 bcp  ddm, ddn, ddq, ddr
Rubus armeniacus neo * X dea
Rubus caesius nat * X deg
Rubus chamaemorus nat 2 X ber
Rubus fruticosus agg. nat * edy
Rubus idacus nat * X dgi
Rubus laciniatus neo * dgo
Rubus saxatilis nat 2 X bes
Rumex acetosa nat * djt
Rumex acetosella nat * X dju
Rumex aquaticus nat v X bet
Rumex conglomeratus nat * X djv
Rumex crispus nat * djw
Rumex hydrolapathum nat * X djx
Rumex maritimus nat * X beu
Rumex obtusifolius nat * X eeb
Rumex palustris nat * X bev
Rumex salicifolius X neo * X dke
Rumex sanguineus nat * X X dka
Rumex stenophyllus neo * dke
Rumex thyrsiflorus nat * dkd
Rumex x pratensis n/a * far
Ruppia cirrhosa X nat 2 dkf
Ruppia maritima X nat 2 bew
Sagina apetala agg. arc * eed  dkh
Sagina maritima nat * X dki
Sagina nodosa nat 3 bex
Sagina procumbens nat * X dkj
Sagittaria latifolia neo * dkk
Sagittaria sagittifolia nat * bez
Salicornia dolichostachya s.1. nat n/a X eef
Salicornia europaea nat * eee  bda, dkn
Salicornia fragilis X nat n/a dko
Salicornia procumbens nat * X dkl
Salicornia stricta nat * dkm
Salix alba nat * X eeg  dkq
Salix aurita nat * X dkr
Salix caprea nat * X dks
Salix cinerea nat * dkt
Salix fragilis agg. nat * eeh  dkv, dle
Salix pentandra nat 3 dkw
Salix purpurea nat * eei dky
Salix repens nat * eej dla, bdd
Salix triandra nat * eek  dlb
Salix viminalis nat * did
Salix x alopecuroides nat * 101
Salix x ambigua nat * dre
Salix x holosericea nat * drb
Salix x meyeriana nat * dgr
Salix x mollissima nat * dqi
Salix x multinervis nat * dkx
Salix x reichardtii nat * dgh
Salix x rubra nat * dgf
Salix x smithiana nat * dif
Salsola kali nat * bdf dlg, dlh
Salvia glutinosa neo * X dli
Salvia nemorosa neo * dlj
Salvia pratensis nat 3 bdg
Salvia verticillata neo * X bdh
Sambucus ebulus neo * X X X dll
Sambucus nigra nat * X dim 14
Sambucus racemosa nat * X din
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Samolus valerandi nat 2 bdi
Sanguisorba minor nat * X eel bdj
Sanguisorba officinalis nat 3 bdk
Sanicula europaea nat * bdl
Saponaria officinalis nat * X dlp
Saxifraga granulata nat 3 X bdm
Saxifraga tridactylites nat * X bdo
Scabiosa canescens nat 2 X bdp
Scabiosa columbaria nat * X bdq
Scandix pecten-veneris arc 2 bds
Scheuchzeria palustris nat 2 X bdt
Schoenoplectus lacustris nat * dlt
Schoenoplectus pungens nat 1 X bdu
Schoenoplectus tabernaemontani nat * bdw
Schoenoplectus triqueter nat 3 X bdx
Schoenoplectus x carinatus nat 3 X bdy
Schoenus nigricans X nat 3 X bdz
Scirpus sylvaticus nat * dlu
Scleranthus annuus agg. arc * een  een
Scleranthus perennis nat 3 X bea
Scorzonera hispanica X nat 2 X beb
Scorzonera humilis nat 2 X bec
Scorzonera laciniata nat 2 ayz
Scrophularia nodosa nat * X dly
Scrophularia umbrosa nat * X bee
Scrophularia vernalis neo * X X dlz
Scutellaria galericulata nat * dma
Scutellaria hastifolia nat 2 bef
Scutellaria minor nat 2 X beg
Securigera varia neo * X ajo
Sedum acre nat * X dmb
Sedum album nat * X beh
Sedum rupestre nat A X bei
Sedum sexangulare nat * X bej
Sedum telephium agg. nat * eeo  dmd, dme
Selinum carvifolia nat 3 X bel
Sempervivum tectorum nat * bem
Senecio aquaticus nat 3 ben
Senecio erraticus ssp. barbareifolius nat 3 bep
Senecio erucifolius nat * dmg
Senecio hercynicus nat * X X bes
Senecio inaequidens neo * X X dmh
Senecio jacobaea ssp. dunensis X nat * dmi
Senecio jacobaea ssp. jacobaea nat * dmj
Senecio ovatus nat * X X dmk
Senecio paludosus nat 2 bet
Senecio sarracenicus nat * X beq
Senecio sylvaticus nat * X X dml
Senecio vernalis neo * dmm
Senecio viscosus nat * dmn
Senecio vulgaris nat * b dmo
Serratula tinctoria nat 2 X beu
Seseli annuum nat 1 X bev
Seseli libanotis nat 2 X bew
Seseli montanum nat 1 dmp
Sesleria albicans nat \4 X bex
Setaria pumila arc A bey
Setaria viridis arc * X dmt
Sherardia arvensis arc 3 bez
Silaum silaus nat 2 X bfa
Silene conica X neo * X dmw
Silene dioica nat * X dmx
Silene flos-cuculi nat * cuy
Silene latifolia ssp. alba nat * X dmz
