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Auswirkungen von Habitatfragmentierung und 1
Landschaftsstruktur auf Tagfalter und Bliitenpflanzen. Ein
Uberblick.

EINLEITUNG
In den letzten Jahrzehnten hat sich das Bild unserer Kulturlandschaft drastisch verdndert. Die
flichendeckende ErschlieBung der Landschaft und gleichzeitige Intensivierung der
Landnutzung fiihrte zu einer deutlichen Flachenreduktion naturnaher und halbnatiirlicher
Okosysteme und zur Fragmentierung der verbliecbenen Habitate (Plachter 1991, Jedicke
1994). Besonders betroffen sind hiervon die halbnatiirlichen Kalkmagerrasen, die in den
letzten Jahrzehnten stark abgenommen haben (WallisDeVries et al. 2002). So wurde
dokumentiert, dass z. B. im Regierungsbezirk Stuttgart (Baden-Wiirttemberg) der
Flachenverlust seit 1900 bei 61 % liegt (Mattern et al. 1980, 1992, WallisDeVries et al. 2002).
In der Untersuchungsregion in Siid-Niedersachsen war der Flachenverlust in den letzten
Jahrzehnten vermutlich ebenfalls hoch. Zudem fiihrt der geringe Anteil an Kalkuntergrund
bereits auf natiirliche Weise zur Fragmentierung der Flichen. Trotzdem zdhlen
Kalkmagerrasen fiir Insekten und Pflanzen auch heute noch zu den artenreichsten Habitaten
Mitteleuropas (VanSwaay 2002, WallisDeVries et al. 2002). Parallel zu dem Riickgang von
naturnahen und halbnatiirlichen Habitaten in Mittel- und Nordeuropa nahm auch die
Diversitit der Tagfalter in vielen Regionen extrem ab. So gingen in Suffolk, UK in den
letzten 150 Jahren 42 % (Bourn & Thomas 2002) und in Flandern, Belgien in den letzten 100
Jahren 30 % (Maes & Van Dyck 2001) der Arten verloren. Auch Pflanzenarten sind von der
Abnahme naturnaher und halbnatiirlicher Habitate betroffen, wenn auch in geringerem
Ausmal} als Tagfalter. So gelten 5 % der Bliitenpflanzen in Suffolk, UK seit den letzten 150
Jahren als ausgestorben (Bourn & Thomas 2002). Spezialisierte Pflanzenarten der
Kalkmagerrasen sind in Deutschland zu 1 % ausgestorben und zu 42 % gefdhrdet
(WallisDeVries et al. 2002).

Unter Habitatfragmentierung versteht man die Verinselung von Festlandhabitaten, die
mit  abnehmender  HabitatgroBe  und  zunehmender  Isolation  einhergehen.

Habitatfragmentierung und Habitatverlust steigern Extinktionsraten und gehdren mit zu den
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Hauptgriinden fiir den lokalen, regionalen und globalen Diversititsverlust (Begon et al. 1996,
Whittaker1998).

Habitatverlust und Habitatfragmentierung trifft aber auch innerhalb einer Artengruppe
nicht alle Arten gleichermalen (Pimm 1991, Lawton 1995, Tscharntke et al. 2002a).
Insbesondere seltene Arten (Pimm 1991, Gaston 1994, Lawton 1995), Arten mit hoher
Populations-Variabilitdit oder niedrigen Populationsdichten (Pimm 1991, Kruess &
Tscharntke 1994, Lawton 1995, Zabel & Tscharntke 1998), Nahrungsspezialisten (Zabel &
Tscharntke 1998, Steffan-Dewenter & Tscharntke 2000), Arten mit geringer
Ausbreitungsfahigkeit (Bunce & Howard 1990, Lawton 1995, De Vries et al. 1996, Bender et
al. 1998) und Arten in hoherer trophischer Position (Pimm 1991, Lawton 1995, Holt et al.
1999, Tscharntke & Kruess 1999, Davies et al. 2000) gelten als besonders sensibel gegeniiber
Fragmentierung. Habitatspezialisten sind hdufig durch eine Kombination mehrerer der eben
aufgezahlten Eigenschaften charakterisiert (Lawton 1995, Fischer & Stocklin 1997, Warren et
al. 2001, Brandle et al. 2002). Habitatspezialisten gelten daher als besonders anfillig gegen
Habitatfragmentierung, wie Studien zu Bliitenpflanzen (Fischer & Stocklin 1997) und zu
Tagfaltern belegen (Thomas et al. 1992, Warren et al. 2001). Habitatgeneralisten sollten
dagegen durch die umgebende Landschaftsstruktur stirker beeinflusst sein (Jonson & Fahrig
1997). Die Einteilung in Habitatspezialisten und Habitatgeneralisten ist somit eine wichtige
Grundvoraussetzung um Auswirkungen von Habitatfragmentierung und Landschaftsstruktur
zu verstehen. Trotzdem werden Arten nur selten in solche dkologischen Gruppen eingeteilt
(siche aber z. B. Warren et al. 2001). Selbst bei den sonst gut erforschten Arten-Areal-
Beziehungen fehlen diese Einteilungen weitestgehend (Harrison & Bruna 1999). Die
Einteilung der Artengemeinschaft von Tagfaltern und Bliitenpflanzen in Habitatspezialisten
und Generalisten wurde in dieser Arbeit in den Kapiteln 2 - 4 beriicksichtigt.

Die Inselbiogeographie wurde von MacArthur und Wilson entwickelt und basiert auf
einem angenommenen Gleichgewichtszustand zwischen Immigrations- und Extinktionsraten
auf Inseln. In einem zeitlichen Kontext sind auf kleinen isolierten Inseln die Extinktions- und
Turnoverraten von Arten hoher, Immigrationsraten dagegen niedriger, als auf grolen weniger
isolierten Inseln (MacArthur & Wilson 1963, 1967, Rosenzweig 1995, Whittaker1998). Auch
die Metapopulationstheorie, die im wesentlichen von Levins entwickelt wurde, basiert auf
dem Konzept von Immigration und Extinktion. Allerdings geht es hierbei um lokale
Populationen (Sub-Populationen), nicht um Artengemeinschaften, die durch einzelne
dispergierende Individuen (Genfluss) miteinander verbunden sind (Levins 1969, Reich &

Grimm 1996, Hanski & Gilpin 1997, Hanski & Simberloff 1997, Settele 1998, Hanski 1999).
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Nur wenige Studien betrachten die zeitliche Dynamik von Artengemeinschaften und
berechnen Immigrations-, Extinktions- und Turnoverraten (Manne et al. 1998), wihrend fiir
Einzelarten im Metapopulationskontext diese Berechnungen durchaus héufiger sind (z. B.
Hanski & Singer 2001). Die =zeitliche Dynamik fiir Artengemeinschaften, der
Inselbiogeographie folgend, wird in Kapitel 2 fiir Tagfalter ndher untersucht.

Im Gegensatz zur HabitatgroBe und der seltener untersuchten Habitatisolation
(Rosenzweig 1995) werden die Auswirkungen der umgebenden Landschaftsstruktur auf Arten
und Artengemeinschaften meist vernachlédssigt (Wiens 1997, Hanski 1999, Vandermeer &
Carvajal 2001, Tscharntke et al. 2002b). In den Kapiteln 3 und 4 werden die Auswirkungen
der Landschaftsstruktur mit einbezogen. Die Einfliisse all dieser Habitatfaktoren auf die
Populationsdichten von Insekten sind weitestgehend unbekannt (Connor et al. 2000). In
Kapitel 3 werden auch die Auswirkungen auf die Populationsdichten von Tagfaltern
untersucht.

Arten-Areal-Beziehungen beschreiben die positive Beziehung zwischen Inselgrof3e
(HabitatgroBe) und Artenzahl. Zwei oOkologische Hypothesen erkldren Arten-Areal-
Beziehungen. Die Areal per se- oder Gleichgewichts-Hypothese geht von der Annahme aus,
dass nur die Flichengrofe, unabhingig von der Heterogenitit der Flachen, die Zunahme der
Artenzahl bestimmt und ein Gleichgewicht zwischen Immigration und Extinktion existiert.
Die Habitatheterogenitéts-Hypothese dagegen erklért die Artenzunahme durch zunehmende
Flachenheterogenitit groferer Flichen (Rosenzweig 1995, Holt et al. 1999). In Kapitel 4 wird
fiir Bliitenpflanzen auf Kalkmagerrasen untersucht, welche der beiden Hypothesen
wahrscheinlicher ist.

Populationsgenetische Untersuchungen zur Auswirkung der Habitatfragmentierung auf
Organismen beschrinken sich meist auf die Effekte der Populationsgréofe bzw. der
Habitatgroe und vernachldssigen hierbei oft die Isolation von Habitaten (siche Young et al.
1996, Amos & Harwood 1998). In Kapitel 5 werden die Auswirkungen von
PopulationsgroBe, HabitatgroBBe, Futterpflanzenvorkommen und Isolation auf die genetische

Struktur und genetische Diversititét untersucht.

FRAGESTELLUNGEN

In der vorliegenden Arbeit sollen die Auswirkungen von Habitatfragmentierung und
Landschaftsstruktur der Umgebung auf die Artenvielfalt und Abundanz von Tagfaltern und
Pflanzen, sowie auf einen spezialisierten Tagfalter, Polyommatus coridon, (mit

populationsgenetischen Methoden), untersucht werden. Hierbei sollen zundchst die
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Auswirkungen der Habitatfragmentierung auf Immigrations-, Extinktions- und
Turnoverereignisse (zeitliche Dynamik) von Tagfalterarten analysiert werden (Kapitel 2).
Darauthin werden die zusétzlichen Einfliisse der Landschaftsstruktur auf Artenzahl und auf
Populationsdichten ~ von  Tagfaltern untersucht (Kapitel 3). Die Folgen der
Habitatfragmentierung und der Landschaftsstruktur werden auch fiir Bliitenpflanzenarten und
Bliitenpflanzenartendichte untersucht (Kapitel 4). SchlieBlich werden die Auswirkungen der
Fragmentierung auf die Populationsgenetik des Tagfalter Polyommatus coridon analysiert

(Kapitel 5).

Im Einzelnen wurden folgende Fragestellungen bearbeitet:

Zeitliche Dynamik (Kapitel 2)

e Nehmen Immigrationsraten mit zunehmender HabitatgroBe und abnehmender
Isolation zu?

e Nehmen Extinktions- und Turnoverraten mit zunehmender Habitatgrofe und
abnehmender Isolation ab?

e Haben Habitatspezialisten hohere Extinktions- und Turnoverraten als Generalisten und
haben Generalisten hohere Immigrationsraten?

e Sterben Habitatspezialisten bei abnehmender Habitatgro3e schneller aus als

Generalisten?

HabitatgroB3e, Isolation und Landschaftsstruktur (Kapitel 3 und 4)

e Nimmt die Artenzahl mit zunehmender Habitatgroe, besserer Konnektivitat und
zunehmender Landschaftsdiversitit der Umgebung zu?

e Reagieren Habitatspezialisten stirker auf HabitatgroBe und Isolation, wihrend
Generalisten stirker auf Landschaftsstruktur reagieren?

e Wie reagieren die Populationsdichten von Tagfalter-Arten auf HabitatgroBe, Isolation
und Landschaftsstruktur?

e Ist die Pflanzenartendichte (= Artenzahl mit gleichem Probeaufwand auf allen

Flachen) ebenfalls von HabitatgroB3e, Isolation und Landschaftsstruktur abhéngig?
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Populationsgenetik von Polyommatus coridon (Kapitel 5)

e Zeigen Populationen von P. coridon am Nordrand der Verbreitung gegeniiber der
Kernregion eine reduzierte genetische Variabilitat?

e Zeigen P. coridon Populationen eine signifikante genetische Strukturierung in der
Untersuchungsregion?

e Lisst sich eine isolation by distance Struktur zwischen den Subpopulationen
nachweisen?

e Unterscheiden sich P. coridon Populationen von zwei durch ein Flusstal getrennte
Unterregionen genetisch?

e Beeinflussen die Populationsgrofle, die HabitatgroBe, die Distanz bis zur ndchsten P.
coridon Population und die Gro8e des Futterpflanzenvorkommens die genetische

Diversitat?

ORGANISMEN UND HABITAT
Tagfalter und Bliitenpflanzen

In der vorliegenden Untersuchung wurden Tagfalter und Samenpflanzen (= Bliitenpflanzen)
auf Kalkmagerrasen erfasst. Zu den Tagfaltern (Lepidoptera: Hesperioidea und Papilionoidea)
wurden auch die tagaktiven Widderchen (Lepidoptera: Zygaenidae) gezdhlt, zu den
Samenpflanzen (Spermatophyta) zusitzlich die Art Equisetum arvense. Tagfalter und
Bliitenpflanzen gehdren zu den am besten untersuchten Organismengruppen Europas und
haben grofle Bedeutung fiir den Naturschutz (Beinlich & Plachter 1995, Van Swaay 2002,
WallisDeVries et al. 2002). Auf Grund der guten autdokologischen Kenntnisse iiber die
einzelnen Arten lassen sich beide Artengruppen in Habitatspezialisten fiir Kalkmagerrasen

und Habitatgeneralisten einteilen (Kapitel 2 - 4).

Bei der Tagfalterart, Polyommatus coridon
(Poda, 1761), wurden die Auswirkungen der
Habitatfragmentierung auf die Populationsgenetik
untersucht (Kapitel 5). P. coridon (Sillbergriiner
Blduling), gehort zu der Familie der Bliulinge

(Lycaenidae) und ist ein univoltiner Tagfalter, der in

der Untersuchungsregion in Siidniedersachsen als

Fig. 1 Polyommatus coridon (Mannchen)

Raupe monophag an Hippocrepis comosa L.

(Hufeisenklee) frisst (Ebert & Rennwald 1991, Asher et al. 2001). Die Tagfalterart ist {iber
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weite Bereiche Mittel- und Siideuropas verbreitet (Kudrna 2002) und gilt als
Kalkmagerrasenspezialist (Van Swaay 2002). In Siidniedersachsen erreichen P. coridon und
auch seine Larval-Futterpflanze H. comosa ihre nordliche Verbreitungsgrenze (Garve 1994,
Kudrna 2002). Beide Arten gelten in Niedersachsen als gefiahrdet (Jedicke 1997). Die
Populationsdichten von P. coridon sind im Vergleich zu anderen Tagfaltern sehr hoch (Ebert
& Rennwald 1991, Bink 1992, Weidemann 1995). Die Art wird zudem als standorttreu mit
geringer Ausbreitungsfihigkeit eingestuft (Bink 1992, Weidemann 1995, Asher et al. 2001,
Cowley et al. 2001).

Kalkmagerrasen

Kalkmagerrasen sind in Nordwest-Europa
meist halbnatiirliche Habitate
(WallisDeVries et al. 2002) und gehoren in
Niedersachsen zu der Pflanzenassoziation
Gentiano-Koelerietum (Klasse Festuco-
Brometea). Sie entstanden in der Regel |

durch extensive Beweidung, zum Teil auch

durch Mahd und bendtigen regelmifBige & y T
Pflegemaflnahmen, um einer zu starken Fig. 2 Kalkmagerrasen "Mihlenberg"
Sukzession vorzubeugen. Durch die Intensivierung der Landwirtschaft sind sie in den letzten
Jahrzehnten stark zuriickgegangen (WallisDeVries et al. 2002) und gelten in Deutschland als
gefdhrdet (Riecken et al. 1994). Da sie zu den artenreichsten Habitaten Mitteleuropas fiir
Insekten (insbesondere Tagfalter) und Pflanzen gehdren (Van Swaay 2002, WallisDeVries et
al. 2002), haben der Naturschutz und die Naturschutzforschung grofles Interesse an diesem

Habitattyp (siehe Beinlich & Plachter 1995 und den Sonderband von Biological Conservation
vom Jahr 2002, Band 104).

ERGEBNISSE

Die HabitatgroBe war der wichtigste Faktor fiir die Artenvielfalt eines Habitats, wiahrend die
Habitatisolation in dieser Untersuchungsregion nur eine geringe Rolle fiir die Artenvielfalt
spielte. Isolation wirkte sich aber negativ auf den Genfluss von P. coridon aus. Die
Landschaftsstruktur der Umgebung zeigte nur einen signifikanten FEinfluss auf die

Generalisten unter den Tagfaltern.
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Die Untersuchungen zur zeitlichen Dynamik von Lebensgemeinschaften zeigten, dass die
Immigrationsraten von Tagfaltern mit zunehmender HabitatgroBe ansteigen, wéhrend die
Extinktions- und Turnoverraten abnehmen. Die Extinktions- und Turnoverraten der
Habitatspezialisten waren im Mittel hoher als die der Generalisten und wurden stirker vom
Habitatverlust beeinflusst. Die Immigrationsraten waren bei den Generalisten im Mittel hoher.
Auf den kleineren Untersuchungsflichen war die Bilanz zwischen einwandernden und
aussterbenden Arten bei den Habitatspezialisten negativ, das heilit, dass in einem Zeitraum
von vier Jahren zwischen 1996 und 2000 auf diesen Flichen die Artenzahl der
Habitatspezialisten zuriickgegangen ist. Die Habitatisolation hatte keinen signifikanten
Einfluss auf Immigrations-, Extinktions- oder Turnoverraten (Kapitel 2).

Bei den Untersuchungen im Jahr 2000 zeigte sich, dass die Grofe der Habitatflachen
den hochsten Erklarungswert fiir die Anzahl der Tagfalterarten hatte. Die Grofe eines
Habitats war auch mit der Artenzahl und Deckung der Bliitenpflanzen korreliert, die
Habitatsqualititsfaktoren fiir Tagfalter darstellen. Eine Trennung des Einflusses von
Habitatqualitit und Heterogenitét von Areal per se- Effekten war deshalb nicht moglich. Die
Habitatisolation spielte erneut keine Rolle fiir die Artenzahl, wéhrend mit zunehmender
Landschaftsdiversitdt um die Habitate die Artenzahl, v.a. der Generalisten positiv beeinflusst
wurde. Dieser Landschaftseffekt war jedoch skalierungsabhidngig und nur fiir den kleinsten
Radius von 250 m um das Habitat signifikant. Insgesamt reagierten Habitatspezialisten
sensibler auf die HabitatgroBe (steilere Steigung), Generalisten reagierten stirker auf die
Landschaftsstruktur. Dies zeigte sich auch bei der Auswertung der Einzelarten. Die
Populationsdichte der Tagfaltergemeinschaften war positiv mit der HabitatgrofBe korreliert,
Isolation und Landschaftsstruktur spielten jedoch keine modifizierende Rolle (Kapitel 3).

Die Artenzahl der Bliitenpflanzen auf Kalkmagerrasen nahm &hnlich wie die der
Tagfalter mit der HabitatgroBe zu. Die Steigung war hierbei jedoch bei Spezialisten nicht
hoher als bei Generalisten. Fiir die Anzahl der Pflanzenarten spielten Habitatisolation und
Landschaftsstruktur der Umgebung keine Rolle. Analysen mit der gleichen Braun-Blanquet
Probengrofle auf allen Flichen (= Artendichte) ergaben keinen signifikanten Zusammenhang
mit den drei Faktoren HabitatgroBBe, Isolation und Landschaftsstruktur. Der fehlende
Zusammenhang mit der Habitatgroe spricht gegen eine Annahme der Areal per se-
Hypothese (Kapitel 4).

Die Untersuchung der Populationsgenetik von 17 Populationen des Tagfalters
Polyommatus coridon am Nordrand seines Verbreitungsgebietes ergab eine generelle

Abnahme der genetischen Variabilitdt gegeniiber Populationen aus dem Kernbereich der
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Verbreitung. Die Populationen in der Untersuchungsregion unterschieden sich signifikant
voneinander, es existierte jedoch keine isolation by distance Struktur. Populationen der
beiden Unterregionen westlich und ostlich des Flusses Leine waren genetisch getrennt, es
besteht also eine Barriere fiir den Genfluss. Weder die Populationsgrofle des Tagfalters, noch
die damit stark korrelierte Habitatgrof3e oder die Grof3e der Futterpflanzenpopulation ergaben
einen signifikanten Einfluss auf die genetische Diversitit. Ansteigende Habitatisolation, als
Distanz zur ndchsten P. coridon Population gemessen, reduzierte jedoch die erwartete

Heterozygotie (Kapitel 5).

SCHLUSSFOLGERUNGEN

Die Untersuchungen zeigen, dass die HabitatgroBe der Kalkmagerrasen in der
Untersuchungsregion um Gottingen die Artenvielfalt entscheidend beeinflusst, wihrend die
Isolation der Habitate fiir die Artengemeinschaft der Bliitenpflanzen und Tagfalter kaum eine
Rolle spielt. Der herausragende Effekt der Habitatgrofle ist v.a. fiir die meist gefdhrdeten
Habitatspezialisten entscheidend. Zumindest die Artenzahlen spezialisierter Tagfalter nehmen
auf den kleinen Habitatflaichen weiter ab. Als SchutzmaBBnahme gegen ein Aussterben dieser
Arten ist die Erhaltung der groBten Kalkmagerrasen unumgéanglich. Dariiber hinaus sollte aber
auch die fortschreitende Verkleinerung der kleinen Habitate verhindert werden, um diese
Habitate wenigstens fiir einzelne Arten noch attraktiv zu halten.

