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1 Einleitung
1.1 Riickgang der Biodiversitdt in Zeiten des globalen Wandels

Seit der Industrialisierung und insbesondere nach dem 2. Weltkrieg hat der Mensch die Umwelt
mit zuvor nicht gekannter Geschwindigkeit verandert (Rockstrém et al. 2009). Dies hatte dramati-
sche Auswirkungen auf die Biodiversitit. Gegenwirtig sind die Aussterberaten von Pflanzen- und
Tierarten tausendmal hoher als es natiirlicherweise der Fall wire (De Vos et al. 2014, Pimm et al.
2014). Entsprechend prognostizieren Forscher ein sechstes Massenartensterben, sollte diese Ent-

wicklung wie bisher voranschreiten (Barnosky et al. 2011).

Als Hauptverursacher des globalen Artensterbens wird der Mensch angesehen. Insbesondere
Anderungen der Landnutzung haben erheblich zum Verlust der Artenvielfalt beigetragen (Sala et
al. 2000). Seit Ende des letzten Jahrtausends steht zudem zunehmend die Bedeutung des anthro-
pogenen Klimawandels fiir den Riickgang der Artenvielfalt im wissenschaftlichen Fokus (Essl &
Rabitsch 2013, Streitberger et al. 2016). Als Hauptverursacher des globalen Artensterbens wird der
Mensch angesehen. Insbesondere Anderungen der Landnutzung haben erheblich zum Verlust der
Artenvielfalt beigetragen (Foley et al. 2005, IPBES 2019, Cardoso et al. 2020).

Der Landnutzungswandel hat zu gravierenden quantitativen und qualitativen Verinderungen
der mitteleuropiischen Landschaften gefithrt (Gatter 2000, Fartmann 2006, 2017, Ellenberg &
Leuschner 2010, Poschlod 2017, Fartmann et al. 2021). Welt- und europaweit den gro3ten Fla-
chenzuwachs verzeichnen Siedlungen (United Nations 2010). Aktuelle Szenarien gehen von einer
Zunahme der Stadtbevolkerung von gegenwirtig 3,5 Mrd. auf 6,3 Mrd. Menschen im Jahr 2050
aus. Verbunden mit der massiven Zunahme der Siedlungs- und Verkehrsfliche in Mitteleuropa ist
eine dramatische Abnahme von extensiv oder kaum genutzten, nihrstoffarmen Habitaten (Fart-
mann 2006, 2017, Fartmann et al. 2021). Infolgedessen kommen derartige Lebensriume und ihre
Biozonosen heute hiufig nur noch kleinflichig und isoliert vor; entsprechend werden solche Land-
schaften als fragmentierte Landschaften bezeichnet. Der Fortbestand der Lebensgemeinschaften
in den Habitatfragmenten ist zudem oft durch eine verringerte Habitatqualitit aufgrund von Nut-
zungsintensivierung oder -aufgabe (Fartmann 2017, Fartmann et al. 2021), Randeffekten aufgrund
geringer FlichengroBe (Fahrig 2003, Fartmann et al. 2021) und atmosphirischen Stickstoffeintra-
gen (WallisDeVries & Bobbink 2017, Kurze et al. 2018) gefihrdet. Obwohl sich die Flichenaus-
dehnung von landwirtschaftlich genutzten Flichen in Deutschland seit dem 2. Weltkrieg nur ge-
ringfigig gedndert hat (Fartmann 2006, 2017), weisen Habitate der Agrarlandschaften heute die
groBBten Rickginge der Biodiversitat auf (Donald et al. 2006, Henle et al. 2008, Kleijn et al. 2009,
Leuschner et al. 2013).

Die Erhaltung und Férderung der Artenvielfalt ist weltweit spitestens seit der Verabschiedung
des Ubereinkommens tiber die biologische Vielfalt (Convention on Biological Diversity) in Rio de Janeiro
1992 das zentrale Thema des Naturschutzes (Heywood 1995). Entsprechend hat eine Vielzahl von
Lindern nationale Strategien zum Schutz der biologischen Vielfalt verabschiedet, so auch Deutsch-
land (BMU 2007). Das Ziel, den Artenriickgang bis 2010 zu stoppen, ist allerdings deutlich verfehlt
worden (Butchart et al. 2010, Piechocki et al. 2010).
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In Deutschland fehlen generell zukunftsfihige Konzepte zur Erhaltung der Artenvielfalt, die so-
wohl die Auswirkungen des Landnutzungs- als auch des Klimawandels hinreichend berticksich-
tigen (Fartmann et al. 2012, Streitberger et al. 2016). Dies gilt auch fir Steinbriche, die aufgrund
des globalen Baubooms und damit zusammenhingend einer stark gestiegenen Nachfrage nach
Baumaterial — wie Zement oder Steinen (United Nations 2010, 2014, Harder 2010) — eine zuneh-

mend groBere Bedeutung erlangen.