Silene noctiflora arc 3 bfe
Silene nutans nat AY X bfd
Silene otites nat 3 X bfe
Silene viscaria nat 1 X aud
Silene vulgaris nat * bff
Silene x hampeana n/a * dqw
Sinapis arvensis arc * dnd
Sisymbrium altissimum neo * dne
Sisymbrium austriacum nat R X bfg
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Sisymbrium loeselii neo * dng
Sisymbrium officinale arc * X dnh
Sisymbrium strictissimum nat R X bfh
Sium latifolium nat * X bfi
Solanum dulcamara nat * X dnk
Solanum nigrum arc * X eeq dnm
Solidago canadensis neo * dns
Solidago gigantea neo * X dnt
Solidago virgaurea nat * dnv
Sonchus arvensis nat * eer dnw, bfk
Sonchus asper nat * X dnx
Sonchus oleraceus nat * X dny
Sonchus palustris nat v X bfl
Sorbus aucuparia nat * dnz
Sorbus torminalis nat * bfo
Sparganium angustifolium nat 2 X bfp
Sparganium emersum nat * X doa
Sparganium erectum nat * X ees doc
Sparganium natans nat 2 X bfq
Spartina anglica neo * X dod
Spergula arvensis arc * doe
Spergula morisonii nat * X dof
Spergularia echinosperma nat * X bfr
Spergularia media nat * dog
Spergularia rubra arc * doh
Spergularia salina nat * bfs
Spiraea alba neo * dpf
Spiranthes spiralis nat 1 X bfu
Spirodela polyrhiza nat * dok
Stachys alpina nat 3 X X bfv
Stachys annua arc 1 bfw
Stachys arvensis arc 3 bfx
Stachys germanica nat 2 bfy
Stachys palustris nat * dol
Stachys recta nat 2 X bfz
Stachys sylvatica nat * X X dom
Stachys x ambigua nat * 103
Stellaria alsine nat * dot
Stellaria aquatica nat * X don
Stellaria graminea nat * X doo
Stellaria holostea nat * X dop
Stellaria media arc * doq
Stellaria neglecta nat * X dor
Stellaria nemorum nat * X bgb
Stellaria pallida arc * dos
Stellaria palustris nat v X bgc
Stipa capillata X nat R X bgd
Stratiotes aloides nat 3 bge
Suaeda maritima nat * X dou
Succisa pratensis nat 3 X dov
Symphytum officinale nat * X doy
Symphytum x uplandicum neo * doz
Tanacetum corymbosum nat 3 X bgh
Tanacetum vulgare arc * X dpc
Taraxacum acervatulum nat n/a 104
Taraxacum acutifrons nat n/a dpe
Taraxacum adiantifrons nat n/a dgn
Taraxacum aequilobum nat n/a 106
Taraxacum alatum nat n/a dph
Taraxacum amphilobum nat n/a 107
Taraxacum amplum nat n/a dpi
Taraxacum ancistrolobum nat n/a dpj
Taraxacum angustisquameum nat n/a 108
Taraxacum atactum nat n/a dpk
Taraxacum atricapillum X nat n/a 110
Taraxacum baeckiiforme nat n/a dpn
Taraxacum borguallii nat n/a dpp
Taraxacum cacuminatum nat n/a 111
Taraxacum calochroum X nat n/a 112
Taraxacum caloschistum nat n/a dpu
Taraxacum canoviride nat n/a 113
Taraxacum celticum agg. nat A\ eex dpr, dsa, 26, 283, drg, 181, 182, dqj
Taraxacum chlorodes X nat n/a 114
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Taraxacum christiansenii X nat n/a 115
Taraxacum comtulum nat n/a 117
Taraxacum contractum nat n/a 119
Taraxacum copidophyllum nat n/a 120
Taraxacum cordatum nat n/a dpw
Taraxacum croceiflorum X nat n/a dpz
Taraxacum cyanolepis nat n/a dga
Taraxacum dilaceratum nat n/a dgb
Taraxacum dilatatum X nat n/a 121
Taraxacum edytomum nat n/a 140
Taraxacum ekmanii nat n/a dqd
Taraxacum exsertiforme nat n/a 123
Taraxacum exsertum nat n/a 124
Taraxacum fagerstroemii nat n/a 125
Taraxacum fasciatum nat n/a dqg
Taraxacum fulgidum nat n/a 127
Taraxacum fusciflorum nat n/a 57
Taraxacum gelertiiforme nat n/a 128
Taraxacum gesticulans nat n/a 129
Taraxacum hamatiforme nat n/a dgk
Taraxacum hamatulum nat n/a 58
Taraxacum hamatum nat n/a 130
Taraxacum hamatum agg. nat * dql
Taraxacum hamiferum X nat n/a dgm
Taraxacum hepaticum nat n/a 131
Taraxacum huelphersianum nat n/a dqo
Taraxacum inarmatum nat n/a 132
Taraxacum ingens nat n/a dqq
Taraxacum inops nat n/a 133
Taraxacum interveniens nat n/a 134
Taraxacum intumescens nat n/a 135
Taraxacum kernianum nat n/a dgs
Taraxacum laciniosifrons nat n/a dqt
Taraxacum laciniosum X nat n/a dqu
Taraxacum lacinulatum nat n/a 136
Taraxacum laevigatum agg. nat * X bgi dpq, 116, 122, 56, 126, dqv, dsg, drw, 34, dsd,