Da die Habitatisolation nur einen geringen Einfluss auf die Artenvielfalt und die
Populationsdichten zeigte, sind zum Schutz der Tagfalter- und Pflanzenarten zur Zeit keine
zusdtzlichen MaBBnahmen zum Biotopverbund wie z. B. Trittsteinbiotope notwendig. Die
Ausbreitungsfahigkeit der meisten Arten scheint fiir die Untersuchungsregion somit
ausreichend zu sein. Fiir einzelne Arten kann der Grad der Isolation jedoch einen kritischen
Schwellenwert iiberschritten haben. So ist der Genfluss zwischen den isolierten Habitaten von
P. coridon reduziert. Hierbei spielt zwar auch die natiirliche Isolation der Populationen auf
verinselten Kalkkappen eine Rolle, eine zunehmende Isolation fiihrte hier aber zu verringerter
genetischer Diversitit. Diese kdnnte als Folge von Inzuchtdepression zu einer verminderten
Populationsfitness fithren.

Die Landschaftsstruktur der Umgebung hatte einen signifikanten Einfluss auf die
Artenzahl der Tagfaltergeneralisten. Sie stieg mit zunehmender Landschaftsdiversitit um die
untersuchten Habitate an. Fiir den Schutz von seltenen, meist spezialisierten Arten spielt die
Landschaftsstruktur wohl nur eine untergeordnete Rolle. Landschaftselemente wie z. B. das

Leine-Flusstal, mit intensiver Agrarlandschaft und zahlreichen Siedlungen, konnen auch als
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Dispersionsbarrieren  fiir  einen  regelmidfligen  Genfluss  angesehen  werden.
Dispersionsfordernde Landschaftselemente konnten hier zu einer besseren Konnektivitét
zwischen den Habitaten flihren.

Hypothesen der Inselbiogeographie konnten teilweise bestitigt werden. Arten-Areal-
Beziehungen waren generell deutlich, und auch die zeitliche Dynamik zeigte zunehmende
Immigrations- und abnehmende Extinktions- und Turnoverraten mit zunehmender
ArealgroBe. Die hohere trophische Ebene der Tagfalter ist dabei stirker gefdhrdet als die
niedrigere trophische Ebene der Pflanzen. Habitatspezialisten sind zudem stédrker gefdhrdet als
Generalisten. Arten-Areal-Beziehungen werden durch zwei Hypothesen erklart, die Areal per
se- und die Habitatheterogenitdts-Hypothese. Die enge Korrelation zwischen Habitatgrof3e
und Habitatqualitit fiir Tagfalter ldsst keine Aussage zu. Die fehlende Korrelation zwischen
Artendichte der Bliitenpflanzen und HabitatgroBe stiitzt jedoch die Habitatheterogenitéts-
Hypothese.

Die Dispersionsfahigkeit von Arten bzw. Artengruppen bestimmt den Einfluss der
Habitatisolation. Da fiir die untersuchten Tagfalter und Pflanzen keine Auswirkungen der
Isolation nachgewiesen werden konnten, waren sie offenbar in der Lage, die Distanzen
zwischen den Habitaten zu iiberwinden. Die Isolation mag jedoch auf die genetische
Diversitit von spezialisierten Einzelarten einen stirkeren Einfluss haben als auf die

Artendiversitat.
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Local species immigration, extinction, and turnover of !

butterflies in relation to habitat area and habitat isolation

ABSTRACT Temporal dynamics of insect communities in terrestrial habitat fragments have
been rarely studied. Here it was tested whether immigration, extinction, and turnover of
butterfly species change with area and isolation of 31 calcareous grasslands. The area ranged
from 0.03 to 5.14 ha, the isolation index from 2,100 to 86,000 (edge-to-edge distance 55 —
1,894 m). In both study years (1996, 2000), the total number of individuals (16,466, 15,101)
and species (60, 54) sampled across all sites were similar and number of species increased
with area in both years indicating an equilibrium. Rates of extinction (38 % for habitat
specialists vs. 20 % for generalists) and turnover (51 % vs. 35 %) were higher, and rates of
immigration (11 % vs. 30 %) were lower for habitat specialists than for generalists. Extinction
and turnover rates decreased with increasing fragment size for both specialist (n = 25 species)
and generalist (n = 36) butterflies, but specialists showed a significantly steeper decrease with
increasing fragment size than generalists. Immigration rates increased with area. As a result,
species number of habitat specialists declined on small habitats but not on large habitats
between 1996 and 2000. No significant impact of habitat isolation on the butterfly community
was found. The data suggest that large habitat fragments are of special importance for the
conservation of the specialized, most endangered butterfly species. Habitat isolation appears

to be less important, as butterflies can cope with the habitat mosaic in our study region.

KEYWORDS habitat fragmentation, species-area relationship, specialists, generalists,

grasslands

INTRODUCTION

Habitat fragmentation is one of the major causes for local extinction (Begon et al. 1996), but
fragmentation does not affect all species equally (Pimm 1991, Lawton 1995). Rare species
(Pimm 1991, Gaston 1994, Lawton 1995), food specialists (Zabel & Tscharntke 1998,
Steffan-Dewenter & Tscharntke 2000), species with low dispersal abilities (Bunce & Howard
1990, Lawton 1995, DeVries et al. 1996, Bender et al. 1998), and species with low population
densities or high population variability (Pimm 1991, Kruess & Tscharntke 1994, Lawton
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1995, Zabel & Tscharntke 1998) are predicted to suffer more from decreasing habitat area
than other species. Habitat specialists are typically characterized by a combination of the
above-mentioned life history traits (Lawton 1995, Warren et al. 2001, Brindle et al. 2002).
Accordingly, habitat specialists have been predicted to be particularly affected by habitat loss
and isolation (Thomas et al. 1992, Warren et al. 2002), while generalists, typically
characterized by high dispersal abilities and broad food range, may profit from the
surrounding landscape (Jonsen & Fahrig 1997). Although effects of habitat area and isolation
on species richness and community structure are well studied (e.g. Wilcox et al. 1986, Baz &
Garcia-Boyero 1995, Steffan-Dewenter & Tscharntke 2000), extremely few studies have
tested the causes of temporal changes in community structure by analysing species
immigration, extinction, and turnover (Manne et al. 1998).

Two major theories explain the patterns of immigration, extinction, and turnover. The
theory of island biogeography predicts a balance of immigration and extinction of species,
with increasing species extinction and turnover and decreasing immigration on small isolated
compared to large connected islands (MacArthur & Wilson 1963, 1967, Rosenzweig 1995,
Whittaker 1998). The metapopulation theory is based on the concept of colonization and
extinction of local populations coupled by dispersal (Hanski & Simberloff 1997). Contrary to
the theory of island biogeography the concept of metapopulations is based on populations, not
on communities. Nevertheless the term metacommunity was introduced recently for
communities that are made up of metapopulation dynamics (Gilpin & Hanski 1991, Holt
1997). Conclusions of both theories are fairly consistent (Hanski & Simberloff 1997,
Whittaker 1998).

Immigration, extinction, and turnover also have important implications for conservation
of species and habitats, because they allow not only to consider the status quo, but also to
predict future trends. Several studies show metapopulation dynamics of individual insect
species (e.g. Hanski & Singer 2001), but on a community level studies are rare and most have
been done on real islands in a more theoretical context (e.g. Toft & Schoener 1983, Rey
1985). A few recent studies focus on species immigration, extinction, and turnover of plants
and birds with different ecological traits in terrestrial habitats. Fischer and Stocklin (1997)
found that local extinction of plant species on calcareous grasslands was higher for habitat
specialists, species with a short life cycle, and species with small populations. The importance
of ecological traits of birds (habitat specifity, body size, migration ability) in fragmented

habitats was recently studied, too (Schmiegelow et al. 1997, Boulinier et al. 2001, Crooks et
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al. 2001). As far as we know, local species immigration, extinction, and turnover have never
been calculated for specialist and generalist insect communities on fragmented terrestrial
habitats.

Here, we studied temporal dynamics of butterfly communities in relation to habitat area
and isolation of calcareous grasslands. The study region in Germany is a human-dominated
landscape typically characterized by intensive agricultural land use, affecting on average little
more than half of the area, and by sharply contrasted habitat mosaics. In this highly
fragmented agricultural landscape, biodiversity conservation is an important issue in
landscape management (Tscharntke et al. 2002). Calcareous grasslands rank as the most
species-rich habitat for butterflies in Germany and all over Europe (van Swaay 2002), and are
considered as severely endangered in Germany (Riecken et al. 1994). In Germany and other
European countries the decrease of calcareous grasslands has been extremely high in many
regions during the last decades (WallisdeVries et al. 2002). Many butterfly species on
calcareous grasslands live as metapopulations in these highly fragmented habitats embedded
in a mostly hostile landscape matrix (Thomas & Hanski 1997). Habitat area and isolation of
the remaining calcareous grasslands are therefore considered as a major threat for butterflies
(van Swaay 2002). In general, butterfly diversity loss is high in Central and Northern Europe
with e.g. 42 % in Suffolk, UK in the last 150 years (Bourn & Thomas 2002) and 30% in
Flanders, Belgium in the last 100 years (Maes & Van Dyck 2001). Warren et al. (2002) even
fear a further decline of habitat specialists because of habitat destruction and degradation,
while generalists might increase with climate changes.

Here immigration, extinction, and turnover of butterfly communities comparing habitat
specialists and generalists was analysed. The following predictions were tested comparing
two censuses four years apart:

(1) Butterfly species richness increases with habitat area and decreases with habitat isolation
in both census years.

(2) The number of immigrating butterfly species is higher and the number going extinct is
lower with increasing habitat area and decreasing habitat isolation.

(3) Species turnover of butterfly assemblages decreases with increasing habitat area and
decreasing habitat isolation.

(4) More habitat specialist than generalist butterflies will go extinct as habitat area declines

and habitat isolation increase.
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(4) More habitat specialist than generalist butterflies will go extinct as habitat area declines

and habitat isolation increase.

MATERIALS AND METHODS

Study region and study sites

A total of 31 calcareous grasslands around the city of Goettingen in Lower Saxony
(Germany) were studied in 1996 (see Steffan-Dewenter & Tscharntke 2000), and again in
2000 (Fig. 1). Semi-natural calcareous grasslands cover only 0.26 % of the area in the study
region and can be sharply delimited from the surrounding landscape. The landscape in the
study region is structurally rich with a mosaic of diverse habitat types. Most dominant are

arable land (42 %) and different forest habitats (37 %).
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Figure 1 Location of the 31 calcareous grasslands (study sites), shown with a 500 m radius, around the centre,
and all further calcareous grasslands around the city of Géttingen (in the centre of the map).

The 31 study sites were chosen to cover the full gradient of habitat area and isolation in the
study region and were neither grazed nor mown during the sampling periods in spring and
summer of 1996 and 2000. Low impact management to stop succession and to remove woody

bushes were carried out mainly from late summer to winter between the two study years.
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These management activities were divers with non-intensive grazing, mowing or punctually
removing of bushes generally only in parts of the grasslands. The influence on butterflies is
assumed to be low for mown or grazed grasslands (Dolek & Geyer 1997) and for short time
succession up to a few years (Balmer & Erhardt 2000).

The area of the 31 study sites was measured with a differential GPS GEOmeter 12L
(GEOsat GmbH 1998) and ranged from 300 — 51,400 m? (Appendix 1). Habitat isolation (/)
of each study site (i) was measured from edge-to-edge with the software "ArcView GIS 3.2
for Windows" (ESRI 1995) on the basis of all known calcareous grasslands in a radius of 8
km around the 31 study sites using the following formula:
1= e 4
where 4 ; is the size (in m?) of neighbouring calcareous grasslands and dij the distance (in km)
from the neighbouring grassland j to the study site i. The formula is based on Hanski et al.
1994, and also used by Steffan-Dewenter and Tscharntke (2000). Larger values of / indicate
lower isolation than smaller values. Habitat patches at distances larger than 3 km contribute
only marginally to the value of the isolation index. We also tested the distance from the study
site to the nearest calcareous grassland as the most simple indicator of isolation (Appendix 1).
Isolation index and isolation distance (both always logjo transformed) were correlated
(Pearson: » = -0.445, P = 0.012) and gave very similar always non-significant results.

Therefore only results from the isolation index are shown in the text.

Butterflies

Butterflies (Lepidoptera: Hesperioidea and Papilionoidea) and burnets (Lepidoptera:
Zygaenidae) were sampled in 1996 (4 June - 7 September) and 2000 (26 April - 24 August)
by visual counts along randomised transect walks. The number of species was recorded
within a 5 m corridor when weather conditions were suitable for butterfly activity (for further
details see Pollard 1977, Erhardt 1985, Steffan-Dewenter & Tscharntke 2000). All study sites
were sampled five times per study year in a randomised sequence every 3 - 4 weeks within
the sampling periods by one person in 1996 and another person in 2000. Transect time per
walk varied from 20 - 60 min in 2000, depending on the size of the grassland. Transect time
was 20 min per transect walk for 11 small grasslands (314 — 1,326 m?), 40 min for 12
intermediate grasslands (1,914 — 7,887 m?), and 60 min for 8 large grasslands (11,528 —
51,395 m?). Similar sampling schedules were used in 1996 (Steffan-Dewenter & Tscharntke

2000). Data from the five transect walks per year were pooled, resulting in very similar total
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numbers of individuals in both study years (see results). Butterfly counts were conducted in 5
min intervals to calculate accumulation curves. Species identification and nomenclature
followed Zub (1996) for burnets and Settele et al. (1999) for butterflies. In the following,
butterflies always include burnets.

Because of different weather conditions in 1996 and 2000 there are differences in the
sampling periods of both study years. Especially spring species might have been affected, but
flight periods of all these species reach mid June (Ebert & Rennwald 1991) and could be
recorded in both years. Nevertheless we marked spring species following Ebert and Rennwald
(1991) in the Appendix 2 and calculated all results without them again. The differences with
or without spring species were small and generally confirm our results as shown here for three
important results. Changes with vs. without spring species: extinction rates-area relationship
for specialists (> = 0.457, P < 0.0001 vs. > = 0.447, P < 0.0001) and for generalists (r* =
0.266, P = 0.003 vs. »» = 0.195, P = 0.013), see figure 6 B; changes of species numbers of
specialists in small habitats between 1996 and 2000 (paired #-test: t = 2.39, P = 0.038 vs. ¢t =
3.77, P =0.004), see paragraph six of the result section.

We defined butterfly species as specialists (n = 25) for calcareous grassland when they
were found in Lower Saxony mainly on calcareous grasslands (based on unpublished data
from the known distribution of butterflies of Lower Saxony, personal communication Hans
Joger "Niedersichsisches Landesamt fiir Okologie", Hildesheim). Most of these species (16
species) were also recorded in Zub (1996) and Settele et al. (1999) as calcareous grassland
specialists or with strong preferences for this habitat type. However, some habitat specialists
are not mentioned in literature as they inhabit additional habitats in other regions of Germany
or Europe, but they are restricted to calcareous grasslands in Lower Saxony, because of larval
food plant limitation or climatic necessities. Defined generalist butterflies (n = 36) were
ubiquitous species (12 species) or species with preferences for other habitats (24 species) like

forests and other grassland types (following Zub 1996 and Settele et al. 1999).

Local species immigration, extinction, and turnover

There are different ways to calculate immigration, extinction, and turnover (Thornton et al.
1990, Whittaker 1998). We defined immigration as the number of successful local
immigration events (/) when species were not detected in a given fragment in 1996, but were
present in 2000. We defined extinction as the number of local extinction events (£) when

species were found in 1996, but not in 2000. Turnover was calculated as the sum of
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immigration and extinction events divided by two (7= (I + E)/2). These calculations followed
MacArthur and Wilson (1967).

As this measure of immigration, extinction, and turnover depends on the number of
species (Robinson & Quinn 1988, Crooks et al. 2001), many authors use the proportion of (i)
immigrated species to the mainland pool species number (P) minus the number of species of
the first census (S)) with (Z/(P-S))) for immigration rates (Crooks et al. 2001, see also Manne
et al. 1998), (ii) extinct species to the species pool of the first census (E£/S;) for extinction
rates (Fischer & Stocklin 1997, Crooks et al. 2001), and (iii) the sum of immigrated and
extinct species in relation to the species pool of the first (S7) and second (S,) census ((/+E)/(S;
+ §,)) for turnover rates (Diamond 1969, Toft & Schoener 1983, Schoener & Spiller 1987,
Robinson & Quinn 1988, Hinsley et al. 1995). We calculated the immigration rates as 7/(P-
S1996), where the mainland pool (P) is defined as the 61 butterfly species found in total in
either survey 1996 or 2000 on all grasslands, and (Si996) as the species number in 1996.
Extinction rates were calculated as (E£/S1996), and turnover rates as (I+E)/(S199617)). Turnover
calculations with ((/4+E)/(S1996+S2000)) showed almost identical results, but data were not
normally distributed. We call absolute immigration, extinction, and turnover in species
numbers "events", and relative immigration, extinction, and turnover "rates". To analyze
deviation from equilibrium we calculated the difference between the number of immigration

and extinction events per habitat (/-E).

Statistical analyses

Statistical analyses were performed using the software "Statgraphics Plus for Windows 3.0"
(Statgraphics 1995). Distributions of all data were normal or close to normal. Most percent
data were between 30 - 70 %, so arcsine-square root transformation was not necessary (Sokal
& Rohlf 1995). We calculated simple regressions (Pgr) for relations of area or isolation to
species number, immigration, extinction, turnover, and immigration minus extinction events
(I-E). The significance of differences between slopes (Ps) of two regression lines was tested
using the advanced regression module of Statgraphics Plus for Windows 3.0, when both
regression lines were significant. To compare the means of species numbers of 1996 vs. 2000,
and immigration, extinction, and turnover for specialists vs. generalists as well as immigration
vs. extinction, we used paired ¢-tests (Pr). The independent variables habitat area and habitat
isolation index were always logjo transformed and were not correlated with each other

(Pearson: » = -0.011, P = 0.951). To calculate smoothed sample size vs. species numbers
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accumulation curves we randomized data 100 times with the programme EstimateS Version 5
(Colwell 1997). Means are given and shown with standard errors of pooled data from five
walks with five-minute sample intervals for each habitat. Arithmetic means + standard errors

are given in the text.

RESULTS

In total 61 butterfly species, including seven species of burnets were identified on 31
calcareous grasslands (Appendix 2). In 1996, a total of 16,466 butterfly individuals
comprising 60 species were identified. In 2000, we found 15,101 individuals and 54 species.

Most species (n = 53) were found in both years.

Species-area and species-isolation relationships

Species-area relationships were calculated separately for 1996 and 2000. In both years highly
significant species-area relationships were found (Fig. 2). In 1996, we recorded 14 to 36
species per habitat fragment, in 2000 11 to 42 species. We could not find any significant
difference in slopes of the regression lines, or in butterfly species numbers between 1996 and
2000 (Fig. 2). Also slopes of specialist (£ = 2.57, Ps = 0.114) and generalist (F = 0.59, Ps =
0.445) butterflies did not significantly differ between the two years as well as species
numbers of specialist (¢ = 1.26, Pr = 0.217) and generalist (¢ = -1.43, Py = 0.163) butterflies.
We could not find significant relations between species numbers and habitat isolation in both

study years (1996: F'=0.82, > = 0.028, Pr = 0.371; 2000: = 0.17, > = 0.006, Pr = 0.680).

50+
) - -~ - 1996 Figure 2 Relationship between the
% 40 number of butterfly species and
o B grassland area (n = 31 fragments) in
% 1996 and 2000. 1996: y = 1.69 +
- 30 7.23 logyo X, F'=40.37, » = 0.582,
= B Pr <0.0001; 2000: y = -6.28 + 9.58
O logio x, FF=62.48, r = 0.683, Pr <
= 0.0001. Comparison of regressions:
3 20r Slopes: F = 2.00, Ps = 0.163.

Paired t-test: t = -0.42, P+ = 0.678.
10 1 1 1 1
100 1000 10000 100000

Habitat area (m?)
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Accumulation curves of butterfly species numbers vs. sample size asymptote in 2000 for
small, intermediate, and large grasslands (Fig. 3), indicating sufficient sample size for all
study sites. Accumulation curves for the same grasslands in 1996 are shown in Steffan-

Dewenter and Tscharntke (2000).

—&—|arge grasslands

Butterfly species
S

=—O=—intermediate grasslands
—&—small grasslands

0o 1 2 3 4 5 6 7 8 9 10 11 12

Number of samples

Figure 3 Species accumulation curves for butterfly species in the year 2000 with number of samples: large
grasslands (n = 8), intermediate grasslands (n = 12), and small grasslands (» = 11). Each sample is a pooled 25
min interval (five transect minutes of all five transect walks). Shown are arithmetic means with standard errors.
Data were smoothed with 100 times randomisation with the program EstimateS, Version 5 (Colwell 1997).