1.2 Biodiversitit von Steinbriichen

Lange Zeit wurden Steinbriiche mit Landschaftszerstorung und Verlusten der Artenvielfalt gleich-
gesetzt (Gilcher 1995, Poschlod et al. 1997, Gilcher & Trinkle 2005, Tropek et al. 2010). Ent-
sprechend ist es immer noch gingige Praxis Steinbriiche nach Abschluss der Abbautitigkeit zu
verfillen und aufzuforsten (Krauss et al. 2009, Tropek et al. 2010, Stichling [Lhoist Germany —
Rheinkalk GmbH] mdl. Mitt., eig. Beob.). Erst seit Ende der 1990er-Jahre sind Steinbriiche und
ihre Bedeutung fiir den Biodiversititsschutz stirker in den wissenschaftlichen Fokus gertickt (z.B.
Wheater & Cullen 1997, Benes et al. 2003). Aktuelle Studien an Spinnen (Tropek & Konvicka 2008,
Tropek et al. 2008), Libellen (Distel 2012, Kettermann 2017), Heuschrecken (Kettermann & Fart-
mann 2018) und Tagfaltern (Benes et al. 2003) belegen die gro3e Bedeutung von Steinbriichen fiir

wirmeliebende und gefihrdete Arten.

Obwohl jingst wiederholt die grof3e Bedeutung von genutzten und aufgegebenen Steinbriichen
tir den Naturschutz gezeigt wurde, gibt es weiterhin massive Kenntnisdefizite zur Biodiversitit
von Steinbriichen und zum nachhaltigen Management. Detaillierte und gut replizierte Studien zur
Biodiversitit von Steinbriichen und den entscheidenden Umweltparametern liegen aus Mitteleuro-
pa nahezu nur fiir Tschechien vor (Benes et al. 2003, Novak & Konvicka 2006, Tropek & Konvicka
2008, Tropek et al. 2008, 2010). Aus Deutschland existieren entsprechende Arbeiten lediglich durch
die eigenen Vorarbeiten (Libellen: Distel 2012, Kettermann 2017; Heuschrecken: Kettermann &
Fartmann 2018) und eine Studie zu Wildbienen von Krauss et al. (2009). Bei letzterer erfolgte
allerdings im Gegensatz zu den eigenen Arbeiten zu Libellen (Steinbruchgewisser vs. Gewisser in

der Normallandschaft) kein Vergleich mit anderen Habitaten der umgebenden Landschaft.

In den wichtigen Ubersichtsarbeiten (Gilcher 1995, Poschlod et al. 1997, Gilcher & Trinkle
2005) wird Steinbriichen auch eine hohe Bedeutung fir den Erhalt der Artenvielfalt bei Pflanzen,
Amphibien und Végel zugesprochen. Entsprechende empirische Studien zur Biodiversitit dieser
Gruppen in Steinbriichen und Vergleichshabitaten fehlen ebenso wie bei den Wildbienen. Auch
unsere darauf aufbauenden Kenntnisse zum Management und zur Renaturierung von Steinbriichen
sind immer noch gering. Im Gegensatz zu vielen anderen Lebensraumtypen werden Steinbriiche

beispielsweise im Renaturierungs-Grundlagenwerk von Zerbe & Wiegleb (2009) Gberhaupt nicht
behandelt.

1.3 Persistenz von Arten in fragmentierten Landschaften

Die Faktoren, die das Vorkommen von Arten in unseren fragmentierten Landschaften bestimmen

hingen stark von der Mobilitit bzw. Populationsstruktur der Taxa ab (Fartmann 2017). Arten mit
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geringer Mobilitit (z.B. Pflanzen oder flugunfihige Insekten) bilden haufig geschlossene Populati-
onen. Sie sind in der Lage selbst in isolierten Habitaten Gber lingere Zeitriume zu tiberleben, sofern
diese grof3 genug sind und eine ginstige Habitatqualitit aufweisen. Fiir eine Ausbreitung und Neu-
besiedlung von Habitaten sind aber auch diese Arten auf eine gute Vernetzung der Habitate ange-
wiesen. Flugfihige und deutlich mobilere Arten weisen dagegen eher Metapopulationsstrukturen
auf. Ihr Vorkommen hingt von der Habitatqualitit, Flichengro3e #nd Isolation der Habitate ab
(Thomas et al. 2001, Anthes et al. 2003, WallisDeVries 2004, Eichel & Fartmann 2008, Stuhldreher
& Fartmann 2014).