dsr, dss

Taraxacum lamprophyllum nat n/a dgx
Taraxacum latens nat n/a 137
Taraxacum laticordatum nat n/a dqy
Taraxacum latisectum X nat n/a 138
Taraxacum latissimum nat n/a 139
Taraxacum leptodon nat n/a dqz
Taraxacum lingulatum nat n/a 142
Taraxacum lojoense nat n/a 143
Taraxacum lucidum nat n/a drd
Taraxacum macranthoides X nat n/a 145
Taraxacum maculatum nat n/a 147
Taraxacum melanostigma nat n/a 148
Taraxacum melanthoides nat n/a dre
Taraxacum mimulum nat n/a drf
Taraxacum necessarium nat n/a 149
Taraxacum nitidum nat n/a 150
Taraxacum obliquilobum nat n/a drh
Taraxacum obliquum b nat R dri
Taraxacum oblongatum nat n/a drj
Taraxacum obtusifrons nat n/a drk
Taraxacum ochrochlorum nat n/a 151
Taraxacum officinale agg. nat * X eey
Taraxacum ostenfeldii nat n/a dqc
Taraxacum oxyrhinum nat n/a 152
Taraxacum pachymerum X nat n/a 153
Taraxacum pallidipes nat n/a drm
Taraxacum palustre agg. nat 3 X bgj drn, 59, dpo, 40, 27
Taraxacum pannucium nat n/a dro
Taraxacum pannulatum nat n/a 159
Taraxacum pectinatiforme nat n/a drq
Taraxacum piceatum nat n/a drr
Taraxacum piceipictum nat n/a 160
Taraxacum planum nat n/a 105
Taraxacum plicatifrons nat n/a 161
Taraxacum polyodon nat n/a drt
Taraxacum porrigens nat n/a 162
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Taraxacum privum nat n/a dru
Taraxacum pruinatum nat n/a 183
Taraxacum pseudoretroflexum nat n/a 163
Taraxacum pulcherrimum nat n/a 164
Taraxacum pulchrifolium nat n/a drx
Taraxacum pulverulentum X nat n/a 156
Taraxacum purpureum nat n/a drs
Taraxacum quadrans nat n/a drz
Taraxacum rhodopodum nat n/a 165
Taraxacum rigens nat n/a 166
Taraxacum sagittipotens nat n/a dsc
Taraxacum sellandii nat n/a 157
Taraxacum semiglobosum nat n/a 167
Taraxacum severum nat n/a 168
Taraxacum sinuatum nat n/a dsh
Taraxacum stereodes nat n/a dsj
Taraxacum subcanescens nat n/a 169
Taraxacum subdahlstedtii nat n/a 170
Taraxacum subditioum nat n/a 184
Taraxacum subericinum nat n/a 185
Taraxacum subhamatum nat n/a dsk
Taraxacum subhuelphersianum nat n/a 171
Taraxacum sublaeticolor X nat n/a dsl
Taraxacum subleucopodum nat n/a 172
Taraxacum subserratifrons nat n/a 173
Taraxacum subundulatum nat n/a dso
Taraxacum subxanthostigma X nat n/a 174
Taraxacum tenebricans nat n/a dsq
Taraxacum tumentilobum nat n/a dsv
Taraxacum undulatiflorum nat n/a 175
Taraxacum undulatiforme X nat n/a 176
Taraxacum undulatum nat n/a 177
Taraxacum unguifrons X nat n/a 178
Taraxacum valens nat n/a 154
Taraxacum vanum nat n/a 179
Taraxacum violaceinervosum nat n/a 158
Taxus baccata nat 3 bgk
Teesdalia nudicaulis nat * X bgl
Tephroseris palustris nat 2 X beo
Tetragonolobus maritimus nat 1 X bgm
Teucrium botrys arc 2 X bgn
Teucrium scordium nat 2 bgo
Teucrium scorodonia nat * X X bgp
Thalictrum flavum nat 3 bgq
Thalictrum lucidum nat 3 X bgr
Thalictrum minus ssp. minus nat 2 bgs
Thalictrum simplex ssp. tenuifolium nat R bgt
Thelypteris palustris nat 3 bgv
Thesium ebracteatum nat 1 X bgx
Thesium linophyllon nat 1 X bgy
Thesium pyrenaicum nat 2 X bgz
Thlaspi arvense arc * dta
Thlaspi caerulescens nat 1 dtb
Thlaspi calaminare X nat 1 X bha
Thlaspi perfoliatum nat v X bhb
Thymus praecox nat R X bhe
Thymus pulegioides nat * X dtc
Thymus serpyllum nat 3 X dtd
Tilia cordata nat * dte
Tilia platyphyllos nat * X dtf
Torilis japonica nat * X X dtg
Torilis nodosa neo 3 bhe
Tragopogon dubius nat * bhf
Tragopogon pratensis ssp. minor nat D dth
Tragopogon pratensis ssp. orientalis nat R dti
Tragopogon pratensis ssp. pratensis nat * dtj
Trichomanes speciosum nat R X 95
Trichophorum cespitosum nat 3 bhg 260, bhh, bhi
Trientalis europaea nat * X X dtk
Trifolium alpestre nat 2 X bhj
Trifolium arvense nat * X dtm
Trifolium aureum nat 3 X bhk