Immigration, extinction, and turnover events

For all butterfly species the number of immigration events marginally significantly increased
with habitat area, as predicted in our hypothesis, whereas extinction and turnover events did
not correlate with habitat area (Table 1). The number of immigration events of specialist
species (n = 25) was positively correlated with habitat area, but not for generalist (n = 36)
butterflies. The number of local extinction events did not correlate with habitat area for
specialists or generalists, while the number of turnover events of species was positively

correlated with habitat area for specialists, but not for generalists (Table 1).
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Table 1: Number of immigration (/), and extinction (E) events, and total species turnover (7)) of butterfly species
(between 1996 and 2000) versus grassland area in m? (r = 31 fragments); all butterflies (61 species), specialists (25
species) and generalists (36 species).

Ecological groups Regression line F r P Mean number Standard Minimum Maximum

of species error

Species immigration:

All butterfly species y=1.73 +1.34 logjo x 2.95 0.092 0.096 6.45 0.52 0 11
Specialists y=-2.60 +1.23 logjo x 12.00 0.293 0.002 1.74 0.27 0 6
Generalists y=4.32+0.11 logjo x 0.03 0.001 0.866 4.71 0.40 0 9

Species extinction:

All butterfly species y=9.70 - 1.01 log;o x 1.89 0.061 0.180 6.13 0.48 2 13
Specialists y=3.02-0.22 logjo x 0.32 0.011 0.579 2.26 0.25 0 7
Generalists y=6.67-0.79 log;o x 2.22 0.071 0.147 3.87 0.35 0 9

Species turnover:

All butterfly species  y=5.71 +0.16 logyo x 0.11 0.004 0.747 6.29 0.32 2 9
Specialists y=021+0.51 logjox 5.07 0.149 0.032 2.00 0.15 0.5 4
Generalists y=5.50 - 0.34 logjo x 0.85 0.028 0.365 429 0.24 1.5 75

Neither specialists (¢t = -1.26, Pt = 0.217) nor generalists (¢ = 1.43, Py = 0.163), nor all
butterflies (¢ = 0.42, Pt = 0.678) showed a significant difference between the number of
immigration and extinction events resulting in equilibrium of all species over all habitats.
However, most of the habitats were not in equilibrium, as small sites had more extinction than
immigration events, and large sites had more immigration than extinction events calculated as
(I-E) for all butterflies (y = -7.97 + 2.35 logio x, F = 4.28, r» = 0.129, Pr = 0.048) and
specialists, but not for generalists (Fig 4).

Paired #-tests of species numbers 1996 vs. 2000 separately for small (n = 11),
intermediate (n = 12), and large habitats (n = 8) revealed a significant increase in species
numbers for all butterflies in large habitats (¢t = -3.77, Pt = 0.007), but no effect on
intermediate (¢ = 1.42, Pr = 0.184) and small habitats (¢ = 0.46, Pt = 0.652). Separate analysis
for specialists revealed a significant decrease of specialists in small habitats (¢t = 2.39, Pr =
0.038), but no effect on intermediate (r = 1.02, Pr = 0.331) and large habitats (t =-1.37, Pt =
0.214). Species numbers of generalists increased in large habitats (¢ = -2.86, Pr = 0.024), but
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no effect was found on intermediate (¢ = 0.92, Py = 0.375) and small habitats (¢ = -0.80, Py =
0.443).

——e— Specialists
A Generalists

Figure 4 Relationship between
immigration minus extinction (in
species numbers) and grassland area
(n =31). Specialists (25 species): y =
-5.62 + 1.45 logo x, F = 6.01, » =
0.172, Pr = 0.021. Generalists (36
species): y =-2.35 + 0.90 logjo x, F =
0.98, »=10.033, Pr = 0.331.

Immigration - extinction
(species)

100 1000 10000 100000

Habitat area (m?)

Habitat isolation neither showed a significant relation to the number of immigration events
(all butterflies: F = 0.78, r* = 0.026, Pr = 0.385; specialists: F = 0.75, > = 0.025, Pr = 0.395;
generalists: F' = 0.30, 2 = 0.010, Pr = 0.585), extinction events (all butterflies: F' = 0.00, > <
0.001, Pr = 0.967; specialists: F = 0.01, 2 < 0.001, Pr = 0.909; generalists: F = 0.00, r? <
0.001, Pr = 0.982) or turnover events (all butterflies: F = 0.56, »* = 0.019, Pr = 0.460;
specialists: /= 0.71, 7> =0.024, Pr = 0.407; generalists: F' = 0.20, > = 0.007, Pr = 0.656), nor
to [-E (all butterflies: F = 0.32, 7 = 0.011, Pr = 0.579; specialists: F' = 0.24, r* = 0.008, Pr =
0.629; generalists: F'=0.16, = 0.005, Pgr = 0.697).

Immigration, extinction, and turnover rates

Immigration rates were on average 19.94 + 1.93 %, and increased significantly with

increasing habitat area (Fig 5A). Extinction rates were on average 23.70 £ 2.09 % and

decreased significantly with increasing habitat area (Fig 5B). Average turnover rates between

1996 and 2000 were 38.27 £+ 2.05 % and were negatively related to habitat area (Fig 5C).
Average immigration rates between 1996 and 2000 for specialists were 10.78 + 1.84 %

and for generalists 29.88 + 2.51 %. Immigration rates of specialists and generalists were

positively correlated to habitat area (Fig 6A). Immigration rates of generalists were
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significantly higher than these of specialists, but no differences in slopes were found (Fig

6A). Average extinction rates between 1996 and 2000 for specialists were 38.10 + 5.05 % and

for generalists 19.80 + 1.82 %. Extinction rates of both specialists and generalists were

negatively correlated to habitat area (Fig 6B). Extinction rates of specialists were significantly

higher than those of generalists and had a steeper slope (Fig 6B). Average turnover rates

between 1996 and 2000 for specialists were 50.86 + 4.20 % and for generalists 34.97 = 1.94

%. Turnover rates of specialists and generalists were negatively related to habitat area (Fig

6C). Turnover rates for specialists were significantly higher than for generalists and showed a

steeper slope (Fig 6C).
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Figure 5 Relationship between species
immigration (%), extinction (%), and turnover
(%) and grassland area (n = 31) between 1996
and 2000 for all butterfly species.

A) Species immigration: y = -10.52 + 8.63 log,
x, F=11.00, 72 =0.275, Pr = 0.003.

B) Species extinction: y = 62.69 - 11.05 log; x, F
=18.08, > =0.384, Py = 0.0002.

C) Species turnover: y = 73.59 - 10.01 logy, x, F
=14.17, = 0.328, Py = 0.008.
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Figure 6 Relationship between species
immigration (%), extinction (%), and turnover
(%) and grassland area (n = 31) between 1996
and 2000 for specialist and generalist butterflies.

A) Species immigration of specialists (25
species): y =-22.75 + 9.50 logyo X, F = 16.90, 1> =
0.368, Pr = 0.0003. Species immigration of
generalists (36 species): y =4.36 + 7.23 logo x, F
= 3.75, * = 0.114, Py = 0.063. Comparison of
regressions: Slopes: F'=0.27, Ps = 0.607. Paired
t-test: t = -8.72, P+ < 0.0001.

B) Species extinction of specialists (25 species): y
=140.96 - 29.15 log;o X, F = 24.41, » = 0.457, P
< 0.0001. Species extinction of generalists (36
species): y = 48.15 - 8.03 logo x, F = 10.54, » =
0.266, Pr = 0.003. Comparison of regressions:
Slopes: F' = 10.89, Ps = 0.002. Paired t-test: ¢ =
4.17, Pt =0.0002.

C) Species turnover of specialists (25 species): y
=134.16 - 23.61 logo x, F=22.18, r» = 0.433, Py
= 0.0001. Species turnover of generalists (36
species): y = 63.38 - 8.05 logyo x, FF = 8.94, 12 =
0.236, Pr = 0.006. Comparison of regressions:
Slopes: F = 7.47, Ps = 0.008. Paired t-test: ¢ =
4.50, P+ =0.0001.

Habitat isolation showed no significant relation to rates of immigration (all butterflies: F' =
0.28, * = 0.009, Pr = 0.604; specialists: F' = 0.32, > = 0.011, Pr = 0.578; generalists: F' =
0.16, 2 = 0,005, Pr = 0.694), extinction (all butterflies: /= 0.40, > = 0.014, Pr = 0.533;
specialists: F' = 0.02, 7> < 0.001, Pr = 0.887; generalists: F' = 0.36, 2 = 0.012, Pr =0.553) or
turnover (all butterflies: /= 1.43, » = 0.047, Pr = 0.241; specialists: F = 0.50, 7> = 0.017, Pr
= 0.484; generalists: F'=1.12, 2 =0.037, Pgr = 0.299).
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DISCUSSION

In this study we tested the importance of habitat area and habitat isolation for immigration,
extinction, and turnover of butterfly species on calcareous grasslands. The results support
general predictions of the theory of island biogeography and uncover possible future trends in
species richness and community structure, which have important implications for

conservation management.

Biogeography and theory

The decreasing immigration rates, and increasing extinction and turnover rates with
increasing habitat area that we found are in support of theory (MacArthur & Wilson 1963,
1967). Generally, habitat specialists supported the theory better than generalists because of
stronger effects (steeper slopes). Increasing immigration rates (Crooks et al. 2001), decreasing
extinction rates (Boulinier et al. 2001, Crooks et al. 2001) and turnover rates (Hinsley et al.
1995, Schmiegelow et al. 1997, Boulinier et al. 2001, Mason 2001) were also found for bird
communities. However predictions for immigration, extinction and turnover were originally
made for changes in absolute species numbers (events) and not rates (MacArthur & Wilson
1963, 1967). We found positive relations between immigration events and habitat area only
for specialists thereby confirming the theory, but we failed to confirm predictions for
extinction and turnover events. While Toft and Schoener (1983) could confirm the theory at
least for immigration and extinction events of spider communities on real islands, many
authors did not find decreasing turnover events with increasing habitat area (Toft & Schoener
1983, Robinson & Quinn 1988, Hinsley et al. 1995, Mason 2001).

Neither number of events nor rates of immigration, extinction and turnover showed
significant trends with habitat isolation in our study, while Toft and Schoener (1983) found
more extinction events and less immigration events on isolated islands, confirming the theory
(MacArthur & Wilson 1963, 1967). Turnover rates for birds were found to be higher in
isolated fragments (Schmiegelow et al. 1997), whereas Crooks et al. (2001) found correlations
of immigration and extinction rates only with habitat area and age, but like us not with
isolation. The fairly good connected grasslands in our study region, and the strong dispersal
abilities of butterflies might act against strong isolation effects and an improvement of theory.

We are aware of the difficulties to test predictions of island biogeography on terrestrial
habitat patches for mobile species. Cryptoturnover, where species might become extinct and

reimmigrate within the four-year time period is possible, but should affect all habitat
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fragments equally. Pseudoturnover may occur when censuses are incomplete and information
on breeding status are inadequate (Whittaker 1998). However, in this study sample size -
species number accumulation curves asymptote in both years 1996 (Steffan-Dewenter &
Tscharntke 2000) and 2000 (see results), suggesting an appropriate sample size in all
fragments. At least habitat specialists spend most of their life on calcareous grasslands (even
on small patches), and only few generalist butterflies may have been recorded because of
flower visitation only. Immigration, extinction and turnover are dependent on population size
of each species, like reported from Toft and Schoener (1983), Schoener and Spiller (1987)
and Crooks et al. (2001) for extinction. Rescue effects or source-sink dynamics may also
affect extinction dynamics. The survey 1996 began later than 2000, resulting in the more
frequent detection of some spring species in 2000. This may have enhanced the percentage for
species turnover, but there is no reason to expect area-dependent changes. However, separate
calculations without spring species show very similar results. In conclusion there might be
some side effects for the comparison of the two study years, but area- or isolation-dependent
patterns and the differences between specialists and generalists are not affected by these

possible sampling errors.

Conclusions for conservation

We found higher extinction and turnover rates, but lower immigration rates for specialists
than generalists. This is in support of previous studies, where extinction rates were higher for
habitat specialist compared to generalist plants (Fischer & Stocklin 1997) and birds (Boulinier
et al. 2001). Boulinier et al. (2001) also found higher turnover rates for specialists vs.
generalists. As these results indicate a higher risk of local extinction for habitat specialists
than generalists, conservation efforts should focus on specialists.

In both study years the total number of individuals and species sampled across all sites
were similar, but species richness of specialists decreased in the smallest habitats, while that
of generalists increased in the large habitats. The non-equilibrium for specialists in small
habitats might have been caused by falling below minimum habitat size for species survival.
Extinction debt of species in these habitats might even lead to further future extinctions.
Habitat specialist butterflies are known to suffer more from habitat loss than generalists
(Warren et al. 2001), as they have no possibility to survive in adjacent vegetation. In our

study species numbers of generalists increased significantly in the largest habitats from 1996
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to 2000. Reasons for that remain speculative, but may be related to the general increase of
generalists due to climate change as shown for butterflies in UK (Warren et al. 2001).

A species-area relationship for butterflies was found, as shown before by Wilcox et al.
(1986) for mountains, Baz and Garcia-Boyero (1995) for forest fragments and Steffan-
Dewenter and Tscharntke (2000) for the same calcareous grasslands in 1996. Immigration,
extinction, and turnover are also mainly affected by habitat area pointing out the overriding
importance of large habitats. Contrary to predictions, we did not find any effect of isolation
on immigration, extinction, turnover or species richness on the butterfly community.
However, Thomas et al. (2001) consider habitat isolation and habitat quality as major factors
for the occurrence and conservation of three butterfly species, but not habitat area. In a
similar study from Thomas et al. (1992), four butterfly species were affected by habitat
isolation, and two of them also by habitat area. The difference to our results may be explained
(1) by the greater range of habitat isolation in their study region (UK) compared to the
relatively low isolation in our region (see Appendix 1), (ii) by the selection of the most
susceptible species in their studies compared to effects on the whole butterfly community in
our study. We are not aware of any study showing negative effects of isolation on species
richness of butterfly communities (Wilcox et al. 1986, Baz & Garcia-Boyero 1995, Steffan-
Dewenter & Tscharntke 2000). Thus, population studies for certain species cannot be
generalized for the whole community. In our region, the butterflies appeared to be mobile
enough to cope with the degree of habitat connectivity. Therefore management plans should
focus on the remaining grasslands, not necessarily on creation of stepping stone habitats.
However, the quality of the matrix adjacent to the target habitats may be also important for
dispersal and may cause landscape-specific differences in the effects of habitat fragmentation
(Wiens 1997, Vandermeer & Carvajal 2001).

In any case, destruction of calcareous grasslands and fragmentation of the remaining
grassland area during the last century resulted in many small habitats with reduced species
richness. For conservation management it is important to take into account that the number of
habitat specialists decrease in small habitat fragments. As many studies on changing patterns
in biodiversity do not take into account temporal changes they may underestimate the role of
the very large calcareous grasslands, as only large habitats will guarantee reduced extinction

and increased immigration rates of the specialized, most endangered species.
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Appendix 1 Habitat area, isolation, species and individual numbers of all studied 31 calcareous
grasslands of 1996 and 2000.

Study site Habitat Isolation Isolation-in Species Specialist Generalist Total Species Specialist Generalist Total
area distance in dex species species number of species species number of
in m? m 1996 1996 1996 individuals 2000 2000 2000 individuals

1996 2000
1 51,395 61 43,895 31 8 23 854 34 9 25 880
2 38,776 55 85,978 32 9 23 1,114 38 12 26 866
3 35,856 337 13,505 32 12 20 477 40 11 29 667
4 29,400 1,143 25,911 26 9 17 1,492 29 9 20 1,308
5 19,440 663 18,430 36 13 23 1,219 39 14 25 642
6 16,000 1,300 5,017 36 10 26 1,277 42 15 27 1,440
7 12,600 774 14,259 30 10 20 731 28 9 19 593
8 11,528 394 16,704 34 13 21 919 40 13 27 1,012
9 7,887 543 4,973 34 9 25 622 28 7 21 649
10 7,420 1,274 14,643 35 10 25 596 34 10 24 354
11 6,862 214 16,587 31 10 21 536 25 4 21 371
12 6,338 122 27,966 29 8 21 570 30 11 19 431
13 4,964 80 11,137 28 8 20 502 31 10 21 559
14 4,526 122 17,346 27 6 21 352 24 6 18 826
15 3,843 488 9,545 29 10 19 750 29 8 21 467
16 3,760 410 24,642 32 7 25 414 29 6 23 351
17 3,207 487 28,532 29 7 22 986 25 6 19 598
18 2,444 170 18,383 34 1 23 393 32 10 22 765
19 2,287 1,894 2,051 22 4 18 360 26 3 23 367
20 1,914 130 6,804 24 2 22 116 25 3 22 303
21 1,326 451 25,324 19 3 16 181 26 6 20 233
22 1,133 775 6,005 28 5 23 387 17 1 16 111
23 1,123 60 17,704 24 6 18 163 25 5 20 131
24 920 550 40,713 27 7 20 284 27 4 23 218
25 775 123 78,740 17 3 14 211 17 3 14 269
26 661 576 31,985 22 4 18 205 24 3 21 144
27 493 214 25,753 26 7 19 173 21 5 16 127
28 489 710 14,612 20 2 18 181 21 2 19 204
29 459 1,054 30,469 14 3 11 148 11 1 10 67
30 329 1,428 15,488 20 4 16 159 20 0 20 81
31 314 325 20,480 15 2 13 94 16 0 16 67
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Appendix 2 Butterfly and burnet species list from 1996 and 2000 on 31 calcareous grasslands. Nol:
Number of individuals, NoH: Number of habitats (out of 31).

Taxon Spring species (S) Nol (total) | Nol (1996) | NoH (1996) [ Nol (2000) | NoH (2000)
Specialists:

Polyommatus coridon (Poda, 1761) 5,073 2,261 23 2,812 22
Zygaena carniolica (Scopoli, 1763) 1,106 762 26 344 19
Coenonympha arcania (Linnaeus, 1761) 472 127 17 345 16
Zygaena purpuralis (Briinnich, 1763) 405 122 11 283 13
Zygaena viciae ([Denis & Schiffermdiller], 1775) 394 227 22 167 14
Erynnis tages (Linnaeus, 1758) S 371 56 18 315 24
Thymelicus acteon (Rottemburg, 1775) 280 147 26 133 18
Cupido minimus (Fuessly, 1775) S 272 23 8 249 8
Polyommatus agestis ([Denis & Schiffermdiller], 1775) 212 97 19 115 17
Melitaea aurelia Nickerl, 1850 95 41 6 54 9
Colias alfacarensis Ribbe, 1905 69 46 7 23 5
Erebia medusa ([Denis & Schiffermdiller], 1775) S 69 27 4 42 5
Spialia sertorius (Hoffmannsegg, 1804) S 48 18 6 30 6
Hesperia comma (Linnaeus, 1758) 44 14 4 30 4
Argynnis aglaja (Linnaeus, 1758) 43 6 4 37 7
Zygaena lonicerae (Scheven, 1777) 42 32 6 10 3
Boloria euphrosyne (Linnaeus, 1758) S 40 22 1 18 3
Zygaena hippocrepidis (Hiibner, [1799]) 22 1 1 21 4
Euphydryas aurinia (Rottemburg, 1775) S 20 19 1 1 1
Leptidea reali Reissinger, 1989 17 4 3 13 8
Argynnis adippe ([Denis & Schiffermiiller], 1775) 5 5 3 - -
Satyrium w-album (Knoch, 1782) 3 3 3 - -
Satyrium pruni (Linnaeus, 1758) 1 1 1 - -
Glaucopsyche arion (Linnaeus, 1758) 1 1 1 - -
Adscita sp. 1 1 1 - -
Sum 9,105 4,063 222 5,042 206
Generalists:

Maniola jurtina (Linnaeus, 1758) 6,180 2,713 31 3,467 30
Melanargia galathea (Linnaeus, 1758) 2,976 2,615 31 361 28
Polyommatus icarus (Rottemburg, 1775) 1,713 487 27 1,226 30
Aphantopus hyperantus (Linnaeus, 1758) 1,516 1,229 31 287 30
Zygaena filipendulae (Linnaeus, 1758) 1,385 1,007 30 378 27
Pieris rapae (Linnaeus, 1758) 1,326 695 31 631 31
Coenonympha pamphilus (Linnaeus, 1758) 1,299 405 27 894 31
Pieris napi (Linnaeus, 1758) 1,186 765 31 421 31
Nymphalis io (Linnaeus, 1758) 522 279 29 243 30
Vanessa cardui (Linnaeus, 1758) 510 495 30 15 8
Nymphalis urticae (Linnaeus, 1758) 462 227 27 235 27
Argynnis paphia (Linnaeus, 1758) 461 258 28 203 22
Thymelicus sylvestris (Poda, 1761) 458 403 29 55 17
Pyrgus malvae (Linnaeus, 1758) S 372 46 18 326 26
Callophrys rubi (Linnaeus, 1758) S 334 80 17 254 20
Ochlodes sylvanus (Esper, [1778]) 325 186 27 139 27
Pieris brassicae (Linnaeus, 1758) 250 86 24 164 27
Gonepteryx rhamni (Linnaeus, 1758) 229 92 23 137 27
Araschnia levana (Linnaeus, 1758) 194 62 24 132 29
Carterocephalus palaemon (Pallas, 1771) S 130 40 18 90 22
Issoria lathonia (Linnaeus, 1758) 123 118 22 5 3
Anthocharis cardamines (Linnaeus, 1758) S 113 9 8 104 25
Pararge aegeria (Linnaeus, 1758) 102 10 5 92 26
Hamearis lucina (Linnaeus, 1758) S 75 13 7 62 17
Plebeius argus (Linnaeus, 1758) 53 13 2 40 5
Lycaena phlaeas (Linnaeus, 1761) 39 20 12 19 7
Thymelicus lineola (Ochsenheimer, 1808) 35 17 8 18 6
Lasiommata megera (Linnaeus, 1767) 23 8 6 15 7
Papilio machaon Linnaeus, 1758 14 2 2 12 8
Nymphalis c-album (Linnaeus, 1758) 13 2 2 11 8
Celastrina argiolus (Linnaeus, 1758) 13 - - 13 8
Vanessa atalanta (Linnaeus, 1758) 10 10 8 - -
Limenitis camilla (Linnaeus, 1764) 7 3 2 4 3
Erebia aethiops (Esper, [1777]) 6 6 2 - -
Thecla betulae (Linnaeus, 1758) 5 1 1 4 2
Lycaena tityrus (Poda, 1761) 3 1 1 2 2
Sum 22,462 12,403 621 10,059 647
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How does landscape context contribute to effects of habitat 3
fragmentation on diversity and population density of

butterflies?