Basierend auf den zuvor gemachten Ausfithrungen kénnen Arten, die geschlossene Populatio-
nen aufweisen als Indikatoren fir die Habitatqualitit herangezogen werden (Fartmann 2017). Meta-
populationsarten gelten dartiber hinaus als Indikatoren fir die Landschaftsstruktur: Sie sind auf ein
Netz von Habitaten mit giinstiger Qualitit und ausreichender Grof3e in raumlicher Nachbarschaft
angewiesen. Die Uberginge zwischen Arten mit geschlossenen Populationen und Metapopulati-

onen sind teilweise flieBend. Gleiches gilt folglich fiir ihre indikatorische Bedeutung.

Unsere Kenntnisse zur Bedeutung der drei Schliisselfaktoren Habitatqualitit, FlichengroéQe,
Isolation/Landschaftsstruktur fir das langfristige Ubetleben der Biozénosen von Steinbriichen
sind bislang unzureichend. Wiederholt nachgewiesen wurde die hohe Bedeutung von frihen Suk-
zessionsstadien in Steinbriichen fiir wirmeliebende und gefihrdete Arten (Bene$ et al. 2003,
Tropek & Konvicka 2008, Tropek et al. 2008, Kettermann & Fartmann 2018). Zudem hat die
Flichengrofe ein positiven Einfluss auf die Diversitit der Wildbienenzonose (Krauss et al. 2009)
und das Vorkommen der Blaufliigeligen Sandschrecke (Sphingonotus caernlans) (Kettermann & Fart-
mann 2018). Ein Finfluss der umgebenden Landschaft auf die Diversitit der Z6énosen in den Stein-
briichen konnte fur Pflanzen (Novak & Konvicka 2006) und Tagfalter (Benes et al. 2003) nachge-

wiesen werden.

Vertiefende Untersuchungen zu den Faktoren, die die Habitatqualitit in Steinbrichen fur die
Indikatorgruppen dieses Projektes (Pflanzen, Amphibien, Tagfalter und Wildbienen) bestimmen
fehlen bislang allerdings. Gleiches gilt fur die Kenntnisse zum Einfluss der Flichengréie und der
umgebenden ILandschaft auf die Zoénosen dieser Organismengruppen in Steinbriichen. Ent-
sprechend schwer fillt es bislang, langfristic wirksame und nachhaltige Mal3nahmenkonzepte fiir
die Erhaltung der Biodiversitit von Steinbriichen in unseren fragmentierten Landschaften zu ent-

wickeln.

1.4 Ziele des Projektes

Basierend auf den zuvor gemachten Ausfithrungen soll am Beispiel von Pflanzen, Amphibien,
Tagfaltern und Wildbienen gezeigt untersucht werden, welche Faktoren der Habitat- und Land-
schaftsqualitit fiir die Ausbildung artenreicher Biozénosen in Steinbriichen verantwortlich sind.
Ein besonderer Fokus liegt hierbei auf der Betrachtung gefihrdeter Arten. Aufbauend auf den
eigenen Studien und Erkenntnissen aus Abschlussarbeiten zu Végeln und Libellen werden wissen-
schaftlich-fundierte Handlungsempfehlungen zum biodiversititsférdernden und nachhaltigen

Management von Steinbriichen in Mitteleuropa erarbeitet.



Endbericht = Biodiversitit und Management von Steinbriichen Universitit Osnabriick

2 Untersuchungsgebiet

Als Untersuchungsgebiet (UG) dient eines der wichtigsten Gesteinsabbaugebiete Europas —
Westfalen und die 6stlich angrenzenden Regionen Niedersachsens und Hessens (Abb. 1) (IG Teuto
2000, Grothues 2007). Das UG umfasst die naturraumlichen Haupteinheiten Westfilische Tief-
landsbucht, Stiderbergland sowie das Weser- und Weser-Leine-Bergland (BfN 2012). Von West
nach Ost beinhaltet es die sieben Zentren des Gesteinsabbaus im UG, namlich die Teiluntersu-
chungsgebiete (TUG) Tieberg/Waldhiigel bei Rheine, Teutoburger Wald, Beckumer Berge, 6st-
liche Hellwegborden, Diemeltal, Lipperland und Weser-Leine-Bergland. Insgesamt existieren in
den TUG 117 Steinbriiche mit einer MindestgréBe von 5 ha.