Trifolium campestre nat * X dtn
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Trifolium dubium nat * dto
Trifolium fragiferum nat * X bhl
Trifolium hybridum neo * dtp
Trifolium medium nat * X bhm
Trifolium montanum nat 3 X bhn
Trifolium pratense nat * dts
Trifolium repens nat * dtt
Trifolium spadiceum b nat 2 X bhq
Trifolium striatum nat 2 X bhr
Triglochin maritimum nat * bhs
Triglochin palustre nat 3 X bht
Tripleurospermum perforatum arc * dtw
Trisetum flavescens nat * dix
Trollius europacus nat 2 bhu
Tuberaria guttata X nat R X bhv
Tulipa sylvestris arc 3 X bhw
Tussilago farfara nat * dty
Typha angustifolia nat * X dtz
Typha latifolia nat * X dua
Ulex europaeus neo 3 X bhy
Ulmus glabra nat * X dub
Ulmus laevis nat 3 X bhz
Ulmus minor nat 3 duc
Urtica dioica ssp. dioica nat * dud
Urtica urens arc * X X due
Utricularia australis X nat 3 X bia
Utricularia intermedia nat 1 X bib
Utricularia minor nat 3 X bic
Utricularia vulgaris agg. nat 3 bie bif
Vaccinium angustifolium x corymbosum neo * eaa
Vaccinium macrocarpon neo * X duf
Vaccinium myrtillus nat * X dug
Vaccinium oxycoccos nat 3 X bii
Vaccinium uliginosum nat 3 X bij
Vaccinium vitis-idaea nat * X bik
Vaccinium x intermedium nat * bih
Valeriana dioica nat v X bil
Valeriana officinalis agg. nat * efc bim, bin
Valerianella carinata nat * bio
Valerianella dentata nat 3 bip
Valerianella locusta arc * duj
Valerianella rimosa nat 2 biq
Verbascum blattaria neo R duk
Verbascum densiflorum nat * dul
Verbascum lychnitis nat * X bir
Verbascum nigrum nat * X dum
Verbascum phlomoides nat * dun
Verbascum phoeniceum nat 1 X X bis
Verbascum thapsus nat * X bit
Verbena officinalis arc v X X biu
Veronica agrestis arc v X dup
Veronica anagallis-aquatica agg. nat * biv  duu
Veronica arvensis arc * dus
Veronica beccabunga nat * dut
Veronica chamaedrys nat * duv
Veronica filiformis neo * X X duw
Veronica hederifolia nat * X efd duy
Veronica montana nat * X bix
Veronica officinalis nat * duz
Veronica opaca arc 3 biy
Veronica peregrina neo * dva
Veronica persica neo * X dvb
Veronica polita arc * X biz
Veronica praecox nat 2 X bja
Veronica scutellata nat \% X bjb
Veronica serpyllifolia nat * dve
Veronica teucrium nat \% X bjd
Veronica triphyllos arc 3 bje
Veronica verna nat 2 X bjf
Viburnum opulus nat * dve
Vicia angustifolia ssp. angustifolia arc * dvl
Vicia angustifolia ssp. segetalis neo * 256
Vicia cassubica nat 3 X X bjg
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Vicia cracca nat * dvf
Vicia dumetorum nat 3 X bjh
Vicia hirsuta nat * dvh
Vicia lathyroides nat 3 X bji
Vicia pisiformis nat 2 X X bjj
Vicia sativa agg. arc * efe
Vicia sepium nat * dvn
Vicia sylvatica nat A X dvo
Vicia tenuifolia nat 3 X bjk
Vicia tetrasperma nat * dvp
Vinca minor neo * X dvs
Vincetoxicum hirundinaria nat * X bjl
Viola arvensis arc * dvt
Viola canina nat v X dvu
Viola hirta nat * X dvv
Viola mirabilis nat 3 X bjn
Viola odorata neo * X X dvw
Viola palustris nat v X dvx
Viola persicifolia nat 2 X bjo
Viola reichenbachiana nat * X dvy
Viola riviniana nat * X dvz
Viola tricolor nat * X dwa  bjp
Viola x bavarica nat * X dwe
Viscum album nat * dwb
Vulpia bromoides nat 2 X biq
Vulpia myuros nat * X dwe
Wolffia arrhiza nat 3 bjs
Woodsia ilvensis nat 1 X bjt
x Calammophila baltica X nat * X dwk
x Festulolium loliaceum nat * faw
Xanthium albinum neo * X dwd
Zannichellia palustris nat v X bju dwg, dwh
Zostera marina X nat 3 dwi
Zostera noltii nat 3 dwj

Table A.3: Codes and full names of (sub-)species assigned to the species and/or aggregate
of higher taxonomical level. Added to = Code of species to which the particular (sub)species
was assigned to (see Table A.2 for full names of species).