ABSTRACT Studies on habitat fragmentation of insect communities mostly ignore the
impact of the surrounding landscape matrix and treat all species equally. In our study on
habitat fragmentation and the importance of landscape context, we expected that habitat
specialists are more affected by area and isolation, and habitat generalists more by landscape
context.

The study was conducted in the vicinity of the city of Gottingen in Germany in the year
2000. We analyzed butterfly communities by transect counts on 32 calcareous grasslands
differing in size (0.03 - 5.14 ha), isolation index (2,100 - 86,000 / edge-to-edge distance 55 —
1,894 m), and landscape diversity (Shannon Wiener: 0.09 - 1.56), which is correlated with
percent grassland in the landscape.

A total of 15,185 butterfly specimens belonging to 54 species are recorded. In multiple
regression analysis, the number of habitat specialist (# = 20) and habitat generalist (n = 34)
butterfly species increased with habitat area, but z-values (slopes) of the species-area relations
for specialists (z = 0.399) were significantly steeper than for generalists (z = 0.096).
Generalists, but not specialists, increased marginally significantly with landscape diversity.
Effects of landscape diversity were scale-dependent and significant only at the smallest scale
(landscape context within a 250 m radius around the habitat). Habitat isolation was not related
to specialist and generalist species numbers. In multiple regression analysis the density of
specialists increased significantly with habitat area, whereas generalist density increased only
marginally. Habitat isolation and landscape diversity did not show any effects.

Habitat area was the most important predictor of butterfly community structure and
influenced habitat specialists more than habitat generalists. In contrast to expectations, habitat
isolation had no effect as the most butterflies could cope with the degree of isolation in our

study region. Landscape diversity appeared to be important for generalist butterflies only.

KEYWORDS habitat area, habitat isolation, habitat quality, specialists, generalists,

conservation, burnets, species-area relationships
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INTRODUCTION

Most species live in habitat islands of fragmented landscapes (Wiens 1997, Hanski 1999).
Habitat area (Connor et al. 2000, Zschokke et al. 2000), habitat isolation (Hanski et al. 1994,
Kruess & Tscharntke 1994, Steffan-Dewenter & Tscharntke 1999, Ricketts et al. 2001,
Thomas et al. 2001), and habitat quality including effects of management and age (Feber et al.
1996, Gonzalez 2000, Swengel & Swengel 2001, Thomas et al. 2001) are known to affect
species richness and population densities. Unlike oceanic islands, where the marine
environment is a clear isolation barrier, the matrix of the surrounding landscape may
contribute to the survival of populations in terrestrial habitat islands (Marino & Landis 1996,
Jonsen & Fahrig 1997, Thies & Tscharntke 1999, Weibull et al. 2000, Steffan-Dewenter et al.
2002).

Species-area relationships have been shown for many taxonomic groups (Rosenzweig
1995), including butterflies (Wilcox et al. 1986, Baz & Garcia-Boyero 1995, Robertson et al.
1995, Wettstein & Schmid 1999, Steffan-Dewenter & Tscharntke 2000, Zschokke et al.
2000). However, comparative studies on species groups differing in ecological traits are rare
(Harrison & Bruna 1999). Population density studies for insects are also not common, and
show that densities can decrease or increase with increasing habitat area (Connor et al. 2000,
Matter 2000, Steffan-Dewenter & Tscharntke 2000).

Most studies on fragmentation of terrestrial habitats ignore the potential influence of the
surrounding landscape on species richness and population density, and focus on area and
isolation only (Wiens 1997, Hanski 1999, Vandermeer & Carvajal 2001, Tscharntke et al.
2002). However, many grassland butterflies exist as metapopulations in fragmented habitats
and may profit from adjacent vegetation depending on the matrices of the surrounding
landscapes (Thomas & Hanski 1997). Habitat specialists have been predicted to be
particularly affected by habitat fragmentation (Thomas et al. 1992, Warren et al. 2001),
whereas generalists should be more strongly affected by the surrounding landscape diversity
(Jonsen & Fahrig 1997). Landscape analyses have found negative effects for species richness
with increasing habitat isolation (Wettstein & Schmid 1999, Ricketts et al. 2001) and variable
effects with landscape context as different species may respond at different spatial scales (e.g.
Jonsen & Fahrig 1997, Weibull et al. 2000, Steffan-Dewenter et al. 2001, 2002).

In the temperate zone, butterfly species richness is known to be high on grasslands
(Oates 1995, Pfaff & Wolters 1999). Calcareous grasslands rank as the most species-rich
habitat for butterflies in Europe (Van Swaay 2002). In this study we tested whether habitat

area, habitat isolation, habitat quality or landscape context affect species richness and
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population density of specialist and generalist butterflies and burnets on calcareous
grasslands. The following predictions were tested:

(1) Species richness increases with increasing habitat area, decreasing habitat isolation, and
increasing habitat quality.

(2) Species richness increases with increasing habitat diversity of the surrounding landscape.
(3) Total butterfly and burnet densities and densities of single species depend on habitat area,
habitat isolation, habitat quality, and are affected by landscape context.

(4) Habitat specialists are more sensitive to habitat area and isolation, whereas generalists are

more sensitive to landscape context.

MATERIALS AND METHODS

Study region and study sites

A total of 32 calcareous grasslands in the vicinity of the city of Gottingen in Lower Saxony
(Germany) were studied (Fig. 1). The study sites were chosen to cover the full gradient of
habitat area and isolation in the study region. Calcareous grasslands cover only 0.26 % of the
area in the study region and are sharply delimited from the surrounding landscape matrix. The
natural fragmentation of the semi-natural calcareous grasslands increased extremely, due to
intensification of agricultural development during the last decades in Germany (WallisdeVries
et al. 2002). In Lower Saxony the total area of calcareous grasslands is much lower and
probably more fragmented than in Southern Germany (WallisdeVries et al. 2002). Compared
to Northern Europe our study region might be still less fragmented. The study sites were
neither grazed nor mown during the sampling period in the year 2000 and belong to the plant
association Gentiano-Koelerietum. Our study region includes a total of 285 calcareous
grasslands with an area of 5.01 km? (unpublished data following official maps from the
"Niedersichsisches Landesamt fiir Okologie", "Untere Naturschutzbehdrden Stadt und
Landkreis  Gottingen,  Landkreis = Northeim  und  Landkreis  Heiligenstadt",

"Regierungsprasidium Kassel").

Butterflies

Butterflies (Lepidoptera: Hesperioidea and Papilionoidea) and burnets (Lepidoptera:
Zygaenidae) were sampled in 2000 (26 April - 24 August) by visual counts along five
randomized transect walks through each of the 32 study sites. In the following, butterflies
always include burnets. The number of species and individuals were recorded within a 5 m

corridor when weather conditions were suitable for butterfly activity (see Pollard 1977,
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Erhardt 1985). All study sites were sampled in a randomized sequence every 3 - 4 weeks
within the total sampling time. During each of the five sampling periods all 32 study sites
were sampled within six to eleven days, to minimize phenology effects. To achieve adequate
sample sizes, transect time varied from 20 - 60 minutes, depending on the size of the
grassland. Transect time for 12 small grasslands (314 — 1,326 m?) was 20 minutes per transect
walk, for 12 intermediate grasslands (1,914 — 7,887 m?) 40 minutes, and for 8§ large grasslands
(11,528 — 51,395 m?) 60 minutes. Counts were conducted in 5 minute intervals to calculate
species accumulation curves (following Colwell 1997, see below). Transect distance was
measured during each transect walk with an electronic step counter allowing calculations of
butterfly densities per 100 square meters for all 32 study sites. Species numbers and
population densities from the five transect walks were pooled for each study site over the

sampling period.

~4 Study sites from largest (1)
to smallest (32) calcarecus
grassland

i O

Other calcareous grasslands

1 Grassland

Il Built-up area
| Other habitats A

Figure 1 Location of the 32 calcareous grasslands studied, and all further calcareous grasslands around the city
of Gottingen (the city is in the centre of the map). Each grassland is marked by a circle (with 500 m radius),
and the study sites are numerated from the largest (1) to the smallest (32).

We defined butterfly species as habitat specialists (n = 20) for calcareous grassland when they
are found in Lower Saxony almost exclusively on calcareous grasslands (based on

unpublished data from the known distribution of butterflies of Lower Saxony, personal
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communication Hans Joger "Niedersichsisches Landesamt fiir Okologie", Hildesheim). Most
of these species were also recorded in Zub (1996) and Settele et al. (1999) as calcareous
grassland specialists or with strong preferences for this habitat type. However, some of these
specialists can inhabit additional habitats in other regions of Germany or Europe, but are
restricted in Lower Saxony to calcareous grasslands, because of larval food plant limitation or
climatic tolerances. We defined butterflies as habitat generalists (n = 34) when they are
ubiquitous species or species with preferences for other habitat types, following Zub (1996)
and Settele et al. (1999). Similarly Warren et al. (2001) classified British butterflies in two

groups as wider-countryside or habitat specialist species.

Habitat area, isolation, quality, and the landscape context

Habitat area

The area of the 32 calcareous grasslands was measured in the year 2000 with a differential
GPS GEOmeter 12L (GEOsat GmbH 1998) and ranged from 314 — 51,395 m?. The area of
former grassland, which was completely covered by shrubs, was excluded in this

measurement.

Habitat isolation

To calculate the isolation of grasslands we checked the 285 officially mapped calcareous
grasslands in the region. Of these 222 of them were still grasslands, whereas 63 were covered
by shrubs and trees due to lack of management, and were excluded for isolation calculations
in this study. Estimation of habitat area from the official maps with exclusion of the area
covered by shrubs was closely correlated to our GPS measurements (n = 32, » = 0.936, p <
0.0001) for the 32 study sites. Habitat isolation (/) of each study site (/) was measured from
edge-to-edge and took all known calcareous grasslands in a radius of 8 km around our study
sites into account, using the following formula:

[=% exp(-asdy) « 4/

where 4 ; is the size (in m?) of neighboring calcareous grasslands and dj; the distance (in km)
from the neighboring grassland j to the study site i. The parameter a determines the effect of
distance on isolation, the parameter b the scaling of immigration. The formula is based on
Hanski et al. (2000), and was used in a simpler form with @ = 1 and » = 1 by Hanski et al.
(1994) and Steffan-Dewenter and Tscharntke (2000). Larger values of the isolation index /

indicate lower isolation (and better connectivity) than smaller values. We tested dj; multiplied
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with the factors a = 1 and a = 3, and 4; with the exponents of 5 =1, 5 =0.2 and b = 0.5 (plus
all combinations) to take into account the possibility of different dispersal distances and
immigration rates of butterflies (see Moilanen & Nieminen 2002). The resulting habitat
isolation indices were similar to each other, and closely correlated (» > 0.6). We also tested
the distance to the nearest calcareous grassland, following Thomas et al. (1992, 2001).
Isolation index (a = 1, b = 1) and distance were correlated (» = -0.44, p = 0.012) and gave
very similar results with respect to the butterfly communities. Log;o-transformed indices and
distances were tested for specialist, generalist and total butterfly species richness and density
and gave always non-significant results. Therefore we only show results of the isolation index

witha=1and b= 1.

Landscape context
Landscape context was analysed using modified digital thematic maps (ATKIS®-DLM 25/1
Landesvermessung & Geobasisinformationen Niedersachsen 1991 - 1996, and ATKIS®-
DLM 25/2 Hessisches Landesvermessungsamt 1996). In total, the study region covers an area
of about 1,944 km?. We pooled the mainly semi-natural land-use types, grassland (12.14 %),
garden land (0.31 %), hedgerows (0.30 %), calcareous grasslands (0.26 %), orchard meadows
(0.20 %) and fen (0.05%), and defined them as "grasslands" (13.26 %), because these habitats
were assumed to be the most suitable nectar habitats for adult butterflies. The remaining land-
use types contain arable land (42.15 %), forest (36.80 %), built-up area (6.24 %), other
habitats (1.48 %) and plantations (0.06 %) (see Steffan-Dewenter et al. 2001, 2002). The
proportion of the defined grassland habitats showed no significant relationships and was
correlated with landscape diversity (see results).

We used the Shannon-Wiener index to calculate landscape diversity following Thies
and Tscharntke (1999) and Steffan-Dewenter et al. (2002) as:
Hs=-Xp;«Inp;
where p; is the proportion of each of the mentioned eleven land use types (Krebs 1989).
Landscape context was quantified for each of the 32 grassland fragments using a nested set of
circles around the center of the study sites from 0.25 km to 3.00 km in 0.25 km steps. Due to a
few missing ATKIS values we could test the landscape context for a radius of 0.25 and 0.50
km for all 32 study sites, whereas 0.75 - 2.00 km scales were tested for only 31, 2.25 km for
30, and 2.50 - 3.00 km for 29 sites. For each landscape analysis, habitat area of the study site

was excluded to reduce the habitat area effect.
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Habitat quality

Habitat quality was quantified after each transect walk (i) by estimating the proportion of area
covered by blooming plants within the transect area to quantify nectar resources and (ii) by
identifying all blooming plant species inside the transect area as indicator of larval food plant
availability. The number of blooming plant species per study site was highly correlated to the
number of all vascular plant species per study site (n=31, » =0.922, p <0.0001) (unpublished
data, J. Krauss).

Statistical analyses

The statistical analyses were performed using the software "Statgraphics Plus for Windows
3.0" (Statgraphics 1995). All data were tested if they satisfy the assumption of normality. We
calculated simple and multiple regressions, Pearson and Spearman rank correlations, multiple
logistic regressions and comparison of regression lines (Sokal & Rohlf 1995). We chose
stepwise backward elimination for multiple regressions. The independent variables habitat
area and isolation were always logjo transformed, cover of blooming plant species was
arcsine-square root transformed, whereas the proportion of grassland habitats in the
surrounding landscape was normally distributed. Species numbers in regressions were also
logp transformed to calculate slopes of z-values to compare them with other studies.
Arithmetic means of not transformed values + one standard error are given in the text.

We calculated the species richness estimator ACE (Abundance-based Coverage
Estimator of species richness, computed by EstimateS, Version 5, Colwell 1997) to indicate
the percentage of sampled in relation to estimated species richness per habitat, showing the
saturation of species richness. To avoid effects of season dependent species turnover we
pooled the first 5 minutes of all five transect walks per habitat to a first 25 minute interval
(first step), the next 5 minutes of the transects were pooled to a second 25 minute interval
(second step) and so on. Small habitats with 20min transect walks have therefore 4 steps,
intermediate habitats 8 steps and large habitats 12 steps to calculate the estimated species

richness.

RESULTS
In total we recorded 48 butterfly species and six species of burnets, comprising a total of
15,185 individuals on all 32 calcareous grasslands. Only Pieris rapae (L.) and P. napi (L.)

could be found on all calcareous grassland fragments (Appendix). The most abundant species
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were the satyrid Maniola jurtina (L.) (22.9 % of all individuals), and the lycaenids
Polyommatus coridon (Poda) (18.5 %) and Polyommatus icarus (Rottemburg) (8.1 %).

The comparison of sampled with estimated species, which were calculated with the
species richness estimator ACE, showed that 90.24 + 1.18 % (minimum 74.73 %, maximum
98.91 %) of the species were found in each study site. No correlation between this proportion
and the independent factors habitat area (Spearman rank correlation n = 32: r =0.212, p =
0.237), isolation (» = 0.023, p = 0.899), number (» = 0.168, p = 0.351) and cover (r = 0.129, p
= 0.471) of blooming plant species, landscape diversity (» = 0.076, p = 0.671), and the
percentage of grasslands in the surrounding landscape (» = 0.132, p = 0.463) were found.
Smoothed sample size - butterfly species number accumulation curves asymptote
(unpublished data, J. Krauss). These results justify the usage of sampled species numbers

instead of estimated species numbers.

Table 1 Pearson correlation coefficients () are shown for the relations between the independent variables of the
32 calcareous grasslands. Habitat area and habitat isolation are logjy transformed, cover of blooming plant
species is arcsine-square root transformed. Significance levels are: *** p < 0.001, ** p <0.01, * p <0.05, (*) p <
0.1, n.s. = not significant.

Habitat Landscape Grassland Number of  Cover of
isolation  diversity  habitats blooming blooming plant
(Radius: (Radius: plant species species
250m) 250m)
Habitat area -0.2 n.s. 0.32 (*) 0.40 * 0.69 *** 0.46 **
Habitat isolation - -0.01 n.s.  0.15n.s. -0.30 (*) -0.28 n.s.
Landscape diversity | - - 0.64 *** (.17 n.s. 0.09 n.s.
(Radius: 250m)
Grassland habitats - - - 0.20 n.s. 0.01 n.s.
(Radius: 250m)
Number of blooming | - - - - 0.39 *
plant species

Habitat area (0.03 - 5.14 ha) was not correlated with habitat isolation (index: 2,100 — 86,000),
and only marginally with landscape diversity (at a 250 m scale; Shannon Wiener: 0.09 - 1.56)
(Table 1). Distance to the nearest calcareous grassland differed from 55 to 1,894 m. The
proportion of grassland habitats (0.42 - 58.37 %) was correlated to landscape diversity and the
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two characteristics of habitat quality, the number (average: 11.2 - 24.8 species) and cover
(2.10 - 14.09 %) of blooming plant species were highly correlated with habitat area (Table 1).
For further analysis we excluded (i) the proportion of grassland habitats and (ii) the two

habitat quality characteristics.

Species richness of butterflies
The species-area relationship for all butterflies was highly significant. Species richness of
both the specialists and generalists increased significantly with increasing habitat area (Fig. 2,

Table 2).

Table 2 Simple regressions between the number of species and the density of all butterflies (54 species),
specialists (20 species) and generalists (34 species) and the three independent factors habitat area, habitat
isolation, and landscape diversity of the 32 calcareous grasslands. Habitat area and habitat isolation are log;,
transformed.

Species Habitat area Habitat isolation Landscape diversity
numbers (Radius: 250m)
F r p F r p F r p

all species 69.96 | 0.836 | <0.0001 |0.24 |-0.089 |0.626 | 7.05 | 0.436 |0.013
specialists 69.34 | 0.835 | <0.0001 | 0.01 0.020 | 0939 |4.23 |0.352 |0.049
generalists | 29.36 | 0.703 | <0.0001 1.02 | -0.181 ] 0.320 | 7.76 |0.453 | 0.009

Densities Habitat area Habitat isolation Landscape diversity
(Radius: 250m)
F r p F r p F r p
all species 7.82 0.455 | 0.009 0.12 |-0.063 | 0.731 |0.86 |0.167 | 0.361
specialists 8.65 0.473 | 0.006 0.00 |-0.002 |0992 |1.81 |0.239 |0.188
generalists | 2.99 0.301 | 0.094 036 |-0.109 |0.552 |0.05 |0.042 | 0.820

Comparison of these regressions showed no differences in slopes (F = 0.88, p = 0.353). In
contrast, the z-value (slope of log-log regressions) for all butterfly species was z = 0.164, and
significantly higher for habitat specialists (z = 0.399) than for generalists (z = 0.096;
comparison of slopes: /= 31.53, p < 0.0001). The presence of 14 specialist (70 %) and 10
generalist (29 %) butterfly species was determined by habitat area (Appendix).
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Figure 2 Relationship between the
number of specialist and generalist
butterfly species and grassland area (n
= 32 fragments). Specialist butterflies
(20 species): y =-12.18 + 5.33 log) X,
generalist butterflies (34 species): y =
5.39 + 4.37 logy, x. Statistics see
Table 2.