Die Meereshohe nimmt von 60 mNN im Nordwesten nach Nord- und Siidosten auf bis zu
460 mNN zu. In den vier TUG der Westfilischen Tieflandsbucht werden Kreidekalke abgebaut
(IG Teuto 2000, Grothues 2007). Die Steinbriiche des Oberen Diemeltals dienen der Gewinnung
von devonischen Massenkalken, Zechsteinkalken und Diabas (Fartmann 2004). Im Unteren und
Mittleren Diemeltal sowie Lipperland handelt es sich um Muschelkalk- bzw. Basalt- und im Weser-
Leine-Bergland um Sandsteinbriiche (Fartmann 2004, Rothe 2000).

Das Klima im UG ist subatlantisch (MURL NRW 1989). Die Jahresniederschlige variieren in
Abhingigkeit von der Meereshhe und Regenstau-/schatteneffekten an den Gebirgsziigen
zwischen 600 und 1.000 mm pro Jahr (langjihriges Mittel: 1981-2010; DWD, schriftl. Mitt.).
Besonders niedrig sind die Werte daher im Mittleren Diemeltal; sehr hohe Niederschlagsmengen
werden im Oberen Diemeltal und Weser-Leine-Bergland erreicht. Die mittlere Jahrestemperatur
bewegt sich zwischen 6 und 9,5 °C (langjahriges Mittel: 1981-2010; DWD, schriftl. Mitt.). Beson-
ders milde Bedingungen herrschen in den tieferen Lagen der Westfélischen Tieflandsbucht; durch
ein auffallend kiihles Klima ist das Obere Diemeltal gekennzeichnet (Fartmann 2004).

Osnabriick
[ ] .

Recklinghause
.

Bottrop Dortmund
- Bochum @

5 Essen ®
Duisburg @
[ ]

Steinbruch 7 Teiluntersuchungsgebiet N
® mit Gewasser ® Orte > 100.000 Einwohner 0 50 100 200 300 500 700 mNN 0 30 km
s ohne Gewasser ~~ Fluss  —

Abb. 1: Lage der Untersuchungsgebiete in Westfalen und angrenzenden Gebieten.
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Das UG ist iberwiegend durch intensive landwirtschaftliche Nutzung gekennzeichnet. Eine Son-
derrolle nimmt das Diemeltal ein, da hier mit einer Ausdehnung von 750 ha noch grofB3flachig Kalk-

magerrasen vorkommen (Fartmann 2004).

3 Pflanzen - Vergleich der Z6nosen von Kleingewissern in Kalksteinbriichen

und in der Normallandschaft

3.1 Material und Methoden
Untersuchungsgebiet: Westfilische Bucht und Ostwestfalen.

Versuchsdesign: Vergleich von 15 Kleingewissern in Steinbriichen mit 15 Kleingewissern in der
Normallandschaft; zwei Erfassungstermine Ende Mai und Anfang Juli.

3.2 Ergebnisse
Umweltbedingungen

Die Habitatqualitit von Kleingewissern in Steinbriichen unterschied sich deutlich von der der
Kontrollgewasser (Tab. 1). Steinbruchgewisser wiesen eine viel geringere Baumschichtdeckung am
Ufer und damit eine deutlich héhere Sonnenscheindauer auf als die Kontrollgewasser. Die amphi-
bische Zone nahm fast zwei Drittel der Fliache der Steinbruchgewisser ein und machte somit einen
mehr als doppelt so hohen Anteil des Gewissers aus wie bei den Kontrollen. Entsprechend waren
auch die Wasserstandsschwankungen an den Steinbruchgewissern um ein Vielfaches héher. Dart-
ber hinaus waren die Steinbruchgewisser durch héhere Offenbodenanteile am Ufer, eine héhere
Deckung der emersen Vegetation (Réhrichtpflanzen und Juncaceae) und Unterwasservegetation
(Armleuchteralgen), aber eine geringere Deckung der Schwimmblattvegetation und der Kriuter

innerhalb der emersen Vegetation gekennzeichnet als die Kontrollgewisser.