Code Species Added to
116 Taraxacum commixtum bgi
122 Taraxacum discretum bgi
126 Taraxacum franconicum bgi
14 Sambucus nigra f. laciniata dlm
144 Polygonum arenastrum dag
181 Taraxacum prionum eex
182 Taraxacum rubrisquameun eex
191 Nasturtium x sterile edb
206 Asplenium trichomanes ssp. pachyrachis acw
224 Asplenium trichomanes ssp. hastatum acw
225 Festuca rubra ssp. juncea 397
232 Aster x salignus ear
238 Luzula luzuloides ssp. rubella aub
240 Festuca valesiaca ssp. parviflora ecc
243 Epipactis helleborine ssp. neerlandica 370
26 Taraxacum gelertii eex
260 Trichophorum cespitosum nothossp. foersteri bhg
27 Taraxacum subalpinum bgj
276 Polypodium x mantoniae edm
283 Taraxacum leptoglotte eex
300 Barbarea vulgaris ssp. arcuata ces
301 Barbarea vulgaris ssp. rivularis ces
34 Taraxacum rubicundum bgi
40 Taraxacum paucilobum bgj
401 Erigeron annuus ssp. strigosus cmx
413 Festuca heteromalla 397

Continued on next page



Appendix A 207

Table A.3 — Continued from previous page

Code Species Added to
50 Aster novae-angliae ear
54 Festuca nigrescens 397
56 Taraxacum disseminatum bgi
59 Taraxacum bavaricum bgj
ace Armeria maritima ssp. elongata 393
acf Armeria maritima ssp. halleri 393
adt Bolboschoenus maritimus 398
aes Callitriche cophocarpa eay
aeu Callitriche palustris + eay
agy Carex viridula var. pulchella agm
ahx Cerastium pumilum ebh
anj Festuca pallens ecc
ank Festuca valesiaca ssp. valesiaca ecc
aoj Galium verum s.1. cph
apr Helianthemum nummularium ssp. nummularium apq
aps Helianthemum nummularium ssp. obscurum apq
asf Lamium purpureum var. incisum ect
ate Lilium bulbiferum ssp. bulbiferum atd
atf Lilium bulbiferum ssp. croceum atd
avi Montia fontana ssp. chondrosperma avh
awm Ononis repens ssp. procurrens awn
awo Ononis spinosa awn
ayt Plantago major ssp. winteri edi
bbe Ranunculus aquatilis + bbd
bbg Ranunculus peltatus ssp. baudotii bbd
bbi Ranunculus circinatus bbd
bbj Ranunculus fluitans bbd
bbk Ranunculus hederaceus bbd
bbm Ranunculus nemorosus bbs
bbn Ranunculus ololeucos bbd
bbo Ranunculus peltatus ssp. peltatus bbd
bbq Ranunculus polyanthemoides bbs
bbr Ranunculus polyanthemophyllus bbs
bbw Ranunculus serpens bbs
bbx Ranunculus trichophyllus bbd
beq Rosa vosagiaca agg. dds
bda Salicornia europaea ssp. brachystachya eee
bdd Salix repens ssp. repens eej
bdj Sanguisorba minor ssp. minor eel
bfk Sonchus arvensis ssp. uliginosus eer
bhh Trichophorum cespitosum ssp. cespitosum bhg
bhi Trichophorum cespitosum ssp. germanicum bhg
bif Utricularia vulgaris + bie
bim Valeriana sambucifolia efc
bin Valeriana wallrothii efc
bjp Viola tricolor ssp. curtisii dwa
cag Achillea millefolium eab
can Aethusa cynapium ssp. elata aec
cas Agrostis gigantea ead
cay Alchemilla filicaulis aaq
caz Alchemilla glabra aaq
cba Alchemilla micans aaq
cbb Alchemilla monticola aaq
cbe Alchemilla propinqua aaq
cbd Alchemilla subcrenata aaq
cbe Alchemilla subglobosa aaq
cbf Alchemilla vulgaris + aaq
cbg Alchemilla xanthochlora aaq
cbh Alisma plantago-aquatica eae
cbv Amaranthus blitum ssp. blitum 363
cby Amaranthus blitum ssp. emarginatus 363
cbz Amaranthus powellii eag
cex Anthyllis vulneraria ssp. maritima 391
ccy Anthyllis vulneraria ssp. pseudovulneraria 391
cdl Arenaria serpyllifolia ssp. serpyllifolia ean
cdm Armeria maritima ssp. maritima 393
cdw Aster lanceolatus ear
cdx Aster novi-belgii + ear
cdy Aster parviflorus ear
cei Atriplex prostrata eas
cep Ballota nigra ssp. meridionalis adj
ceq Ballota nigra ssp. nigra adj
cey Betula pubescens ssp. carpatica eat
cez Betula pubescens ssp. pubescens eat
cfm Bromus hordeaceus eau
cfz Callitriche hamulata eay
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Code Species Added to
cga Callitriche obtusangula eay
cgb Callitriche platycarpa eay
cgc Callitriche stagnalis eay
cgq Cardamine pratensis eaz
cgy Carex arenaria ebc
chf Carex guestphalica ebe
chk Carex pairae ebe
chs Carex spicata ebe
chw Carex vulpina ebg
cih Centaurium littorale ssp. littorale ahn
cii Centaurium littorale ssp. uliginosum ahn
e Chenopodium rubrum ebj
qd Chenopodium strictum ebi
Ge Chenopodium suecicum ebi
cka Crataegus laevigata ssp. laevigata ebl
ckb Crataegus laevigata ssp. palmstruchii ebl
cke Crataegus monogyna ssp. monogyna ebo
ckf Crataegus monogyna ssp. nordica ebo
cmh Epilobium tetragonum ssp. lamyi ebw
cmj Epipactis helleborine ssp. helleborine 370
cmk Epipactis leptochila ssp. leptochila amj
cml Epipactis leptochila ssp. neglecta amj
cnq Euphrasia micrantha anf
cnr Euphrasia nemorosa + anf
canx Festuca filiformis ecc
canz Festuca guestfalica ecc
coa Festuca ovina + ecc
cod Festuca rubra ssp. arenaria 397
coe Festuca rubra ssp. litoralis 397
cog Festuca rupicola ecc
coh Festuca brevipila ecc
coi Filipendula ulmaria var. denudata ece
coj Filipendula ulmaria var. ulmaria ece
coq Fumaria officinalis ssp. wirtgenii ecg
csz Lamium galeobdolon ecq
cta Lamium montanum ecq
ctr Leonurus cardiaca ssp. cardiaca asy
cts Leonurus cardiaca ssp. villosus asy
ctx Galium palustre ssp. elongatum cpc
cub Leucanthemum ircutianum ecu
cwp Monotropa hypophegea avg
cwq Monotropa hypopitys + avg
cwr Montia fontana ssp. amporitana avh
cws Montia fontana ssp. fontana avh
cwt Montia fontana ssp. variabilis avh
oxg Nasturtium microphyllum edb
cyi Papaver dubium ssp. dubium ede
oyj Papaver dubium ssp. lecogii ede
cyk Polygala vulgaris ssp. collina aze
cyq Polygala vulgaris ssp. oxyptera aze
cza Phyteuma spicatum ssp. coeruleum ayo
czb Phyteuma spicatum ssp. spicatum ayo
czk Plantago major ssp. intermedia edi
czl Plantago major ssp. major edi
daa Polygala amara ssp. brachyptera azc
dab Polygala amarella azc
dal Persicaria lapathifolia ssp. brittingeri edl
dam Persicaria lapathifolia ssp. pallida edl
dar Polypodium interjectum edm
daw Potamogeton berchtoldii edo
dco Ranunculus penicillatus bbd
ddf Rosa caesia bl
ddm Rosa pseudoscabriuscula bep
ddn Rosa sherardii bep
ddq Rosa tomentosa + bep
ddr Rosa villosa bep
dkh Sagina micropetala eed
dkn Salicornia europaea ssp. europaea eee
dkq Salix alba ssp. vitellina eeg
dkv Salix fragilis + eeh
dky Salix purpurea ssp. lambertiana eei
dla Salix repens ssp. dunensis egj
dlb Salix triandra ssp. amygdalina eek
dle Salix x rubens eeh
dlg Salsola kali ssp. kali bdf
dlh Salsola kali ssp. tragus bdf