Neither number of species of all butterflies nor that of only the specialists or generalists

showed a significant relation to the habitat isolation index (Fig. 3, Table 2). Also all other

isolation calculations did not show any significant effect of habitat isolation (results not

shown). Only the presence of the two specialist species Polyommatus coridon and Zygaena

carniolica (Scopoli) appeared to increase with increasing habitat connectivity (Appendix).
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Figure 3 Relationship between the
number of specialist and generalist
butterfly species and habitat
isolation (n = 32 fragments).
Specialist butterflies (20 species),
generalist butterflies (34 species).
Statistics see Table 2.
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Species number of all butterflies, specialists, and generalists increased significantly with
increasing diversity of the surrounding landscape, using a 250 m radius of the landscape
sector for the calculation (Fig. 4, Table 2). Comparison of regressions between specialists and
generalists showed no differences in slopes (F = 0.15, p = 0.702). The presence of two
specialist and five generalist butterfly species could be explained by increasing landscape

diversity (Appendix).

— - a - - Generalists

— e Specialists

Figure 4 Relationship between the
number of specialist and generalist
butterfly species and landscape
diversity, calculated as Shannon-
Wiener Index at the 250 m
landscape scale (n = 32 fragments).
Specialist butterflies (20 species): y
= 111 + 4.89 x, generalist
butterflies (34 species): y = 13.93 +
6.14 x. Statistics see Table 2.

Butterfly species

Landscape diversity

In multiple regression models, habitat area was the only explaining factor for the species
number of all butterflies (70.0 %), the specialists (69.8 %), and generalists (49.5 %; see the
simple regressions, Table 2). When we included also marginally significant factors (p < 0.1)
in the multiple regression model, landscape diversity explained a further 3.1 % for all
butterfly species, and 5.8 % for generalists. None of the isolation measurements had a
negative effect for species richness in multiple regressions (results not shown).

We analyzed the effects of landscape context at 12 nested spatial scales. Landscape
diversity and proportion of grassland habitats correlated best with the number of butterfly
species at the smallest scale of 250 m for both the specialists and generalists (Fig. 5).
Generalist butterflies showed higher correlations with landscape diversity than specialist
butterflies (Fig. 5). In contrast, the proportion of grassland habitats showed no significant
relationships, neither for specialists (250 m: » = 0.22, p = 0.129) nor generalists (250 m: » =
0.28,p=0.117).
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Density of butterflies

The density of all butterflies and of the specialists increased significantly with increasing
habitat area, whereas generalist density increased only marginally significantly with habitat
area (Fig. 6, Table 2). Eleven of 20 specialist species (55 %) showed significantly increasing
population densities with increasing habitat area, while only seven out of 34 generalists (21
%) showed this trend. Density of Pieris napi was significantly negatively correlated with
increasing habitat area (Appendix). Butterfly densities on calcareous grasslands did not
correlate with the habitat isolation index, neither for all butterflies, nor specialists or
generalists (Table 2). Also all other isolation calculations showed no significant effects of
habitat isolation (results not shown). Except for Plebeius argus (L.), which showed
decreasing densities with decreasing isolation, none of the other 53 butterfly species showed
any significant relation to habitat isolation (Appendix). No correlations between densities of
all butterflies, specialists or generalists with landscape diversity were found (Table 2). Only
the density of Spialia sertorius (Hoffmannsegg) increased significantly with increasing
landscape diversity (Appendix).

In multiple regression models, habitat area was the only factor related to the density of
all butterflies (explaining 20.7 % of the variation) and specialists (22.4 %), while generalists
showed only a marginally significant relationship (9.1 %) (see simple regressions Table 2).
Correlations with habitat isolation and landscape diversity were not even marginally
significant. Also all other isolation calculations had no significant effects on species density

(results not shown).
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With an inclusion of cover of blooming plant species in the multiple model this factor remains
for generalist density as the only explaining factor (16.5 %, p = 0.021), while specialist and

total density were not correlated (results not shown).

DISCUSSION

Species richness of butterflies

Habitat area

Species numbers increased significantly with increasing habitat area for both habitat specialist
and habitat generalist butterflies, confirming the general validity of species-area relationships,
as previously shown in similar studies of butterfly communities (Wilcox et al. 1986, Baz &
Garcia-Boyero 1995, Robertson et al. 1995, Wettstein & Schmid 1999, Steffan-Dewenter &
Tscharntke 2000, Zschokke et al. 2000). Range of habitat area in our study was 0.03 - 5.14 ha,
but species-area relationships for butterflies can be found from very small scales (0.25 m? to
20.25 m?, Zschokke et al. 2000) to large scales (from 100 km? - 3,000 km? Wilcox et al.
1986). Not all species depend on habitat area equally as shown by Thomas et al. (1992, 2001).
Habitat area influenced species richness of specialists more than that of generalists, indicating
that generalists additionally use other habitat types in the surrounding landscape matrix,
whereas specialists completely depend on calcareous grasslands. The z-value for specialists

was 0.40 and thereby, higher than expected from published values for oceanic islands or



3 Butterflies and landscape context 53

isolated mainland habitats (z = 0.25 - 0.33), while the z-value for generalists was only 0.09
and even lower than those known for non-isolated mainland habitats (z = 0.13 - 0.18)
(Rosenzweig 1995). This result is in support of the findings of Steffan-Dewenter and
Tscharntke (2000) that monophagous habitat specialists have the highest z-values in a

butterfly community.

Habitat isolation

In contrast to our predictions, habitat isolation did not have a consistent negative effect on
butterfly species richness. This result is in support of published studies which could also not
show effects of habitat isolation on butterfly species richness (Wilcox et al. 1986, Baz &
Garcia-Boyero 1995, Steffan-Dewenter & Tscharntke 2000), but Ricketts et al. (2001) found
fewer moth species in habitats with distances of > 3.5 km from a tropical forest reserve
compared to distances < 1.0 km. Wettstein and Schmid (1999) found more wetland indicator
butterfly species when large additional wetland areas occurred nearby. In our study, only two
specialist butterfly species responded negatively to habitat isolation, while Thomas et al.
(1992, 2001) found that isolation affected the occurrence of all studied six butterfly species.
This difference may be due to the greater range of habitat isolation in their study and the
relatively low isolation in our study (< 2 km). In addition, single species with low dispersal
abilities, may suffer from even comparatively low isolation distances. Habitat isolation of
calcareous grasslands as found in our study appeared to be typical for many regions in Central
Europe, but the regions of Northern Europe might be more fragmented therefore causing clear
isolation effects. Further, patterns found in one region may not hold for other regions due to a
wealth of geographical factors changing with region (Tscharntke et al. 2001). Evidence of
habitat isolation (or connectivity) may also depend on the indices used (Moilanen &
Nieminen 2002). We tested two isolation indices, the distance to the nearest grassland and an
index (including a comparison of different values for the parameters a and b) based on the
proportion of calcareous grassland area around the habitat. None of these calculations gave
evidence for any negative influence of isolation on species numbers of specialist or generalist
butterflies. Summarizing, habitat connectivity of calcareous grasslands appeared to be
sufficient for the butterfly communities of our German study region, although isolation has

been reported to greatly affect some butterfly species in Great Britain.
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Landscape context

Effects of landscape context on species-area relationships are mostly unknown (Wiens 1997,
Hanski 1999, Vandermeer & Carvajal 2001, Tscharntke et al. 2002). In our study, landscape
diversity marginally influenced species number of generalists, but not of specialists, so
generalists appeared to be more affected than specialists. Landscape context influence was
most important at a small spatial scale in that landscape diversity within a 250 m radius turned
out to predict species richness best. Our findings are in support of the results of Weibull et al.
(2000) for butterflies and Steffan-Dewenter et al. (2002) for bees, where smallest spatial
scales predicted species richness best. In metapopulation models, based on habitat area and
isolation, no improvement was achieved by adding landscape context and habitat quality
(Moilanen & Hanski 1998), whereas the models of Vandermeer and Carvajal (2001) showed
that matrix quality can be of major importance for metapopulations. The weak landscape
effects documented for calcareous grasslands in our study region might be explained with the
relatively complex landscapes that surrounded our calcareous grasslands. Although landscape
context played a minor role for butterfly species richness we found evidence for the expected

tendency that generalists were more affected than specialists.

Habitat quality

Habitat quality for requirements of larvae has been predicted to be the main factor for
presence or absence of butterfly species (Thomas et al. 2001). In our study we did not
discriminate between the factor habitat area and the factor habitat quality, which we
characterized with the number of blooming plant species and the cover of blooming plants,
due to correlations between these variables. Higher habitat heterogeneity, measured as
richness of blooming plants, increased with habitat area and butterfly species richness, which

supports the habitat heterogeneity hypothesis (Stevens 1986, Rosenzweig 1995).

Density of butterflies
Most population density studies have been conducted for mammals and birds (Bowers &
Matter 1997, Connor et al. 2000, Matter 2000, Gaston & Matter 2002). Empirical studies for
insects are rare, especially for insect communities (Connor et al. 2000, Steffan-Dewenter &
Tscharntke 2000).

In our study, population densities increased with increasing habitat area for all butterfly
and specialist butterfly species, but only marginally for generalists. Steffan-Dewenter and

Tscharntke (2000) found a similar result in that specialists were more affected by habitat area
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than other species. In our study, population densities of most specialist and some generalist
species increased with increasing habitat area including the three most abundant species
Maniola jurtina, Polyommatus coridon, and Polyommatus icarus. This is in support of the
meta-analysis of Connor et al. (2000), who assume an average increase of population
densities with increasing habitat area. However, Thomas et al. (2001) found no correlations
between population densities and habitat area for three butterfly species, whereas Thomas et
al. (1992) found in a four-species study increasing densities for Plebeius argus and Hesperia
comma (L.). Decreasing population densities with area have been recorded for Melitaea
cinxia (L.) (Hanski et al. 1994). These inconsistent results may be due to the numerous
difficulties in calculating relations between population density and habitat area, like the
problems of including or excluding empty habitat patches and the difference between patch
(PIARs) or generalized (GIARs) approaches of individual-area relationships (Gaston &
Matter 2002). The range of habitat area and the number of replicates are also important
(Bowers & Matter 1997). Matter (2000) reported for the red milkweed beetle Tetraopes
tetraophthalmus (Forster) increasing, decreasing or constant densities with habitat area in
different years.

We did not find correlations between population densities for butterfly communities or
single species and habitat isolation, thereby confirming Steffan-Dewenter and Tscharntke
(2000) and Thomas et al. (2001). However, increasing densities with decreasing isolation
were reported for Melitaea cinxia (Hanski et al. 1994).

Similarly, landscape diversity had no consistent effect, and was related to only a few
species. We are aware of only one other study testing butterfly densities in a landscape
context. Weibull et al. (2000) reported increasing or decreasing abundances for butterflies
depending on the spatial scale where landscape diversity was measured.

Summarizing, butterfly population densities were mainly affected by habitat area and
not by isolation and landscape context in our study region, but generalizations are difficult

due to rare and inconsistent literature data.

CONCLUSIONS

In conclusion, our data emphasize the importance of habitat area, but only a small impact of
landscape diversity and no impact of habitat isolation on the butterfly community could be
recorded. Habitat specialist butterflies were more affected by habitat area than habitat
generalists, whereas generalists were also affected by landscape diversity. Therefore,

protection of large calcareous grasslands would contribute substantially to the conservation of
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endangered habitat specialists. In contrast to expectations landscape context and habitat
connectivity appeared to be sufficient for supporting species-rich butterfly communities of

calcareous grasslands in our study region.
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APPENDIX

Appendix: Number of individuals (Nol) of the 54 butterfly species and the number of inhabited
habitat fragments (NoH) out of 32 calcareous grasslands (sampled in the year 2000). Multiple logistic
regression for presence - absence data and Spearman rank correlations for species density are shown.
The three independent habitat factors habitat area (4), habitat isolation (/), and landscape diversity (L)
as Shannon-Wiener Index on the 250 m radius level, were tested. M (e) is the Maximum likelihood
estimate, M (p) is the significance level, and M (%) the percentage of deviance explaining the model,
(e) stands for Maximum likelihood estimate, () for the Spearman rank correlation coefficient.
Significance levels are: *** p < 0.001, ** p <0.01, * p <0.05, (*) p <0.1, n.s. = not significant. Note:
positive values of 4 (e, ) mean that the species occurrence is positively related to larger habitats, of /
(e, r) that they profit from less isolation (= better connectivity), and L (e, ) that they profit from higher
landscape diversity. Only species with occurrence in > 1 and < 32 habitats were used for the multiple
logistic regressions, and only species with a minimum of 10 individuals for the Spearman rank
correlations. Habitat area and habitat isolation are log, transformed.

Pr or ab data logistic regression models Population densities
Spearman rank correlations

Taxon Nol NoH A(e) 1(e) L (e) M (e) M (p) M (%) A(n 1(n L(n
Specialists:
Polyommatus coridon (Poda, 1761) 2815 23 | 3.70 ** 3.32* n.s. -25.05  0.0002 40.81 0.63 *** ns. n.s.
Coenonympha arcania (Linnaeus, 1761) 364 17 | ns. n.s. 3.73* -4.04 0.014 13.69 n.s. n.s. 0.31 (%)
Zygaena carniolica (Scopoli, 1763) 344 19 | 4.92* 3.60 * ns. -31.33  <0.0001 54.05 0.59 *** ns. ns.
Erynnis tages (Linnaeus, 1758) 315 24 | 3.97 *** ns. ns. -11.54  0.0001 42.61 0.50 ** ns. ns.
Zygaena purpuralis (Brinnich, 1763) 283 13 | 1.79* n.s. n.s. -6.74 0.005 18.57 0.46 ** n.s. n.s.
Cupido minimus (Fuessly, 1775) 249 8| 232* n.s. n.s. -9.70 0.002 25.71 0.50 ** n.s. n.s.
Zygaena viciae ([Denis & Schiffermiiller], 1775 167 14 | 1.44* n.s. n.s. -5.35 0.016 13.22 0.34 (%) n.s. n.s.
Thymelicus acteon (Rottemburg, 1775) 133 18 [ 118~ ns. ns. -3.83 0.045 9.17 n.s. ns. ns.
Polyommatus agestis ([Denis & Schiffermdiller], 1775) 115 17 | 2.47 ns. ns. -8.43 0.0003 29.02 0.49 ** ns. ns.
Melitaea aurelia Nickerl, 1850 54 9|217* ns. n.s. -8.93 0.003 23.93 0.52 ** n.s. n.s.
Erebia medusa ([Denis & Schiffermdiller], 1775) 42 5| ns. ns. n.s. -1.69 n.s. - n.s. n.s. n.s.
Argynnis aglaja (Linnaeus, 1758) 37 7| 274* n.s. n.s. -11.62  0.001 31.18 0.50 ** n.s. n.s.
Spialia sertorius (Hoffmannsegg, 1804) 30 6 | 4.79 % n.s. 8.42* -30.15  0.0002 58.41 0.56 ** ns. 0.37*
Hesperia comma (Linnaeus, 1758) 30 41183* n.s. n.s. -8.84 0.048 16.22 0.35 (%) n.s. n.s.
Colias alfacarensis Ribbe, 1905 23 5| 254* n.s. n.s. -11.37 0.006 26.81 0.46 ** n.s. n.s.
Zygaena hippocrepidis (Hubner, [1799]) 21 41 1.72 (%) n.s. n.s. -8.42 0.059 14.80 0.32 (%) n.s. n.s.
Boloria euphrosyne (Linnaeus, 1758) 18 3| ns. n.s. n.s. -2.27 n.s. - n.s. n.s. n.s.
Leptidea reali Reissinger, 1989 13 8137~ n.s. ns. -6.09 0.042 11.53 ns. n.s. n.s.
Zygaena lonicerae (Scheven, 1777) 10 3| ns. ns. ns. -2.27 n.s. - n.s. ns. ns.
Euphydryas aurinia (Rottemburg, 1775) 1 1 - - - - - - - - -
Generalists:
Maniola jurtina (Linnaeus, 1758) 3479 31| ns. n.s. 28.67 ** -7.80 0.003 99.71 0.47 ** n.s. n.s.
Polyommatus icarus (Rottemburg, 1775) 1226 30 | 14.78 *** n.s. -6.30 * -31.21  0.002 85.80 0.64 *** n.s. n.s.
Coenonympha pamphilus (Linnaeus, 1758) 894 31| 5.62 (%) n.s. n.s. -12.84  0.099 30.58 n.s. n.s. n.s.
Pieris rapae (Linnaeus, 1758) 636 32| - - - - - - 0.32 (%) n.s. n.s.
Pieris napi (Linnaeus, 1758) 428 32| - - - - - - 0.49 ** n.s. n.s.
Zygaena filipendulae (Linnaeus, 1758) 378 27 | 2.14* n.s. n.s. -5.22 0.023 18.64 ns. n.s. n.s.
Melanargia galathea (Linnaeus, 1758) 361 28 | 4.51* n.s. n.s. -11.72  0.003 38.05 0.51** n.s. n.s.
Pyrgus malvae (Linnaeus, 1758) 328 27 | 2.60* ns. n.s. -6.59 0.010 23.84 0.48 ** ns. ns.
Aphantopus hyperantus (Linnaeus, 1758) 292 31| ns. n.s. n.s. 3.43 n.s. - n.s. n.s n.s.
Callophrys rubi (Linnaeus, 1758) 254 20 | 2.41 % ns. ns. -7.67 0.0007 27.33 0.30 (*) ns. ns.
Nymphalis io (Linnaeus, 1758) 247 31| ns. -12.86 * n.s. 63.36 0.019 61.50 n.s. n.s. n.s.
Nymphalis urticae (Linnaeus, 1758) 238 28 | ns. n.s. ns. 1.95 ns. - ns. n.s. n.s.
Argynnis paphia (Linnaeus, 1758) 208 23 | ns. n.s. ns. 0.94 ns. - ns. ns n.s.
Pieris brassicae (Linnaeus, 1758) 166 28 | ns. -5.42* 5.79 20.01 0.004 45.75 n.s. ns. 0.34 (%)
Ochlodes sylvanus (Esper, [1778]) 140 28 | ns. -5.41* 3.06 (*) 22.62 0.016 34.56 ns. n.s. n.s.
Gonepteryx rhamni (Linnaeus, 1758) 140 28 | ns. n.s. 3.49* -1.52 0.029 19.69 ns. n.s. 0.31 (%)
Araschnia levana (Linnaeus, 1758) 132 29 | ns. n.s. 2.90 (%) -0.59 0.087 14.76 n.s. n.s. n.s.
Anthocharis cardamines (Linnaeus, 1758) 110 26 | ns. n.s. n.s. 1.46 n.s. - n.s. n.s. n.s.
Carterocephalus palaemon (Pallas, 1771) 95 23 | ns. n.s. 2.68* -1.93 0.048 10.31 n.s. n.s. n.s.
Pararge aegeria (Linnaeus, 1758) 92 26 | ns. n.s. n.s. 1.47 n.s. - n.s. n.s n.s
Hamearis lucina (Linnaeus, 1758) 62 17 | 213 ** n.s. n.s. -7.26 0.001 23.80 0.41* n.s. n.s.
Thymelicus sylvestris (Poda, 1761) 56 18 | ns. n.s. n.s. 0.25 n.s. - n.s. n.s. n.s
Plebeius argus (Linnaeus, 1758) 40 51]1.85(% -3.19* n.s. 4.65 0.036 23.96 0.30 (*) -0.40* n.s.
Thymelicus lineola (Ochsenheimer, 1808) 19 7| ns. n.s. n.s. -1.27 n.s. - ns. n.s. 0.30 ()
Lycaena phlaeas (Linnaeus,1761) 19 7118 (%) n.s. n.s. -5.56 0.088 8.68 0.33 (%) n.s. n.s.
Vanessa cardui (Linnaeus, 1758) 15 8| 1.74* n.s. n.s. -7.49 0.013 17.03 0.37* ns. n.s.
Lasiommata megera (Linnaeus, 1767) 15 7| ns. n.s. n.s. -1.27 n.s. - ns. n.s. n.s.
Celastrina argiolus (Linnaeus, 1758) 13 8 |239* n.s. n.s. -9.96 0.002 26.68 0.47 ** n.s. n.s.
Papilio machaon Linnaeus, 1758 12 8| ns. 2.35 (%) n.s. -11.23  0.094 7.81 n.s. n.s. n.s.
Nymphalis c-album (Linnaeus, 1758) 11 8| 1.49* n.s. n.s. -6.54 0.029 13.28 0.31 (%) n.s. n.s.
Issoria lathonia (Linnaeus, 1758) 5 3| ns. -6.45* 17.37 * 1.74 0.003 58.07 - - -
Thecla betulae (Linnaeus, 1758) 4 2| ns. n.s. n.s. -2.71 n.s. - - -
Limenitis camilla (Linnaeus, 1764) 4 3|257* n.s. n.s. -12.24  0.027 24.61 - -
Lycaena tityrus (Poda, 1761) 2 2| ns. n.s. ns. -2.71 ns. - - -




4 Plant species richness 61

Effects of habitat area, isolation, and landscape diversity on 4

plant species richness of calcareous grasslands

ABSTRACT Calcareous grasslands show high biodiversity and are endangered in Central
Europe. We tested the relative importance of habitat area, habitat isolation, and landscape
diversity for species richness and species density of vascular plants. Plants were recorded on
31 calcareous grasslands in the vicinity of the city of Gottingen (Germany) and were divided
into habitat specialist and generalist species. We expected that habitat specialists are more
affected by area and isolation, and habitat generalists more by landscape diversity.