Die Landschaftsqualitit unterschied sich dagegen kaum zwischen den beiden Gewissertypen

(Tab. 1). Die Steinbruchgewisser waren lediglich etwas héher gelegen.

Phytozénosen in Abhdngigkeit von den Umweltbedingungen

Insgesamt konnten 156 verschiedene Pflanzenarten (118 Gefil3pflanzen, 33 Moose und 5 Arm-
leuchteralgen) in den Gewissern nachgewiesen werden. Davon waren 28 Arten auf der Roten Liste
Nordrhein-Westfalens aufgefiihrt.

Alle betrachteten Pflanzengruppen (alle Arten, Gefil3pflanzen, Moose, Armleuchteralgen) wie-
sen sowohl bei allen Arten als auch bei gefihrdeten Arten hohere Artenzahlen in Steinbruchge-
wissern als in Kontrollgewissern auf (Abb. 2). Lediglich bei der generell artenarmen Gruppe der
Armleuchteralgen unterschied sich die Anzahl gefihrdeter Arten zwischen den beiden Gewisset-
typen nicht.

Die Steinbruchgewisser wiesen insgesamt 22 Indikatorarten, die Kontrollgewisser lediglich

neun auf (Tab. 2). Unter den Indikatorarten der Steinbruchgewisser gelten zwei, Centaurium pul-
chellum und Fissidens adianthoides, als in Nordrhein-Westfalen gefidhrdet.
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Tab. 1: Ubersicht tiber die Umweltparameter (arithm. Mittel [@] + Standardfehler [SF], Minimum und Maximum) in
Steinbruchgwissern (Steinbruch, N = 15) und Kontrollgewidssern (Kontrolle, N = 15). Unterschiede zwischen den
beiden Gewissertypen wurden mittels generalisierter linearer gemischter Modelle (GLMM; Fehlerstruktur: negativ-
binomial fur Zihldaten, proportional-binomial fiir Deckungen) mit ‘Teiluntersuchungsgebiet’ als Zufallsfaktor
analysiert. Statistische Unterschiede sind folgendermaBen angegeben: n.s. = nicht signifikant; P 2 0,05; * P < 0,05; **
P<0,01; *** P <0,001.

Parameter Steinbruch Kontrolle P
@ +SF Min.-Max. QD £ SF Min.-Max.
Habitatqualitit
GewissergréBe [m?]' 3.033 + 868 32-14,630 1.064 + 350 78-5,527 n.s.
pH? 71+0,1 7-8 6,9+0,2 7-8 n.s.
Leitfihigkeit [uS/cm]? 456,1+ 39,0 204-733 563 + 60,9 218-974 n.s.
Sonnenschein Juli [h/Tag]? 13,9+0,5 10-16 57+1,0 1-16 bl
Wasserstandsschwankungen [cm]* 299+13,2 0-180 6,5+1,8 0-25 **
Diversitdtsindex®
Gewisser 95+0,5 5-12 75+0,6 4-11 n.s.
Ufer 32+0,2 2-4 31402 2-4 n.s.
Deckung Ufer [%]
Biume 40+1,3 0-15 30,0+4,3 0-50 b
Straucher 19,0 £ 4,1 5-65 21,2+4,7 0-60 n.s.
Feldschicht 42,8+6,2 2,5-70,0 45,3+5,7 5-95 n.s.
Offenboden 350+79 5-95 48+2,0 0-30 wrE
Deckung Gewdsser [%]
Amphibische Zone 65,0+5,8 35-100 32,3+6,9 5-100 **
Offene Wasserfliche 453+7,8 5-95 43,7 +9,1 0-95 n.s.
Schwimmblattvegetation 6,8+3,3 0-50 40,2 +8,7 2,5-90,0 **
Emerse Vegetation 48,7 +7,4 5-95 16,8 +3,7 2,5-60,0 i
Réhrichtpflanzen 20,8 +5,3 0-70 42 +2,7 0-40 bl
Juncaceae 13,3+2,0 2,5-25,0 1,8+£0,7 0-10 b
Cyperaceae 9,8 +3,7 0-55 2,8+0,9 0-10 n.s.
Krauter 1,5+£0,5 0-5 52+12 0-15 b
Moose 48+15 2,5-25,0 35+0,3 2,5-5,0 n.s.
Unterwasservegetation 44,7 £5,3 15-85 21,3+6,4 5-90 >
Kriuter 18,3+ 3,5 2,5-55,0 16,2 +5,9 2,5-80,0 n.s.
Armleuchteralgen 21,0+ 3,7 2,5-45,0 0+£0,0 0-0 b
Griinalgen 6,3+0,9 2,5-15,0 57+09 2,5-10,0 n.s.
Landschaftsqualitit
Meereshéhe [m NN1é 181,0 + 14,3 98-289 158+ 16,7 91-287 *
Jahresmitteltemperatur [°C]’ 9,2+0,1 8,1-9,8 9,3+0,1 8,5-9,9 n.s.
Mittlerer Jahresniederschlag [mm]’ 907 +20 815-1.088 947 £ 75 800-1.945 n.s.
Gewisserkonnektivitit [m]® 783 £223 47-2.479 697 £ 137 27-1.595 n.s.