Continued on next page
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Code Species Added to
dlw Scleranthus polycarpos een
dmd Sedum maximum eeo
dme Sedum telephium + eeo
dnm Solanum nigrum ssp. schultesii eeq
dnw Sonchus arvensis ssp. arvensis eer
doc Sparganium erectum ssp. neglectum ees
dpo Taraxacum balticum bgj
dpq Taraxacum brachyglossum bgi
dpr Taraxacum bracteatum eex
dpx Bolboschoenus maritinmus x yagara 398
dqgj Taraxacum haematicum eex
dqv Taraxacum lacistophyllum bgi
drg Taraxacum nordstedtii eex
drn Taraxacum palustre bgj
drw Taraxacum proximunm bgi
dsa Taraxacum duplidentifrons eex
dsd Taraxacum scanicum bgi
dsg Taraxacum parnassicum bgi
dsr Taraxacum tenuilobum bgi
dss Taraxacum tortilobum bgi
dsx Festuca polesica ecc
duu Veronica catenata biv
duy Veronica hederifolia ssp. lucorum efd
dwg Zannichellia palustris ssp. palustris bju
dwh Zannichellia palustris ssp. pedicellata bju
eah Anagallis arvensis var. caerulea cck
eap Asplenium trichomanes ssp. trichomanes acw
ebk Crataegus curvisepala agg. gz
ebm Crataegus laevigata ebl
ebq Dactylorhiza fuchsii akr
ebu Eleocharis palustris ssp. palustris clr
ebv Eleocharis palustris ssp. vulgaris clr
ecd Festuca rubra 397
ecm Hypericum maculatum ssp. obtusiusculum crp

Table A.4: Soil types listed in the soil map of Lower Saxony (BUK 50) and the assignment to
27 soil type categories. Abbr. = Abbreviation of soil type.