In multiple regression analysis, the species number of habitat specialists (n = 66) and
habitat generalists (n = 242) increased with habitat area, while habitat isolation or landscape
diversity did not have significant effects. Contrary to predictions, species-area relationships of
habitat specialists did not show a higher z-value (slope of regression line) than generalists (z =
0.08 vs. z = 0.13). This may have been caused by high habitat heterogeneity in large
grasslands offering a microhabitat mosaic for non-specialists and by delayed extinction of
long-living plant specialists in small grasslands.

Multiple regression analysis with equal sample size (= species density) on all 31
calcareous grasslands did not result in significant relations between species number and
habitat area, habitat isolation or landscape diversity, thereby supporting the habitat-
heterogeneity, but not the area-per se hypothesis.

In conclusion, habitat area was the only predictor explaining plant species richness for
both habitat specialists and generalists with adapted sample sizes. In contrast to expectations

habitat isolation and landscape diversity had no effect in our study region.

KEYWORDS conservation, generalists, habitat fragmentation, specialists, species-area

relationships, species density

INTRODUCTION

Great efforts were made to understand which habitat factors determine species richness and
population densities (Matthies et al. 1995, Hochberg & Ives 1999). Habitat area (Dzwonko &
Loster 1989, Zacharias & Brandes 1990, Rejmanek & Rosen 1992, Ouborg 1993, Kohn &
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Walsh 1994, Grashof-Bokdam 1997, Kochy & Rydin 1997, Honnay et al. 1999, Bruun 2000,
2001), habitat isolation (Dzwonko & Loster 1989, van Ruremonde & Kalkhoven 1991,
Ouborg 1993, Grashof-Bokdam 1997, Honnay et al. 1999, Bruun 2000, 2001) and recently
also landscape context (Kollmann & Schneider 1999, Metzger 2000, Séderstrom et al. 2001,
De Blois et al. 2002) were predicted and partly shown to influence plant composition of
habitats. To our knowledge all three factors have never been simultaneously tested for plant
species richness, with the exception of a study from Metzger (2000) in tropical forests. The
influence of landscape context in habitat fragmentation studies is often ignored (Wiens 1997,
Hanski 1999) although it is essential to understand plant community dynamics (De Blois et al.
2002).

It is important to note that not all species depend on habitat area, isolation and
landscape context equally (Tscharntke et al. 2002). (1) Habitat specialists are more affected
by habitat loss than generalists (Warren et al. 2001). (2) The surrounding landscape is
inhabitable for habitat specialists, but at least partly habitable for generalists supporting the
prediction that habitat isolation affects habitat specialists more than generalists (see Jonsen &
Fahrig 1997). (3) High landscape diversity in the surrounding matrix provides more different
habitat types for generalists or species with other habitat preferences supporting the prediction
that landscape diversity enhances the number of generalists, especially at edges, but hardly
specialists (see Jonsen & Fahrig 1997). Predictions with habitat specialists and generalists
have rarely been tested for plant communities. However in related studies, plant species in
forests were divided into functional groups. True forest species showed a stronger response to
habitat area than other species, but no isolation effect (Honnay et al. 1999), and shade tolerant
species were more sensitive to habitat fragmentation than shade intolerant species (Metzger
2000). Numerous functional groups, including specialist grassland species, were positively
related to habitat area and inconsistently to isolation (Bruun 2000, 2001).

Most studies focus on the question how species-area relationships are explained.
Generally three explanations for the increase of species richness with habitat area are
discussed. (1) According to the sampling hypothesis, higher sampling effort results in more
individuals and therefore higher species numbers (Connor & McCoy 1979, Rosenzweig 1995,
Holt et al. 1999). The sampling effect is mainly due to nested quadrate samples but may also
occur in discrete habitat studies (Holt et al. 1999). (2) The habitat heterogeneity hypothesis
predicts higher species numbers because of higher habitat heterogeneity. (3) The area per se
or equilibrium hypothesis considers colonization — extinction dynamics to cause increasing

species numbers with increasing habitat area independent of habitat diversity or sampling
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effort (Rosenzweig 1995, Holt et al. 1999). To reduce the sampling effect, complete surveys
of habitats (Rosenzweig 1995) or equal sample sizes on all habitats (Kelly et al. 1989, Holt et
al. 1999) are possible. Habitat area and habitat diversity are often closely correlated (Kohn &
Walsh 1994, Rosenzweig 1995, Kochy & Rydin 1997). Equal sample sizes should also reduce
the habitat diversity effect, making it possible to test separately for area-per se effects (Kelly
et al. 1989, Kochy & Rydin 1997).

Most plant studies on habitat fragmentation were carried out in woodlands (e.g.
Dzwonko & Loster 1989, Ruremonde & Kalkhoven 1991, Saetersdal 1994, Grashof-Bokdam
1997, Lawesson et al. 1998, Honnay et al. 1999, Metzger 2000), while grasslands are less
commonly studied (Rejmanek & Rosen 1992, Ouborg 1993, Bruun 2000, 2001, Zschokke et
al. 2000). Our study was conducted on calcareous grasslands, which belong to the most
species-rich plant and insect habitats in Central Europe (Van Swaay 2002). Habitat loss of
calcareous grasslands in Germany reaches locally up to 60 % in the last 100 years, driving 1
% plant species restricted to this habitat type to extinction and 42 % to be threatened in
Germany (WallisdeVries et al. 2002). Calcareous grasslands are endangered in Germany and
protected by law (Riecken et al. 1994). Interest in conservation is high (Beinlich & Plachter
1995, WallisDeVries et al. 2002), leading to several studies on plant and insect community
structure and extinction risks (e.g. Fischer & Stocklin 1997, Bruun 2000, 2001, Steffan-
Dewenter & Tscharntke 2000, Zschokke et al. 2000, Moog et al. 2002).

In this study we tested the impact of the three parameters habitat area, habitat isolation,
and landscape diversity on the species richness of habitat specialist and generalist vascular
plants on calcareous grasslands.

We tested the following predictions:

(1) Plant species richness increases with increasing habitat area, decreasing habitat isolation
and increasing landscape diversity.

(2) Species richness of habitat specialists is more sensitive to habitat area and isolation,
whereas species richness of generalists is more sensitive to landscape diversity.

(3) Species density, i.e. plant species richness per area in samples of equal size on all study

sites, is related to habitat area, isolation and landscape diversity.

MATERIALS AND METHODS
Study region and study sites
Altogether 31 calcareous grasslands in the vicinity of the city of Gottingen in Lower Saxony

(Germany) were studied. The grasslands were located in the Leine-Weser Mountain lands
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(Gauss-Kriiger: R = 5,695, H = 3,550 / R = 5,724, H = 3,579) and belong to the plant
association Gentiano-Koelerietum. Low impact management to stop succession and to
remove woody bushes were carried out on the study sites mainly from late summer to winter.
The average rainfall in the area around Gottingen is 635 mm per annum, with an average
temperature of 6.8 °C (Deutscher Wetterdienst 2001). The landscape is structurally rich with a
mosaic of diverse habitat types. Calcareous grasslands can be sharply delimited from the

surrounding landscape with little or no ambiguity and cover 0.26 % of the study region.

Habitat area, isolation, landscape diversity

The area of the 31 calcareous grasslands was measured with a differential GPS GEOmeter
12L (GEOsat GmbH 1998) and ranged from 314 to 51,395 m?. Area covered with shrubs was
excluded in the measurement.

Habitat isolation was measured as an index (/) of each study site (i) from edge-to-edge
on the basis of all known calcareous grasslands in a radius of 8 km around our study sites
using the following formula:

I=Ze™ 4

where 4 is the size (in m?) of neighbouring calcareous grasslands and dij the distance (in km)
from the neighbouring grassland j to the study site i. The formula is based on Hanski et al.
(1994). Larger values of [ indicate lower isolation than smaller values. Additionally, habitat
isolation was measured as distance from edge to edge to the nearest calcareous grassland (55
— 1,894 m). This isolation distance and the isolation index were always logo transformed.
Both were correlated (r = -0.445, n = 31, P = 0.012) and showed similar always non-
significant results. Therefore we show only the results from the isolation index.

Landscape diversity was analysed using modified digital thematic maps (ATKIS®-
DLM 25/1 Landesvermessung and Geobasisinformationen Niedersachsen 1991 - 1996, and
ATKIS®-DLM 25/2 Hessisches Landesvermessungsamt 1996). Eleven land-use types were
defined, including arable land (42.15 % of the study region), forest (36.80 %), grassland
(12.14 %), built-up area (6.24 %), other habitats (1.48 %), garden land (0.31 %), hedgerow
(0.30 %), calcareous grassland (0.26 %), orchard meadow (0.20 %), plantation (0.06 %), and
fen (0.05%). We used the Shannon-Wiener index to calculate landscape diversity for each of
the 31 grassland fragments using a nested set of 12 circles with a radius ranging from 0.25 km

to 3.00 km in 0.25 km steps:

Hs=-Zp;«Inp,
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where p; is the proportion of each of the eleven different land-use types (Krebs 1989).

Further we pooled the plant species rich habitat types, grassland, garden land,
hedgerow, calcareous grassland, orchard meadow, and fen around the study sites. We related
the different plant species richness data with the proportion of these pooled habitat type data
set. We did never find any positively significant relation between both, and the pooled habitat
types were highly correlated with landscape diversity (250m scale: » = 0.685, P < 0.0001).
Therefore we only show results from landscape diversity.

Due to a few missing ATKIS data we could test the landscape data for a radius of 0.25
and 0.50 km for all 31 study sites, while 0.75 - 2.00 km scales were tested for only 30, 2.25
km for 29, and 2.50 - 3.00 km for 28 sites. For each landscape analysis, the habitat area of the

central study site was excluded.

Plants

The complete survey of vascular plants (Spermatophyta plus Equisetum arvense L.) for all of
the 31 calcareous grasslands was compiled from four independent data sets from 1996, 2000
and 2001 to achieve a total list of plant species per study site. In 1996 and 2000 the vegetation
was mapped in May/June and again in August in randomised plots of 25 m? according to
Braun-Blanquet. These plots were the same for both records in 1996, while they changed in
2000. In 1996 one plot was mapped for small (< 1,500 m?), two plots for medium (1,500 —
5,000 m?), three plots for medium to large (5,000 m? - 10,000 m?) and four plots for large
grasslands (> 10,000 m?) (see Steffan-Dewenter & Tscharntke 2000). In 2000 one plot was
mapped on small grasslands (< 1,500 m?), two plots on medium grasslands (1,500 — 10,000
m?), and three plots on large grasslands (> 10,000 m?). To complete these two Braun-Blanquet
surveys we mapped in 2000 five times between April and August the blooming plants of each
grassland on randomised transects. Each transect covered from 11.4 % (largest habitat) to
100.0 % (small habitats) of the total habitat area (average: 62.7 £ 0.4 %). In a fourth survey in
May 2001, again plants were mapped on the 31 grasslands to complete the species list.

We used the total number of species per grassland for statistical analyses. To compare
equal sample sizes (species density) we also tested all correlations using only one 25 m? plot
(mapped in spring and summer) of the 2000 data set.

All vascular plant species recorded as species restricted to oligotrophic grasslands in
Von Drachenfels (1994) were defined as habitat specialists (n = 66) for calcareous grasslands
(see Appendix). These species mainly occur on calcareous grasslands in the study region, but

might inhabit other habitat types in other regions of Germany and Europe. All other species



4 Plant species richness 66

with no habitat preferences or preferences for other habitats were defined as generalist plants

(242 species). Species identification and nomenclature follow Bissler et al. (1999).

Statistical analyses

The statistical analyses of the data were performed using the software "Statgraphics Plus for
Windows 3.0" (Statgraphics 1995). All data were tested whether they satisfy the assumption
of normality. We calculated simple and multiple regressions, Pearson correlations, and
comparisons of regression lines (Sokal & Rohlf 1995). We chose backward selections for
stepwise multiple regressions. The independent variables habitat area and isolation were
always logjo transformed. Species numbers in regressions were also logjo transformed to
calculate scale-independent slopes (z-values) for comparison with other studies. Arithmetic

means + one standard error are given in the text.

RESULTS

Habitat area (0.03 - 5.14 ha, average: 0.90 £ 0.23 ha) was not correlated with habitat isolation
(index: 2,051 — 85,978, average: 23,019 £ 3,368) (» = -0.013, P = 0.944). Also landscape
diversity (at a 250 m scale; Shannon Wiener: 0.09 - 1.56, average: 1.09 £ 0.05) was not
correlated with habitat isolation (» = -0.015, P = 0.936), but with habitat area (» = 0.375, P =
0.038).

Altogether 308 plant species were identified on all 31 calcareous grasslands with pooled
data. This was an average of 89.0 £ 3.7 species per habitat with a minimum of 56 species and
a maximum of 138 species. In Braun-Blanquet plots we found 192 species in 1996 and 234
species in 2000, resulting in a total of 278 species. Additional recordings due to the transect
walks in 2000 and the survey in 2001 resulted in a total of 308 species. Nine of 66 (13.6 %)
specialist species (see Appendix) and seven out of 242 (2.9 %) habitat generalist species
(Achillea millefolium L., Campanula rotundifolia L., Daucus carota L., Leontodon hispidus
L., Lotus corniculatus L., Plantago lanceolata L., Plantago media L.) were found on each of
the 31 calcareous grasslands.

Species richness increased with increasing habitat area for both habitat specialist and
generalist species leading to an increase of all species (Fig. 1, Table 1). The z-value (slope of
log-log regressions) for specialists (z-value: 0.08) was lower than for generalists (z-value:
0.13), but did not differ significantly (comparison of regression lines F' = 2.16, P = 0.148).

The slope for not log-transformed species numbers was even significantly steeper for
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generalists (comparison of regression lines F' = 5.34, P = 0.024). For all plant species the z-
value was 0.11. Habitat isolation showed no significant effect on species richness in simple
regressions, while landscape diversity at the smallest scale of 250 m was positively related to
specialist species with marginal significance (Table 1). We analyzed the effects of landscape
diversity at 12 nested spatial scales. Correlations were highest at the smallest spatial scale of
250 m for specialist, generalist and all plants (results for other spatial scales are not shown).

In multiple regressions with habitat area, isolation and landscape diversity (250 m), habitat
area was the only significant factor explaining 44.8 % of variation for specialists, 37.2 % for

generalists and 46.0 % for all plant species.

Table 1 Simple regressions for the habitat specialists among the plant species (66 species), generalist species
(242 species) and all plant species (308 species). Relations between species numbers and species density with the
three independent factors habitat area, habitat isolation, and landscape diversity (» = 31). Habitat area and habitat
isolation are log; transformed.

Total species Habitat area Habitat isolation Landscape diversity
numbers (Radius: 250m)
F r P F r P F r P

Habitat specialists | 23.49 | 0.669 | <0.0001 | 0.39 |-0.116 | 0.536 | 3.81 | 0.341 0.061
Habitat generalists | 17.18 | 0.610 | 0.0003 0.95 |-0.178 | 0337 | 0.16 |0.074 0.692

All plants 24.67 | 0.678 | <0.0001 | 1.04 |0.186 |0.316 |0.76 | 0.160 0.390
Species density Habitat area Habitat isolation Landscape diversity
(Radius: 250m)
F r P F r P F r P

Habitat specialists | 0.09 0.054 | 0.773 0.39 | -0.116 | 0.535 | 0.00 | -0.008 | 0.965
Habitat generalists | 0.02 0.028 | 0.879 0.00 |0.012 0.950 | 0.00 | 0.004 0.981
All plants 0.06 0.046 | 0.807 0.11 | 0.061 0.744 | 0.00 |-0.000 | 0.999

Considering only equal sample size with one plot per grassland, we found altogether 199
plant species. This was an average of 46.5 = 1.4 species per habitat with a minimum of 30
species and a maximum of 63 species. Neither in simple (Table 1) nor in multiple regressions

we found evidence for an impact of habitat area, isolation, and landscape diversity on plant
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species density for specialists, generalists or all plants on the studied 31 calcareous

grasslands.
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Figure 1 Relationship between
the number of plant species and
grassland area (n = 31
fragments).

A) Specialist plant species (66
species): y = 13.64 + 6.32 log
X.

B) Generalist plant species (242
species): y = -1.40 + 15.44 log
x. Statistics see Table 1.
Comparison of regression lines:
slopes: FF'=15.34, P=0.024.

Landscape diversity increase generalist insect species numbers (Jonsen & Fahrig 1997,

unpublished data, J. Krauss), but contrary to these findings landscape diversity did not affect

the number of generalist plants in our study. Instead, increasing landscape diversity even

tended to increase specialist plant species numbers, but due to correlation with habitat area

this effect was eliminated in multiple regressions. In a related study Soderstrom et al. (2001)
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could find lower plant species numbers on semi-natural pastures with increasing proportion of
arable fields in the surrounding landscape, but landscape diversity was not studied. We could
not detect an effect of landscape on total plant species richness in our study region. This
might be explained with the relatively complex landscapes that surrounded our calcareous
grasslands. In multiple tests for different landscape parameters and numerous functional
groups inconsistent results of correlations of plant species richness with landscape diversity
were reported (Kollman & Schneider 1999, Metzger 2000). To reduce multiple testing and
intercorrelations of landscape factors, Steffan-Dewenter et al. (2002) suggest focusing on
landscape diversity and proportion of habitats in the surrounding matrix. In general landscape
studies on plant species composition are still rare, but essential to fully understand community
dynamics (De Blois et al. 2002).

Species numbers increased significantly with increasing habitat area for both habitat
specialist and habitat generalist plant species. Our results confirm the general validity of
species-area relationships, as shown before with plant communities of forests (Dzwonko &
Loster 1989, Zacharias & Brandes 1990, Van Ruremonde & Kalkhoven 1991, Saetersdal
1994, Grashof-Bokdam 1997, Honnay et al. 1999) and other habitats (Usher 1979, Rejmanek
& Rosen 1992, Ouborg 1993, Kohn & Walsh 1994, Kochy & Rydin 1997, Bruun 2000,
2001). Our high sampling effort appeared to guarantee almost complete recordings. In
addition, our numbers of plant species on 27 of the grasslands were very similar to a complete
survey made between 1980 and 1986 (Eggers 1986, unpublished data, personal
communication B. Preuschoff). We did not measure habitat heterogeneity, but species
density, i.e. species numbers measured with equal sample sizes on all grasslands, was not
affected by habitat area in our study, giving indirect evidence for the habitat heterogeneity
hypothesis as explanation for species-area relations (Kelly et al. 1989, Holt et al. 1999).
Habitat heterogeneity is assumed to be the main predictor for plant species richness (Kochy &
Rydin 1997), as neither Kochy and Rydin (1997) nor Lawesson et al. (1998) found positive
species-area relations for area-corrected sample sizes.

The z-value (slopes of log-log species-area regressions) for specialist plant species was
0.08, and for generalists 0.13. Other reported z-values for vascular plants on mainland habitats
are between 0.18 and 0.24 (Dzwonko & Loster 1989, Rejmanek & Rosen 1992, Kéchy &
Rydin 1997) and are generally lower compared to the next trophic level, the herbivores (e.g.
Holt et al. 1999, Steffan-Dewenter & Tscharntke 2002).

Surprisingly, habitat specialists were not more affected by habitat area than generalists.

This is in contrast to previous findings for specialist and generalist plant species, where the z-
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value was higher for true forest plant species (z = 0.45) than for species of edges and clearings
(z = 0.39) and for woody species and lianas (z = 0.17) in Belgium forests (Honnay et al.
1999). Also habitat specialist butterflies on the same calcareous grasslands were significantly
more affected by habitat loss than generalists (unpublished data, J. Krauss). Large areas with
high habitat heterogeneity can be expected to offer a diverse mosaic of microhabitat types for
species that are non-specialists. This may explain steeper species-area relationships for
generalists in our study. Habitat specialists are expected to have higher extinction rates than
generalists as shown for plants and butterflies (Fischer & Stocklin 1997, unpublished data, J.
Krauss). However when these specialists are perennial plants, they may persist for several
years in small populations, thereby delaying their extinction (Oostermeijer et al. 1994). An
extinction debt for these species in small habitats keep the z-value lower than in equilibrium
situations (Tilman et al. 1994, Gonzales 2000). Hypotheses developed for mobile birds and
butterflies with short life cycles might be not acceptable for sessile plants with long life cycles
(Eriksson 1996).

Contrary to our predictions we could not find effects of habitat isolation, neither for
specialist nor for generalist plant species. Isolation effects on plant species are mainly found
for plant species with low dispersal abilities (Dzwonko & Loster 1989, Van Ruremonde &
Kalkhoven 1991, Grashof-Bokdam 1997), while other species groups generally show no or
weak isolation effects (Ouborg 1993, Kéchy & Rydin 1997, Honnay et al. 1999, Bruun 2000,
2001). Also for the more mobile butterfly species no isolation effects could be reported on the
same calcareous grasslands (Steffan-Dewenter & Tscharntke 2000, unpublished data, J.
Krauss). As calcareous grasslands were better connected decades ago (WallisDeVries et al.
2002), we might found patterns that show previous situations because of extinction debt of
plants, and therefore no isolation effect.