1 Berechnet anhand von Luftbildern in ArcGIS 10.3.1.
2 Ermittelt mit einer Messsonde (Hanna HI 98129).

3 Ermittelt mit einem Horizontoskop; arithmetisches Mittel der Messwerte im N, E, S und W des Gewissers (Holtmann et al.
2017).

4 Ermittelt mittels eines Pegels.

5 Shannon-Index der Strukturtypen.

¢ Die Meereshéhe wurde anhand topgraphischer Karten bestimmt.
7 Langjihriges Mittel (1981-2010) basierend auf Rasterdaten (1 km?2) des Deutschen Wetterdiensts.
8 Geometrisches Mittel der Entfernung zu dne nichsten drei Stillgewissern
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Abb. 2: Arithmethisches Mittel + Standardfehler (SF) der Anzahl aller Arten (a), gefihrdeter Arten (b), aller
GefiBpflanzenarten (c), gefihrdeter GefiBpflanzenarten (d), aller Moosarten (e), gefihrdeter Moosarten (f), aller
Armleuchteralgen (g) und gefihrdeter Armleuchteralgen (h) in Steinbruchgwissern (Steinbruch, N = 15) und
Kontrollgewissern (Kontrolle, N = 15). Unterschiede zwischen den beiden Gewissertypen wurden mittels
generalisierter linearer gemischter Modelle (GLMM; Fehlerstruktur: negativ-binomial fur Zahldaten, proportional-
binomial fiir Deckungen) mit ‘Teiluntersuchungsgebiet’ als Zufallsfaktor analysiert. Statistische Unterschiede sind
folgendermaBen angegeben: n.s. = nicht signifikant; P 2 0,05; * P < 0,05; ** P <0,01; *** P < 0,001.
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Tab. 2: Ergebnisse der Indikatorartenanalyse: Pflanzenindikatorarten der Steinbruch- (Steinbruch, N = 15) und
Kontrollgewisser (Kontrolle, N = 15). Es sind nur Arten mit einem signifikanten Indikatorwert (IW) dargestellt.
Gefihrdete Arten sind in Fettdruck hervorgehoben. % = Stetigkeit. Statistische Signifikanz ist folgendermaBen
angegeben: P 2 0,05; * P < 0,05; ** P <0,01; *** P < 0,001.