Abbr. Soil type Category
AB Vega 1
AB-S Vega-Pseudogley 1
B-P Braunerde-Podsol 2
B Braunerde 2
B-Q Braunerde-Regosol 2
B-D Braunerde-Pelosol 2
B-S Braunerde-Pseudogley 2
B-R Braunerde-Rendzina 2
B-pL Braunerde-Parabraunerde; podsoliert 2
B-N Braunerde-Ranker 2
B-Z Braunerde-Pararendzina 2
B-pQ Braunerde-Regosol; podsoliert 2
B-L Braunerde-Parabraunerde 2
D Pelosol 3
D-S Pelosol-Pseudogley 3
D-B Pelosol-Braunerde 3
E//P-G Plaggenesch unterlagert von Podsol-Gley 4
E//P Plaggenesch unterlagert von Podsol 4
E/G-P Gley-Podsol mit Plaggenauflage 4

Continued on next page
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Abbr. Soil type Category
E//G Plaggenesch unterlagert von Gley 4
E/S-P Pseudogley-Podsol mit Plaggenauflage 4
E//S Plaggenesch unterlagert von Pseudogley 4
E//S-B Plaggenesch unterlagert von Pseudogley-Braunerde 4
E//B Plaggenesch unterlagert von Braunerde 4
E/P-B Podsol-Braunerde mit Plaggenauflage 4
E Plaggenesch 4
E/S-B Pseudogley-Braunerde mit Plaggenauflage 4
E/B Braunerde mit Plaggenauflage 4
E//G-B Plaggenesch unterlagert von Gley-Braunerde 4
E/G-B Gley-Braunerde mit Plaggenauflage 4
E//B-G Plaggenesch unterlagert von Braunerde-Gley 4
E//S-L Plaggenesch unterlagert von Pseudogley-Parabraunerde 4
E/L Parabraunerde mit Plaggenauflage 4
E//L Plaggenesch unterlagert von Parabraunerde 4
E/S Pseudogley mit Plaggenauflage 4
E/P Podsol mit Plaggenauflage 4
E//P-B Plaggenesch unterlagert von Podsol-Braunerde 4
E//S-P Plaggenesch unterlagert von Pseudogley-Podsol 4
G Gley 5
G-P Gley-Podsol 5
G-S Gley-Pseudogley 5
G-Q Gley-Regosol 5
G-AB Gley-Vega 5
G-B Gley-Braunerde 5
GT Gley-Schwarzerde 5
G-OL Gley-Lockersyrosem 5
G-P-S Gley-Podsol-Pseudogley 5
G-L Gley-Parabraunerde 5
G-Z Gley-Pararendzina 5
HHv Erd-Hochmoor 6
HNv/G Gley mit Erd-Niedermoorauflage 6
HNv Erd-Niedermoor 6
HHv/G-P Gley-Podsol mit Erd-Hochmoorauflage 6
HH Hochmoor 6
HHv//S-G Erd-Hochmoor unterlagert von Pseudogley-Gley 6
HHv/G Gley mit Erd-Hochmoorauflage 6
K//G Kolluvisol unterlagert von Gley 7
K//L Kolluvisol unterlagert von Parabraunerde 7
K//S-L Kolluvisol unterlagert von Pseudogley-Parabraunerde 7
K//B Kolluvisol unterlagert von Braunerde 7
K Kolluvisol 7
L Parabraunerde 8
L-S Parabraunerde-Pseudogley 8
L-SH Parabraunerde-Haftadssepseudogley 8
pL Parabraunerde; podsoliert 8
MC Kalkmarsch 9
MD Dwogmarsch 10

Continued on next page
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Abbr. Soil type Category
MK//HN Knickmarsch unterlagert von Niedermoor 11
MK Knickmarsch 11
MK/G Gley mit Knickauflage 11
MK/ /HH Knickmarsch unterlagert von Hochmoor 11
MN Kleimarsch 12
MN//HN Kleimarsch unterlagert von Niedermoor 12
MN/HN Niedermoor mit Knickmarschauflage 12
MN//HH Kleimarsch unterlagert von Hochmoor 12
MN/HH Hochmoor mit Knickmarschauflage 12
MO Organomarsch 13
MO/ /HN Organomarsch unterlagert von Niedermoor 13
MR Rohmarsch 14
MR/HN Niedermoor mit Organomarschauflage 14
MR/HH Hochmoor mit Rohmarschauflage 14
N Ranker 15
@) Syrosem 16
OL Lockersyrosem 16
P-G Podsol-Gley 17
P Podsol 17
P-B Podsol-Braunerde 17
P-S Podsol-Pseudogley 17
P-Q Podsol-Regosol 17
Q Regosol 18
pPQ podsoliger Regosol 18
S-P Pseudogley-Podsol 19
S-B Pseudogley-Braunerde 19
S Pseudogley 19
5S-G Pseudogley-Gley 19
S-L Pseudogley-Parabraunerde 19
S-T Pseudogley-Schwarzerde 19
S//MN Pseudogley unterlagert von Kleimarsch 19
S-AB Pseudogley-Vega 19
S-D Pseudogley-Pelosol 19
S-K Pseudogley-Kolluvisol 19
pS Pseudogley; podsoliert 19
SH Haftnossepseudogley 19
5-Q Pseudogley-Regosol 19
R Rendzina 20
F Felshumusboden 21
T-L Schwarzerde-Parabraunerde 22
T Schwarzerde 22
YD\HH Hochmoor mit Deckkulturbodenauflage 23
YD/HH Hochmoor mit Deckkulturbodenauflage 23
YT Spittmarsch 24
YUhn Tiefumbruchboden 25
YUp Tiefumbruchboden 25
YUg Tiefumbruchboden 25
YUhh Tiefumbruchboden 25
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Abbr. Soil type Category
YUg-p Tiefumbruchboden 25
YUh Tiefumbruchboden 25
YUs-p Tiefumbruchboden 25
YUmn Tiefumbruchboden 25
YUab Tiefumbruchboden 25
YUs-ab Tiefumbruchboden 25
YUg-ab Tiefumbruchboden 25
YUs Tiefumbruchboden 25
YUs-g Tiefumbruchboden 25
V4 Pararendzina 26
7S Strand 27