In conclusion, habitat area was the only predictor explaining vascular plant community
structure for habitat specialist, generalist, and all plant species. In contrast to expectations,
habitat isolation and landscape diversity had no effect in our study region. These results stress
the point, that habitat area is the most important basis of plant diversity. Several populations
of specialist plant species on small habitat fragments may be prone to extinction in the near
future showing the so-called extinction debt, so the present z-values may give a too positive

picture.
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APPENDIX
Appendix Habitat specialist plants on 31 calcareous grasslands in Southern Lower Saxony.

Taxon Number of | Taxon Number of
occupied occupied
habitats habitats

Agrimonia eupatoria L. 30 Koelaeria pyramidata (Lamk.) P.B. 29

Anemone sylvestris L. 3 Medicago falcata L. 7

Anthyllis vulneraria L. 20 Medicago lupulina L. 30

Astragalus glycyphyllos L. 10 Melampyrum arvense L. 3

Avenula pratensis (L.) Dum. 16 Melampyrum nemorosum L. 2

Avenula pubescens (HUDS.) Dum. 11 Onobrychis viciifolia Scop. 7

Brachypodium pinnatum (L.) P.B. 31 Ononis spinosa L. 24

Briza media L. 30 Ophris apifera Huds. 1

Bromus erectus Huds. 19 Ophrys insectifera L. em L. 16

Campanula rapunculoides L. 24 Orchis mascula (L.) L. 13

Carex caryophyllea Latourr. 15 Orchis militaris L. 3

Carex flacca Schreber 30 Orchis purpurea Huds. 5

Carex ornithopoda Willd. 3 Orchis tridentata Scop. 3

Carlina vulgaris L. 25 Origanum vulgare L. 3

Centaurea scabiosa L. 28 Pimpinella saxifraga L. 31

Cerastium arvense L. 11 Platanthera bifolia (L.) L.C. Richard 2

Cirsium acaule SCOP. 31 Polygala comosa Schkuhr 27

Clinopodium vulgare L. 15 Potentilla neumanniana Rchb. 31

Euphorbia cyparissias L. 14 Primula veris L. 30

Euphrasia stricta Wolff ex Lehm 2 Prunella grandiflora (L.) Scholler 11

Festuca ovina L. 31 Ranunculus bulbosus L. 31

Filipendula vulgaris Moench 1 Salvia pratensis L. 4

Fragaria viridis (Duchesne) Weston 18 Sanguisorba minor Scop. 31

Galium pumilum Murray 22 Scabiosa columbaria L. 31

Galium verum L. 25 Sedum sexangulare L. 6

Gentianella ciliata (L.) Borkh. 10 Silene nutans L. 3

Gentianella germanica (Willd.) Borner 9 Thymus pulegioides L. 31

Gymnadenia conopsea (L.) R.Br. 26 Trifolium campestre Schreber 7

Helianthemum nummularium (L) 20 Trifolium medium L. 18

Hieracium pilosella L. 29 Trifolium montanum L. 2

Hippocrepis comosa L. 25 Veronica teucrium L. 17

Hypericum perforatum L. 30 Vincetoxicum hirundinaria Med. 3

Inula conyzae (Griesselich) Meikle 12 Viola hirta L. 26
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Effects of habitat fragmentation on the genetic structure of 5
the monophagous butterfly Polyommatus coridon along its

northern range margin

ABSTRACT Population genetic patterns of species at their range margin have important
implications for species conservation. We performed allozyme electrophoresis to investigate
patterns of the genetic structure of 17 populations (altogether: 538 individuals, 19 loci) of the
butterfly Polyommatus coridon, which is a monophagous habitat specialist with a patchy
distribution. The butterfly and its larval food plant Hippocrepis comosa reach their northern
distribution margin in the study region (southern Lower Saxony, Germany). Butterfly
population size increased with habitat area and host plant population size. The genetic
differentiation between populations was low but significant (Fst = 0.013), while no isolation
by distance was found. Hierarchical Fst analysis revealed significant differentiation between a
western and an eastern sub-region, which are separated by a river valley. The combination of
genetic and ecological data sets revealed that the expected heterozygosity (mean: 18.5 %)
decreased with increasing distance to the nearest P. coridon population. The population size
of P. coridon, habitat area and the amount of available larval food plant had no effect on the
genetic diversity. Compared to other regions, genetic diversity of P. coridon was reduced,
which might be explained by (i) an increasing habitat fragmentation towards the distribution
range or (ii) a general reduction of genetic variability towards the northern edge of its

distribution.

KEYWORDS allozymes, calcareous grasslands, F-statistics, genetic diversity, isolation by

distance, population size

INTRODUCTION

Habitat fragmentation is a major threat to biodiversity. Smaller habitats cause smaller
populations and increasing isolation leads to reduced colonization rates, therefore enhancing
the risk of extinction (Rosenzweig 1995). Species richness and genetic diversity of
populations might decrease with increasing habitat fragmentation. Empirical studies show that

habitat fragmentation reduces genetic diversity of populations (e.g. Young et al. 1996, Buza et
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al. 2000, Pedersen & Loeschcke 2001, Keller & Largiader 2003, Williams et al. 2003).
Decreasing genetic diversity, an indication of inbreeding, increases the extinction risk of
populations due to a decline of fitness (O’Brien & Evermann 1988, Lacy 1997, Saccheri et al.
1998, Reed & Frankham 2003). Therefore, conservation biologists pay increasing attention to
effects of habitat fragmentation on genetic diversity. Nevertheless, only few published studies
on genetic consequences of habitat fragmentation focus on butterflies or moths (Descimon &
Napolitano 1993, Meglécz et al. 1997, Berwaerts et al. 1998, Van Dongen et al. 1998, Schmitt
& Seitz 2002a, Williams et al. 2003).

The intensification of agricultural land-use increased extremely during the last decades
in Central Europe, thereby destructing low-impact, semi-natural habitats, such as calcareous
grasslands (WallisDeVries et al. 2002). Calcareous grasslands are considered as severely
endangered in Germany (Riecken et al. 1994). In southern Lower Saxony, the degree of
fragmentation is even enhanced, as chalk bedrocks are naturally rather limited so that the
fragmentation in our study region is naturally considerably higher than in southern Germany.
Calcareous grasslands rank as the most species-rich habitat for plants and butterflies in
Central Europe (van Swaay 2002, WallisDeVries et al. 2002), resulting in high conservation
interests. Apart from their ecological importance, these grasslands are a good habitat type to
study effects of habitat fragmentation, as they can be clearly distinguished from the
surrounding landscape matrix.

To study the effects of fragmentation of calcareous grasslands, the Chalk-hill Blue
Polyommatus coridon (Poda) (Lepidoptera: Lycaenidae), a specialized butterfly species of
this habitat type (Asher et al. 2001, Van Swaay 2002), was used as a suitable model organism.
Its only larval food plant in the study region, the Horseshoe Vetch Hippocrepis comosa L.
(Fabaceae), is specialized on calcareous grasslands in Lower Saxony (Garve 1994). Both
species, the butterfly and the plant, reach their northern distribution limit in the study region.
This is interesting because fragmentation effects are generally supposed to be strongest at the
edge of the distribution of a species (Thomas et al. 2001, Bourn & Thomas 2002). The genetic
variability at the distribution range might be reduced, as genetic bottlenecks during range
expansion decrease genetic variability with increasing distance from the native range (Stone
& Sunnucks 1993, Lammi et al. 1999, Schmitt et al. 2002).

In this context, the aim of this study was to elaborate the genetic structure and genetic
diversity of P. coridon at the edge of its distribution. We focus on the following questions:

1. Do P. coridon populations at the northern range margin show reduced genetic

heterogeneity?
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2. Has P. coridon a significant genetic structure in the studied metapopulation(s)?

3. Is there an isolation by distance between the different subpopulations?

4. Are P. coridon populations of two sub-regions, divided by a river valley, genetically
separated?

5. Does population size, habitat area, distance to the nearest P. coridon population and the

size of the food plant population influence the genetic diversity?

MATERIALS AND METHODS

Study region and study sites

The study region is located in the Leine-Weser mountains. We selected the calcareous
grasslands in the vicinity of the city of Gottingen in southern Lower Saxony (Germany) as
study sites. The landscape is structurally rich with a mosaic of diverse habitat types in this
region. Calcareous grasslands can be clearly distinguished from the surrounding landscape
and cover 0.26 % of the surface of the study region. Calcareous grasslands are semi-natural
and are naturally fragmented. Habitat loss and the degree of fragmentation increased due to
agricultural intensification in the last century (WallisDeVries et al. 2002). The valley of the
river Leine, with intensive agricultural and urban land use and no naturally occurring
calcareous bedrock, separates two regions, a western one with a higher density of calcareous

grasslands and an eastern region with more isolated chalk hills (see Figure 1).

Study species

The Chalk-hill Blue Polyommatus coridon (Poda), (Lycaenidae, Lepidoptera) is a univoltine
habitat specialist of calcareous grasslands (Asher et al. 2001, Van Swaay 2002), distributed
over major parts of southern and Central Europe (Kudrna 2002). The only larval food plant in
the study region is the Horseshoe Vetch Hippocrepis comosa L. (Fabaceae), which is also a
calcareous grassland specialist in Lower Saxony (Garve 1994). Both, the plant and the
butterfly are close to their northern boundary of distribution in southern Lower Saxony. Only
one recent P. coridon population is known north of our study area (50 km from the most
northern population of our study region). This is also the distribution limit of H. comosa
(Garve 1994). There is a gap of at least 30 km with no populations of P. coridon to the east
and west of the study region, while it seems to be well connected to populations further south
(unpublished data following the "Niedersichsisches Landesamt fiir Okologie" and own

observations).
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Population densities of P. coridon are generally high (Ebert & Rennwald 1991, Bink
1992), and the dispersal ability is expected to be moderate, compared to other butterflies
(Bink 1992, Asher et al. 2001, Cowley et al. 2001).

Population size, habitat isolation and food plant availability
We selected 17 populations of P. coridon, differing in habitat area, population size, habitat

isolation and the amount of available food plant.

Germany
bimag ot

| Study sites from the
L largest (1)to the smallest (17)
<

Other P coridon

populations
[ ] Built-up area N
B Forest A
[ ] Other habitats

{arable land,

grassland etc.)

5 Kilometer

Figure 1 Location of the 17 studied P. coridon populations and all further populations in the study region. The
region is divided by a river valley (dashed line) in a western (W) and an eastern sub-region (E). The study sites
are numbered from the largest (1) to the smallest (17). Details about the study sites are given in Table 1.

The habitat area of each of the 17 study sites was measured with a differential GPS
GEOmeter 12L (GEOsat GmbH 1998) in 2000 or 2001. P. coridon individuals were counted
during transect walks in 2001 (19 July - 02 August) and in 2002 (23 July — 02 August). Each

transect walk was 20 minutes and was done in the time from 10.00 am to 5.00 pm (only two
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times from 5.00 to 6.00 pm) when weather conditions were suitable for butterfly activity
according to Pollard (1977) and Erhardt (1985). To reduce effects of sampling schedule and
between-year differences in management, we used the higher individual number of the two
years to calculate population sizes. Transect distance was measured with a step counter and
individuals were counted within an area of 2.5 m to each side, thus, allowing a calculation of
population density per hectare. By the multiplication with habitat area, we obtained a relative
estimation of the population size.

We performed a simple mark-release-recapture experiment (Lincoln-Petersen) for one
of the study sites (Kleiner Kniill) in 2002. Hereby, we estimated the highest day populations
for males plus the highest day populations for females to be 6.1 times higher than in our
calculation based on the transect count (unpublished data J. Krauss). Therefore, we multiplied
all population sizes with this factor to obtain more realistic population sizes.

Habitat isolation was defined as the shortest distance to the nearest P. coridon
population. All sites with the larval food plant H. comosa in the study region were visited in
summer 2001 and 2002 to count P. coridon during 20 min transect walks. Only patches with
at least ten individuals found in one of the two study years were considered as reproductive
colonies. This helps to reduce misinterpretations of dispersing individuals. None of these
populations was extinct or newly populated between the two study years. All populations of
P. coridon are shown in Fig. 1.

Food plant availability and their total population size per habitat were measured in May
and June 2001 by transect walks (covering the whole habitat) of all known calcareous

grasslands in the study region (n = 298).

Sampling, genetic and statistical analyses

Polyommatus coridon butterflies were caught at the 17 study sites from the 6th to the 9th of
August 2001. Only males were collected to avoid damaging of populations. In total, 538
individuals (31 to 33 per study site) were netted. The butterflies were kept in a cold box until
the evening. Then they were frozen in liquid nitrogen and stored in a freezer (-80 °C) until
allozyme analysis.

Nineteen allozyme loci were studied by means of cellulose acetate electrophoresis using
the protocol of Schmitt and Seitz (2001 a). In contrast to earlier publications Acon was
buffered in Tris-citrate and not in Tris-maleic acid. Statistical analyses were performed using
the software "G-STAT" (Siegismund 1993) for the calculation of allele frequencies He., H,,
Pos, P, F statistics for single loci and genetic distances (Nei 1978), "Genepop" (Raymond &
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Rousset 1995) for tests on linkage disequilibrium as well as "Arlequin 2.000" (Schneider et al.
2000) for Hardy Weinberg disequilibrium, hierarchical variance analyses and hierarchical F
statistics. Trees were calculated from Nei’s (1978) genetic distances, using the package
PHYLIP (Felsenstein 1993). We used the neighbor-joining (Saitou & Nei, 1987) and
UPGMA methods.

"Statgraphics Plus for Windows 3.0" (Statgraphics 1995) was used for standard
statistical procedures as t-test, simple and multiple regressions, and Pearson correlations. We
chose stepwise backward elimination for multiple regressions (Sokal & Rohlf 1995). The
genetic variables satisfy the assumption of normal distributed data, while all habitat factors
were logl0 transformed to achieve normal distribution. Arithmetic means + one standard

deviation are given in the text.

RESULTS

Eighteen of the 19 loci analyzed were polymorphic in the study region. G-3-Pdh was the only
monomorphic locus. Based on the allele frequencies of all 17 analyzed populations,
representing 538 individuals, we calculated the means of several population genetic

parameters. These are the mean number of alleles per locus (4) with 2.42 £+ 0.15, the expected

Table 1 Habitat factors of the 17 study sites and the genetic variability measures for P. coridon.

Locality Number  Sub- Habitat Population Distance Population| Mean Expected Observed  Poly- Poly-

Region area size of to next size of number heterozy- heterozy- morphic morphic

West in m? P. coridon P. coridon H.comosa | of alleles gosity He gosity H, loci (total) loci (95 %

(W) or in population in m? per locus in % in % Pt in %  level) Pys
East (E) individuals inm A in %
Mihlenberg 1 w 51,395 6,570 70 276| 2.58 18.4 18.2 78.9 421
Huhnsberg 2 w 38,776 6,812 125 4,600 2.16 17.3 14.9 68.4 47.4
Aschenburg 3 W 30,798 12,472 1,178 5,000f 2.63 20.1 18.9 78.9 52.6
Mackenrodt 4 w 20,898 3,945 1,503 700| 242 18.5 18.3 68.4 52.6
Lengder Burg 5 E 16,000 7,781 1,750 2,000f 2.3 17.5 15.8 73.7 421
Tiefetal 6 w 12,600 2,066 1,896 200| 2.32 16.3 16.9 63.2 52.6
Meenser Heide 7 W 7,443 801 364 65 2.58 19.5 17.6 78.9 47.4
Hackelberg 8 w 6,338 1,581 193 1,500 2.42 20.6 19.3 63.2 52.6
Ostlicher Riesenberg 9 W 6,251 652 125 100 2.58 22.6 21.5 63.2 52.6
Flache 9 10 w 5,048 511 150 150 2.37 18.9 19.5 68.4 421
Kleiner Knall 11 E 3,843 771 3,430 700| 2.37 17.9 15.6 73.7 52.6
Vor dem roten Berge 12 w 3,760 623 582 20 2.47 16.9 17.6 73.7 47.4
Weinberg 13 w 3,578 1,757 181 1,000| 2.47 19.9 17.8 78.9 57.9
Luttertal 14 E 3,244 547 856 600| 2.32 16.7 14.6 78.9 63.2
Kuhberg 15 w 3,207 634 1,473 806| 247 18.1 17.0 68.4 421
Wetenborn 16 w 3,126 350 1,896 250 2.37 19.3 19.3 68.4 52.6
Schweineberg 17 E 2,287 691 3,850 650 2.1 16.8 18.1 68.4 421
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heterozygosity (H.) with 18.5 + 1.7 %, the observed heterozygosity (H,) with 17.7 £ 1.8 %,
the percentage of polymorphic loci (Py) with 71.5 £ 5.9 %, and the percentage of
polymorphic loci with the most common allele not exceeding 95 % (Pos) with 49.5 + 6.2 %.
See Table 1 for the values of all samples. H. and H, were highly correlated (» = 0.765, P =
0.0003), so that we excluded H, from all further analyses. H. was also moderately correlated
with the number of alleles (» = 0.578, P = 0.015), but no further significant correlation

between the genetic variables was found (all P> 0.1).
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For six of the 17 populations significant deviation from Hardy-Weinberg equilibrium was
observed for one to three loci. However, none of the populations showed a significant
deviation from Hardy-Weinberg equilibrium after Bonferroni correction. No significant
linkage disequilibrium was found after applying the Bonferroni correction. Therefore, further
analyses were performed applying standard methods of population genetics.

The overall genetic variance was 1.780 (P < 0.0001) with 0.023 between populations.
The resulting Fsr value for the whole study region was 0.013 £ 0.004 (P = 0.003).
Hierarchical Fst analysis, comparing the study sites of the eastern ridge (n = 4) with the ones
of the western ridge (n = 13) revealed 35.2 % of the difference between habitats between
these two sub-regions (Frr = 0.006; P = 0.003) while 64.8 % of the differentiation between

sites was within the sub-regions (Fsg = 0.011, P < 0.0001). In a separate analysis of the two
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sub-regions, the eastern region showed a marginally significant Fist (0.015, P = 0.074), while
there was no significant differentiation between the samples in the western region (Fsr =
0.010, P = 0.245). The populations in the eastern region were significantly more isolated than
the populations of the western region (east: 2472 + 1408 m, west: 749 + 725 m to the nearest
P. coridon population, t-test: ¢ = 3.33, P = 0.005), while the other habitat factors, area,
population size of P. coridon and population size of H. comosa were not significantly

different (all P> 0.1).

_I Schweineberg (17-E)
Luttertal (14-E)
Vor dem Roten Berge (12-W)

“_{ Lengder Burg (5-E)

Muhlenberg (1-W)
Huhnsberg (2-W)
Meenser Heide (7-W)
Kuhberg (15-W)
— Mackenrodt (4-W)
Aschenburg (3-W)
_| Weinberg (13-W)
Flache 9 (10-W)
Tiefetal (6-W)
Ostlicher Riesenberg (9-W)
Hackelberg (8-W)
_l Wetenborn (16-W)
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Genetic distance (Nei 1978)

Figure 3 UPGMA phenogram of 17 P. coridon populations in southern Lower Saxony (Germany), based on
Nei's genetic distances (Nei 1978). The study sites are numbered from the largest (1) to the smallest (17). The
region in divided by a river valley in a western (W) and an eastern sub-region (E). Details about the study sites
are given in Table 1.

The inbreeding coefficient Fis was significant 0.046 £ 0.016 (P < 0.0001) in the study region.
This is mostly due to the high values of two loci (Pep: 0.113 £ 0.036; Hbdh: 0.111 £+ 0.030).
Nonetheless, these loci had also low Fsr values (Pep: 0.014 £ 0.008; Hbdh: 0.009 £ 0.009).
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The genetic distances (Nei 1978) between the studied populations were on average 0.023 +
0.003, ranging from 0.018 to 0.032. No significant isolation by distance could be found
between the populations in the study region (Fig. 2). This is also supported by cluster analyses
based on genetic distances (Nei 1978). While no considerable difference was obtained

between the neighbor joining and the UPGMA tree, only the latter is shown (Fig. 3).

Table 2 Pearson correlation coefficients () are shown for the relations between the independent variables
(habitat area, population size of P. coridon, distance to the nearest P. coridon population and population size of
H. comosa) of the 17 calcareous grasslands. All independent factors are logj, transformed. Significance levels
are: *¥** P <0.001, ** P<0.01, * P<0.05, (*) P <0.1, n.s. = not significant.

Population size of P. Distance to the nearest Population size of H.
coridon P. coridon population comosa
Habitat area 0.892 *** -0.338 n.s. 0.368 n.s.
Population size of P. coridon - -0.153 n.s. 0.620 **
Distance to the nearest P. - - 0.135n.s.
coridon population

In a Pearson correlation matrix of the independent habitat factors, the population size of P.
coridon significantly depends on habitat area and population size of its larval food plant
population (Table 2). For multiple regressions with the habitat factors, we used either the
population size of P. coridon or the habitat area, because both were highly correlated. The
distance to the nearest P. coridon population was the only explaining factor (22.2 % of
variance) for the expected heterozygosity in multiple regression models (Fig. 4), whereas the
population size of P. coridon and of the food plant H. comosa did not significantly contribute
to the model.