Indicatorarten P Gewissertyp
Steinbruch Kontrolle
\%% % w %
GefiBpflanzen
Betula pendula bl 82 66,7 . 0,0
Calamagrostis epigejos ** 74 60,0 . 6,7
Centaurium pulchellum * 58 33,3 . 0,0
Eleocharis vulgaris * 72 66,7 . 20,0
Epilobium tetragonum subsp. tetragonum * 64 53,3 . 6,7
Eupatorium cannabinum * 64 46,7 . 6,7
Juncus articulatus *kk 93 93,3 . 0,0
Plantago major subsp. intermedia * 70 66,7 . 13,3
Prunella vulgaris ** 73 60,0 . 0,0
Salix caprea bl 90 93,3 . 6,7
Salix cinerea * 72 73,3 . 20,0
Schoenoplectus lacustris * 64 53,3 . 6,7
Typha latifolia * 72 66,7 . 20
Zannichellia palustris ssp. palustris * 63 40,0 . 0,0
Cardamine amara * . 0,0 58 33,3
Lemna minor bl . 13,3 83 80,0
Mpyosotis scorpioides scorpioides ** . 0,0 68 46,7
Ranunculus repens ** . 33,3 78 80,0
Ranunculus sceleratus * . 6,7 58 33,3
Spirodela polyrhiza * . 0,0 58 33,3
Moose
Bryum bimum il 68 46,7 . 0,0
Bryum spp. * 58 33,3 . 0,0
Cratoneuron filicinum * 64 46,7 . 6,7
Fissidens adianthoides * 63 46,7 . 0,0
Pellia endiviifolia il 68 46,7 . 0,0
Brachythecium rutabulum * . 6,7 64 46,7
Eurhynchium hians * . 0,0 58 33,3
Plagiomnium undulatum * . 0,0 63 40,0
Armleuchteralgen
Chara contraria * 58 33,3 . 0,0
Chara globularis b 73 60,0 . 0,0
Chara vulgaris i 97 100,0 . 0,0
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Der wichtigste Faktor, der die Artenvielfalt an den Gewissern férderte war die Sonnenscheindauer
(Tab. 3). Bei allen sieben betrachteten Pflanzengruppen bestand ein positiver Zusammenhang
zwischen Sonnenscheindauer und Artenvielfalt. Die Strukturvielfalt des Gewissers (,Diversitit
Gewisser®) hatte dariiber hinaus einen positiven Einfluss auf die Vielfalt aller Arten, aller Gefal3-
pflanzenarten, aller Moosarten und gefihrdeter Moosarten. Zudem hatten die Strukturvielfalt des
Gewisserufers (,Diversitit Ufer; alle Moosarten) und der Anteil der Amphibischen Zone (Arm-

leuchteralgen) einen positiven Einfluss auf die Artenvielfalt.

Tab. 3: Multivariable Modelle: Einfluss der Umweltparameter (Pridiktorvariablen) auf die Anzahl aller Arten (a),
gefihrdeter Arten (b), GefiBpflanzenarten (c), Armleuchteralgenarten (d), Moosarten (e), gefihrdeter GefiBpflanzen-
arten (f) und gefihrdeter Moosarten (g) in Steinbruch- und Kontrollgewissern (N = 30). Der Einfluss der Variablen
wurde mittels generalisierter linearer gemischter Modelle (GLMM; Fehlerstruktur: negativ-binomial) mit ‘Teilunter-
suchungsgebiet’ als Zufallsfaktor analysiert. RZ, = durch feste Effekte erklirte Varianz, R2. = durch Zufallseffekte
erklirte Varianz (Nakagawa et al. 2017). rP = Relative Parameterbedeutung. Statistische Unterschiede sind
folgendermaBen angegeben: n.s. = nicht signifikant; P 2 0,05; * P < 0,05; ** P <0,01; *** P <0,001.

Parameter Estimate Standardfehler z rP P

a) Alle Arten (R?m = 0,48, R%c = 0,48)

(Intercept) 2,04 0,26 7,89 . rokk
Diversitit Gewisser 9,52 x 102 2,93 x 102 3,25 1,00 o
Sonnenschein 3,61 x 102 1,32 x 102 2,73 1,00 **
b) Gefihrdete Arten (R?%,=0,39-0,48, R%=0,39-0,48)

(Intercept) -1,39 0,71 1,89 . n.s.
Sonnenschein 1,21 x 107 3,40 x 102 3,37 1,00 b
c) Alle GefiBpflanzenarten (R%, = 0,25-0,35, R2=0,25-0,35)

(Intercept) 2,09 0,34 5,88 . rokk
Diversitit Gewisser 9,24 x 102 3,39 x 102 2,60 0,84 o
Sonnenschein 3,47 x 102 1,64 x 102 2,02 0,70 *

d) Gefihrdete GefiBpflanzenarten (R2, = 0,38, R% = 0,47)

(Intercept) -0,72 0,53 1,31 . n.s.
Sonnenschein 8,14 x 102 3,56 x 102 2,17 0,78 *

e) Alle Moosarten (R%, = 0,38-0,54, R2. = 0,47-0,54)

(Intercept) -0,24 0,57 0,40 . n.s
Diversitit Ufer 3,79 x 101 1,77 x 10" 2,05 0,94 *

Sonnenschein 5,18 x 102 2,23 x 102 2,23 0,69 *

Diversitit Gewisser 1,38 x 10" 5,75 x 102 2,31 0,56 *

f) Gefihrdete Moosarten (R?, =0,59-0,81, R%=0,59-0,81)