Table A.5: Roads that are represented as polylines in the ATKIS-DLM were buffered by using
the buffer distance specified below. Standard values for the width of roads was taken from
FGSV (1996). n/a = not available.

Road category FGSV (1996) Buffer
Motorways ﬁ;r:(llrrnniﬁ 22(;rrnn 11.5m
(Autobahnen) Standard: 23m — 2 x 11.5m = 23 m width
Federal hich Minimum: 7.5m 5.625m

ederat ughways Maximum: 11.5m, 15m for — 2 x 5.625m = 11.25m width
(Bundesstrafien)

State roads
(Landesstrafien)

County roads
(Kreisstrafsen)

Municipal roads
(Gemeindestrafsen)

twin-track roads
Standard: n/a.

Standard: 6.5m
n/a; standard of 6.5m as-
sumed

n/a; standard of 5.5m as-
sumed

(average of 7.5m and 15m)
3.25m
— 2 x 3.25m = 6.5m width

3.25m
— 2% 3.25m = 6.5m width

2.75m
— — 2% 2.75m = 5.5m width
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Table A.6: Land cover types (LCT) used for the calculation of landscape metrics, their descrip-
tion as well as the ATKIS-DLM objects included in the particular LCT.

LCT

Description

Objects ATKIS-DLM

Industrial ar-
eas

Urban areas

Traffic areas

Croplands

Forests
Grasslands

Water bodies

Others

Areas used for (non
agricultural) production
(e.g. supply and dis-
posal facilities, exhibi-
tion centers, mining ar-
eas etc.

Areas used for hous-
ing and recreation (e.g.
residential areas, parks,
campgrounds etc.)

Areas used for transport
(roads, railway lines, air-
ports, etc.)

Areas used for agricul-
tural production

Forested areas
Grassland areas

Standing and  flow-
ing waters (e.g. lakes,
streams, channels,
springs)

Areas not belonging to
any of the above men-
tioned LCT (e.g. tree
rows, bogs, islands)

Abfallbeseitigungsanlage,  Abfalldeponie, = Abset-
zbecken/ Rieselfeld/ Schlammteich, Ausstellungs-
gelinde/ Messegeldnde, Bergbaubetrieb, Fliache beson-
derer funktionaler Pragung, Forderanlage, Freileitung,
Girtnerei, Heizwerk, Industrie- und Gewerbefliche,
Klédranlage/Klarwerk, Kraftwerk, Raffinerie, Tagebau/
Grube/ Steinbruch, Umspannwerk, Wasserwerk, Werft,
Dock, Hafenbecken

Campingplatz, Denkmal/ Denkstein/ Standbild,
Fliche gemischter = Nutzung, Freilichtmuseum,
Freilichttheater, Freizeitanlage, Freizeitpark/ Sa-

faripark, Friedhof, Gartenland, Golfplatz, Griinan-
lage, Ortslage, Schiesstand, Schwimmbad/ Freibad,
Schwimmbecken, Spielfeld/ Spielfliche, Sportanlage,
Stadion, Wohnbauflidche, Zoo, Zuschauertribiine

Bahnhofsanlage, Bahnkorper, Bahnstrecke, Briicke/
Unterfithrung/ Uberfﬁhrung, Fahrbahn, Flughafen,
Flughafen-Vorfeld, Flugplatz/ Landeplatz, Hafen,
Hafenbecken, Platz (Rastplatz/ Parkplatz), Raststétte,
Rollbahn, Schienenbahn, Schleuse, Schleusenkammer,
Strafie, StrafSenkorper, Tunnel, Weg

Ackerland, Rieselfeld, Sonderkultur

Wald/ Forst
Griinland

Binnensee/ Stausee/ Teich, Graben/ Kanal (Wasser-
wirtschaft), Kanal (Schifffahrt), Strom/ Fluss/ Bach,
Talsperre/ Wehr, Quelle

Fliche z.Zt. unbestimmbar, Grenze, Halde, Aufschiit-
tung, Nasser Boden, Vegetationslose Flache, Zaun,
Uferbefestigung, Heide, Baumgruppe/ Baumreihe,
Geholz, Moor, Insel, Meer, Priel, Sandbank, Watt
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