Neither the average number of alleles per locus nor the proportion of polymorphic loci
(at the 95 %-level or in total) showed any significant correlation in multiple regression models
with the three factors (i) distance to the nearest P. coridon population, (ii) P. coridon
population size and (iii) H. comosa population size. The multiple regression models with
habitat area instead of the population size of P. coridon showed rather similar and none

further significant results.
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DISCUSSION

The main objective of this study was to analyse the genetic structure and diversity of P.
coridon populations at its range margin in relation to habitat area and isolation. We found
significant regional genetic differentiation and reduced heterozygosity of the most isolated

populations.

Regional differences of the genetic structure

The observed genetic diversity of the studied P. coridon populations is high in comparison to
other allozyme analyses of butterflies (e. g. Debinski 1994, Britten et al. 1995, Kronforst &
Fleming 2001, Nice & Shapiro 2001, but see the higher genetic diversity for Aglais urticae L.
in Vandewoestijne et al. 1999). Previous investigations on a European scale show that P.
coridon populations in other study regions have an even higher genetic diversity (Schmitt &
Seitz 2001a, b, 2002a, b, Schmitt et al. 2002). The lower genetic diversity of our populations
might be due to their marginal position at the northern distribution range. Possible
explanations for a loss of genetic variability are bottlenecks during range expansion (Stone &
Sunnucks 1993, Schmitt et al. 2002) or higher fragmentation of habitats and therefore smaller
populations at the distribution border. As populations at the range margin are often the

smallest, a distinction between both effects is not possible in most cases (Lammi et al. 1999).
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Genetic differentiation between populations

In contrast to the high genetic diversity within populations, the differentiation between
populations is comparatively low (Fst = 1.3%). However the differentiation is significant
within our small spatial scale (0.7 — 32.4 km) and supports earlier observations for P. coridon
on a somewhat larger scale (Fsr = 1.4%, 2.3 — 147.2 km) in southwestern Germany (Schmitt
& Seitz 2002a). Similar low Fsr values are typically observed for mobile butterflies in open

populations (Goulson 1993, Vandewoestijne et al. 1999, Wood & Pullin 2002).

Isolation by distance

We could not detect an isolation by distance system between the analysed populations of P.
coridon. Other butterflies with a patchy distribution developed isolation by distance systems
of their genetic structures at regional and local spatial scales (Britten et al. 1995, Johannesen
et al 1997, Kegyobadi et al. 1999). However, dispersal ability of species and the extension of
the spatial scale within a study are more important for developing an isolation by distance
system (Peterson & Denno 1998). The spatial scale of our study region is quite small, so that
dispersal and gene flow might be not sufficiently limited. Nevertheless, even a broader scale
in southwestern Germany did not reveal an isolation by distance system for P. coridon
(Schmitt & Seitz 2002a). In conclusion, the dispersal ability of P. coridon might be
underestimated, or the species specific high population sizes of P. coridon populations limit
genetic drift and therefore prevent the development of an isolation by distance system. In
addition the structural diversity within the study region might counteract an isolation by

distance system (see below).

Differences between sub-regions

Hostile areas often impede gene flow. In this context it was shown in previous studies that the
genetic structures of butterfly and moth species of open habitats are often influenced by the
distribution of forests (Johannesen et al. 1996, Meglécs et al. 1997, Kegyobadi et al. 1999,
Schmitt et al. 2000), whereas forest species are influenced by the distribution of open land
structures (Berwaerts et al. 1998, van Dongen et al. 1998). Our study area consists of two
chalk ridges, which are separated by a five to ten km wide floodplain with no suitable habitats
for P. coridon. We found more than one third (35.2 %) of the genetic variance between
populations between these two ridges. The western ridge with a higher density of suitable
habitats showed no significant genetic differentiation between the 13 analysed populations,

whereas a marginally significant differentiation was detected between the four samples from
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the eastern ridge, with more isolated habitats. Similarly, P. coridon populations in
southwestern Germany had lower genetic differentiation in regions with high densities of
suitable habitats than in comparison to regions with more scattered habitats (Schmitt & Seitz
2002a). This phenomenon can be also observed on the interspecific level, where species with
very scattered and isolated populations mostly show higher differentiation between
populations (Debinski 1994, Britten et al. 1994, 1995), while widespread and mobile species
often lack major differentiation over greater areas (Goulson 1993, Porter & Geiger 1995,

Vandewoestijne et al. 1999).

Effects of habitat fragmentation on genetic diversity

Our results indicate a reduced expected heterozygosity in isolated P. coridon populations
explaining 22 % of the variance. These isolated populations mainly occur in the eastern sub-
region of our study area with naturally isolated chalk hills. We found no impact of population
size, habitat area or food plant availability on the genetic diversity of the populations. Genetic
diversity is thereby an indicator for population fitness (Reed & Frankham 2003).

While most studies of habitat fragmentation only focus on population size or habitat
area, the effects of habitat isolation on the genetic diversity are often neglected. Other studies
did not separate habitat isolation and population size (Berwaerts et al. 1998, Williams et al.
2003) or found non-significant relations (Buza et al. 2000, Jiggi et al. 2000, Schmitt & Seitz
2002a). Our results support the finding that expected heterozygosity of the moth Operophtera
brumata was negatively related to woodland isolation, but not to area (Van Dongen et al.
1998). Reduced gene flow and possible bottleneck situations in the past might have
contributed to the reduction of genetic diversity in isolated habitats in our study region, but
explanations remain speculative. Therefore, further studies of butterflies, with different
ecological traits, are needed for a better understanding of the genetic consequences of habitat
fragmentation for this mobile species group.

Contrary to expectations, we could not confirm the prediction that fragmentation effects
are more significant at the range margin (Thomas et al. 2001, Bourn & Thomas 2002). Thus,
genetic variability was not stronger affected by habitat area or population size (although it
was for isolation) in comparison to data from southwestern Germany (Schmitt & Seitz
2002a). The missing correlation between population size and genetic diversity in our study
might be explained by relatively small differences in size between the studied populations.

Other studies show for several taxonomic groups that decreasing population size (or habitat
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area) result often in reduced genetic diversity (Ellstrand & Elam 1993, Frankham 1996,
Young et al. 1996, Amos & Harwood 1998).

Conclusions

We could show that fragmentation, even in a well connected metapopulation system, acts on
the genetic diversity of the single sub-populations as we found decreasing expected
heterozygosity with increasing distance towards the nearest P. coridon population. While the
connection of grasslands in the western sub-region seems to be still sufficient for dispersal
and gene flow, the populations of the eastern region might start to suffer from reduced
heterozygosity. Therefore, we suggest for species conservation, to stop further habitat

fragmentation of the remaining calcareous grasslands in southern Lower Saxony.
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SUMMARY

Occurrence and population density of species in a local site are mainly explained by the four
factors: habitat size, habitat isolation, habitat quality, and landscape context. But not all
species are affected equally, and species with different life-history traits, like habitat
specialists and generalists, might react differently on changes of the cultural landscape.

The aim of this study was to evaluate the effects of habitat fragmentation on temporal
dynamics (immigration, extinction, turnover) of butterfly communities (habitat specialists and
generalists) (chapter 2). Further, it was tested, how habitat fragmentation and landscape
context affect the species richness and population density of butterflies (chapter 3), and the
species richness and species density of plants (chapter 4). Finally, the effect of habitat
fragmentation on the population genetic structure of the butterfly Polyommatus coridon was
studied (chapter 5).

In a first approach it was tested, if immigration, extinction, and turnover of butterfly
species changed with area and isolation of 31 calcareous grasslands. Therefore, two surveys
from 1996 and 2000 were compared. The area of the study sites ranged from 0.03 to 5.14 ha,
the isolation index from 2,100 to 86,000 (edge-to-edge distance 55 — 1,894 m). In both study
years, the total number of individuals as well as species sampled across all sites were rather
similar. Rates of extinction and turnover were higher for habitat specialists than for
generalists, whereas generalists had higher immigration rates. Extinction and turnover rates
decreased with increasing fragment size for both, specialist and generalist butterflies, but
specialists showed a significantly stronger decrease (steeper slope) with increasing fragment
size than generalists. Immigration rates increased with area. As a result, species number of
habitat specialists declined on small habitats but not on large habitats between 1996 and 2000.
No significant impact of habitat isolation on the butterfly community was found. The data
suggest that large habitat fragments are of special importance for the conservation of the
specialized, most endangered butterfly species, whereas habitat isolation appears to be less
important, as butterflies can cope with the habitat mosaic in the study region.

In a second approach the effects of habitat area, isolation, quality, and landscape context
on species richness and population densities of butterflies was tested. Thirty-two calcareous
grasslands, differing in size and isolation (see above), were surveyed in randomised transect
walks. Number and cover of blooming plant species were recorded as measure of habitat
quality, but both factors were correlated with habitat area. Species numbers of habitat
specialist and habitat generalist butterflies decreased with decreasing habitat area whereas

specialists again had the steeper slope. Generalists, but not specialists, were positively
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affected by landscape diversity (with marginal significance). Effects of landscape diversity
were scale-dependent and significant only at the smallest scale (landscape context within a
250 m radius around the habitat). Habitat isolation was not related to the number of specialist
and generalist species. Population density of butterflies increased with habitat area, whereas
habitat isolation and landscape diversity did not show any effects. In conclusion, habitat area
again was the most important predictor of butterfly community structure. Habitat isolation
had no effect and landscape diversity appeared to be important for generalist butterflies only.

In a third approach it was tested, if patterns found for butterflies also occur for plants.
Four surveys between 1996 and 2001 were pooled to reach complete species richness of
plants on the 31 studied calcareous grasslands. Again, habitat area was the most important
factor affecting species richness, but for plants, habitat specialists were not more affected than
generalists. This may have been caused by high habitat heterogeneity in large grasslands
offering a microhabitat mosaic for non-specialists and by delayed extinction of long-living
plant specialists in small grasslands. Habitat isolation as well as landscape diversity did not
affect plant species richness significantly. Analyses with equal sample size (= species density)
on all 31 calcareous grasslands did not result in significant relations between species number
and habitat area, habitat isolation or landscape diversity, therefore supporting the habitat-
heterogeneity, but not the area-per se hypothesis.

In a fourth approach, a habitat specialist butterfly for calcareous grasslands was studied
with population genetic methods. The study species Polyommatus coridon is a monophagous
butterfly and its larval food plant Hippocrepis comosa is also specialised on calcareous
grasslands. Both species reach their northern distribution margin in the study region (southern
Lower Saxony, Germany). Seventeen populations were sampled with 31 - 33 individuals for
allozyme electrophoresis. Nineteen loci of each of the 538 individuals were tested. The
genetic differentiation between populations was low but nevertheless significant, while no
isolation by distance structure was found. Analyses revealed significant genetic differentiation
between a western sub-region (not genetically differentiated), with well connected
populations and an eastern sub-region (genetically differentiated) with more isolated
populations. A river valley separates both sub-regions. Expected heterozygosity decreased
with increasing distance to the next P. coridon population, whereas the population size of P.
coridon and the highly correlated habitat area and the amount of available larval food plant
had no effect on genetic diversity. A comparison with other regions using literature data

showed that genetic diversity of P. coridon was reduced. This might be explained (i) by an
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increasing habitat fragmentation towards the distribution range or (ii) by a general reduction
of genetic variability towards the northern edge of its distribution.

Summarizing the four studies, habitat area of calcareous grasslands in the study region
is of major importance for communities of vascular plants and butterflies, whereas habitat
isolation had no effect, and landscape context revealed effects on generalist butterflies only.
Nevertheless, single species might be affected by habitat isolation. Thus, expected
heterozygosity of P. coridon was reduced in isolated habitats. Landscape management should
protect large calcareous grasslands, as only these ensure the survival of the endangered habitat
specialists. Maintenance of small calcareous grasslands might keep them attractive for
generalist species and dispersing specialists. The creation of new calcareous grasslands as
stepping stone habitats seems less advisable, as the studied species are able to cope with the
current degree of habitat isolation. Connecting habitats, e.g. with Field margin strip

programmes, could enhance habitat generalists and dispersing habitat specialists.
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ZUSAMMENFASSUNG

Die Grofe und Isolation von Lebensrdumen, die Habitatqualitdt und die Landschaftsstruktur
der Umgebung gelten als die wichtigsten Ursachen fiir die Verteilung von Arten und ihre
lokalen Populationsdichten. Dies trifft jedoch nicht alle Organismen gleichermal3en. Arten mit
unterschiedlichen life-history traits, wie z. B. Habitatspezialisten und Generalisten, kdnnen
auf die Verdnderung der Kulturlandschaft unterschiedlich reagieren.

Ziel dieser Arbeit war es, die Auswirkungen der Habitatfragmentierung auf die zeitliche
Dynamik (Immigration, Extinktion, Turnover) von Tagfalterlebensgemeinschaften
(Habitatspezialisten und Generalisten) zu untersuchen (Kapitel 2). Die Folgen der
Habitatfragmentierung und der Landschaftsstruktur wurden flir Tagfalterarten und
Populationsdichten (Kapitel 3), sowie fiir Artenzahl und Artendichte von Bliitenpflanzen
untersucht (Kapitel 4). SchlieBlich wurden die Auswirkungen der Fragmentierung auf die
Populationsgenetik des Tagfalter Polyommatus coridon analysiert (Kapitel 5).

Zuniachst wurde untersucht, wie sich Immigrations-, Extinktions- und Turnoverraten
von Tagfaltern auf fragmentierten Kalkmagerrasen hinsichtlich der Habitatgro8e und der
Habitatisolation verhalten. Hierzu wurden Aufnahmen von 31 Kalkmagerrasen aus dem Jahr
1996 mit Aufnahmen von 2000 verglichen. Die Habitatgroe variierte dabei von 0,03 bis 5,14
ha, der Isolationsindex von 2100 bis 86000 (Luftliniendistanz 55 — 1894 m). In beiden Jahren
waren die Arten- und Individuenzahlen iiber alle Flachen dhnlich. Habitatspezialisten zeigten
im Mittel eine signifikant hohere Extinktions- und Turnoverrate als die Habitatgeneralisten,
wiahrend letztere eine hohere Immigrationsrate zeigten. Extinktions- und Turnoverraten
nahmen mit zunehmender HabitatgroBe ab, wobei Habitatspezialisten stirker beeinflusst
waren als Generalisten. Beiden Artengruppen hatten auf groBen Flachen hohere
Immigrationsraten als auf kleinen Flidchen. Dies resultierte in einer Abnahme von Artenzahlen
der Habitatspezialisten zwischen 1996 und 2000 auf den kleinen Habitatflichen. Die
Habitatisolation hatte keinen signifikanten Einfluss auf die Tagfalterlebensgemeinschaft. Fiir
den Schutz der gefdhrdeten Habitatspezialisten ist daher die Habitatgrofe besonders wichtig.
Dagegen scheinen die Tagfalterarten mit der Isolation der Habitate groftenteils zurecht zu
kommen.

In einem zweiten Ansatz wurde untersucht, wie sich sowohl Habitatgrof3e und Isolation,
als auch Habitatqualitit und die Landschaftsstruktur der Umgebung auf die Artenvielfalt und
die Populationsdichte von Tagfaltern auswirken. Mit Transektbegehungen wurden 32
Kalkmagerrasen unterschiedlicher HabitatgroBe und Isolation untersucht (siche oben).

Zuséatzlich wurden die Bliitenpflanzenartenzahl und die Bliitenpflanzendeckung als Mal} fiir
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die Habitatqualitidt aufgenommen. Beide Faktoren korrelierten jedoch mit der HabitatgroBe,
so dass sie nicht unabhingig gepriift werden konnten. Die Artenzahl von Habitatspezialisten
und Generalisten sank mit abnehmender HabitatgroBe, wobei die Spezialisten stirker
beeinflusst wurden als die Generalisten. Die Artenzahl der Generalisten stieg andererseits
auch mit zunehmender Landschaftsdiversitit der Umgebung an, allerdings nur auf der
kleinsten raumlichen Skala von 250 m um das Habitat. Die Isolation hatte keinen Einfluss auf
die Artenzahlen. Die Populationsdichten der Tagfalter waren wie die Artenzahlen positiv mit
der HabitatgroBBe korreliert, wohingegen Landschaftsstruktur und Isolation keinen Effekt
hatten. Als Konsequenz ist erneut die HabitatgroBe der wichtigste Faktor fiir die
Tagtfalterlebensgemeinschaft, wihrend die Isolation keine Rolle spielt und eine heterogene
Landschaftsstruktur der Umgebung nur die Generalisten fordert.

Im dritten Ansatz wurden die Muster, die fiir Tagfalter gefunden wurden, auch fiir die
Bliitenpflanzen untersucht. Hierbei wurden vier botanische Aufnahmen zwischen 1996 und
2001 zusammengefasst, um eine komplette Erfassung der Arten von 31 Kalkmagerrasen zu
erreichen. Erneut war die HabitatgroBe der wichtigste Faktor fiir die Anzahl der Arten. Es
konnte jedoch kein stirkerer Einfluss fiir Habitatspezialisten gegeniiber Generalisten
nachgewiesen werden. Dies lag moglicherweise an der hohen Habitatheterogenitit der grof3en
Kalkmagerrasen, die auch den nicht spezialisierten Pflanzenarten Wuchsmoglichkeiten bieten.
Dariiber hinaus konnten auf kleinen Kalkmagerrasen noch Habitatspezialisten vorkommen,
die erst im Laufe der nédchsten Jahrzehnte auf Grund einer sogenannten Extinktionschuld
aussterben. Habitatisolation und Landschaftsstruktur der Umgebung spielten keine
modifizierende Rolle fiir die Bliitenpflanzenartenzahl. Die Artendichte (mit gleichem
Aufwand erfasste Artenzahlen) auf allen 31 Flichen war weder von der Habitatgrof3e noch
von der Isolation oder Landschaftsstruktur beeinflusst. Dies ist ein Hinweis auf die
Habitatheterogenitats-Hypothese und spricht gegen die Areal per se- Hypothese als Ursachen
fiir Arten-Areal-Beziehungen.

Im vierten Ansatz wurde eine auf Kalkmagerrasen spezialisierte Tagfalterart
populationsgenetisch ndher untersucht. Die Art Polyommatus coridon frisst als Raupe
monophag am Hufeisenklee Hippocrepis comosa, welcher ebenfalls auf Kalkmagerrasen
spezialisiert ist. Beide Arten sind in Siid-Niedersachsen an ihrer nordlichen
Verbreitungsgrenze. Von 17 P. coridon Populationen wurden je 31-33 Tiere pro Population
fiir Allozym Elektrophoresen entnommen. Neunzehn Loci wurden bei den insgesamt 538
Individuen untersucht. Die Populationen waren genetisch signifikant unterschiedlich, bildeten

jedoch keine isolation by distance Struktur. Das Flusstal der Leine mit seiner intensiven
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Agrarlandschaft unterteilte die Populationen genetisch in eine westliche Region mit genetisch
homogenen und gut vernetzten Populationen und eine genetisch inhomogene Ostliche Region
mit isolierten Populationen. Insgesamt war die erwartete genetische Heterozygotie auf
isolierten Flidchen reduzierter als auf nicht isolierten Fliachen. Die Populationsgrofie des
Tagfalters, die damit eng korrelierte HabitatgroBe und die Grofle der Futterpflanzenpopulation
hatten keinen Einfluss auf die genetische Diversitdt. Eine niedrigere genetische Diversitit in
der Untersuchungsregion am Rand der nordlichen Verbreitungsgrenze wurde im Vergleich
zur Kernregion an Hand von Literaturdaten festgestellt. Dies kann sowohl mit einer hoheren
Habitatfragmentierung in den Randregionen erkldrt werden, als auch mit genetischen
Flaschenhilsen wéhrend der Ausbreitung.

Als Schlussfolgerung aus den vier Arbeiten wird klar, dass die Habitatgroe der
Kalkmagerrasen in der Untersuchungsregion um Gottingen entscheidend fiir die
Artenlebensgemeinschaft der Bliitenpflanzen und Tagfalter ist, wohingegen die Isolation der
Habitate kaum eine Rolle spielt und die Landschaftsstruktur der Umgebung nur fiir die
Generalisten unter den Tagfaltern von Bedeutung ist. Fiir einzelne Arten kann auch die
Isolation einen negativen Einfluss haben. So ist die erwartete genetische Heterozygotie von P.
coridon auf isolierten Flachen verringert. Als ManagementmafBinahme wird empfohlen, die
groBen Kalkmagerrasen unter besonderen Schutz zu stellen, da nur sie ein dauerhaftes
Uberleben der gefihrdeten Habitatspezialisten gewihrleisten. Kleinen Flichen konnen
Generalisten noch als Habitat und dispergierenden Arten als Zwischenstopp dienen. Sie
sollten also ebenfalls erhalten werden. Trittsteinbiotope mit Kalkmagerrasencharakter neu
anzulegen ist dagegen weniger sinnvoll. FEine Biotopvernetzung, z. B. mit
Ackerrandstreifenprogrammen, konnte dagegen Generalisten und dispergierende

Habitatspezialisten fordern.
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