(Intercept) -8,72 2,88 2,91 . **
Diversitit Gewisser 3,76 x 101 1,46 x 10" 2,44 1,00 *

Sonnenschein 3,84 x 107 1,43 x 10" 2,57 0,93 *

g) Alle Armleuchteralgenarten (R%, = 0,51-0,64, R%=0,51-0,64)

(Intercept) -3,88 1,25 2,97 . **
Sonnenschein 2,50 x 10 7,04 x 102 3,37 1,00 b
Amphibische Zone 1,80 x 102 8,03 x 103 2,13 0,82 *
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4 Amphibien - Vergleich der Zénosen von Kleingewissern in Steinbriichen und

in der Normallandschaft

4.1 Material und Methoden

Untersuchungsgebiet: Westfilische Bucht und Ostwestfalen (siche auch Kettermann & Fartmann
in Uberarbeitung; Anhang I).

Versuchsdesign: Vergleich von 15 Kleingewissern in Steinbriichen mit 15 Kleingewissern in der
Normallandschaft; vier Erfassungstermine Anfang Mirz und Anfang Mai (siche auch Kettermann
& Fartmann in Uberarbeitung; Anhang I).

4.2 Ergebnisse
Umweltbedingungen

Die Habitat- und Landschaftsqualitit unterschieden sich deutlich zwischen Steinbruch- und Kon-
trollgewissern (Tab. 4). Bei Steinbruchgewissern machte die amphibische Zone vier Finftel des
Gewissers aus, ihr Anteil war damit mehr als doppelt so hoch wie bei den Kontrollgewidssern. Am
Utfer waren dartber hinaus die Sonnenscheindauer (Frihjahr und Sommer) hoher, die Baum-
deckung geringer, der Anteil an Offenboden hoéher und die Krautschicht hochwiichsiger an
Steinbruchgewissern als an den Kontrollen. Die beiden Gewissertypen unterschieden sich auch
deutlich in der Besiedlung durch Fische (Tab. 5). Steinbruchgewisser waren bis auf eine Ausnahme
nie von Fischen besiedelt. Im Gegensatz dazu wies fast die Halfte der Kontrollgewisser Fischvor-
kommen auf. Die deutlichen Unterschiede in den Umweltbedingungen zeigt auch der Biplot der
Hauptkomponentenanalyse (Abb. 3). Entlang der ersten Achse sind Steinbruch- und Kontrollge-
wisser klar voneinander getrennt. Insbesondere eine héhere Ufervegetation ist charakteristisch fiir
die Kontrollgewisser, wihrend eine ausgedehntere amphibische Zone, eine lingere Sonnenschein-

dauer und mehr Offenboden typisch fiir Steinbruchgewisser sind.

Amphibienzénosen in Abhdngigkeit von den Umweltbedingungen

Insgesamt haben wir 12 Amphibienarten nachgewiesen, darunter waren funf gefihrdete Arten:
Geburtshelferkrote (Ahtes obstetricans), Kammmolch (Triturus cristatus), Kleiner Wassserfrosch
(Pelophylax lessonae), Kreuzkrote (Epidalea calamita) und Laubfrosch (Hyla arborea) (Abb. 4). Drei
Arten, A. obstetricans, T. cristatus und Teichmolch (Lissotriton vulgaris), wiesen in Steinbruchgewissern
eine hohere Stetigkeit auf und drei Arten, A. obstetricans, E. calamita und Feuersalamander
(Salamandra salamandra), wurden ausschlieBlich in Steinbruchgewissern nachgewiesen. Zudem
waren die Anzahl aller Arten, die Anzahl gefihrdeter Arten und die Molchabundanzen in
Steinbruchgewissern hoher als in Kontrollgewidssern (Abb. 5).

In den GLMM-Analysen wurde die Artenzusammensetzung in den Gewissern ausschlief3lich
durch die Habitatqualitit bestimmt, genauer gesagt durch den Anteil der amphibischen Zone und
die Sonnenscheindauer im Frithjahr (Tab. 6, Abb. 6). Die Anzahl aller Arten und die Molchabun-
danzen wurden durch eine ausgedehntere amphibische Zone gefordert, die Anzahl gefiahrdeter

Arten dagegen durch eine lingere Besonnung.
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Tab. 4: Ubersicht tiber die Umweltparameter (arithm. Mittel [@] + Standardfehler [SF], Minimum und Maximum) in
Steinbruchgwissern (Steinbruch, N = 15) und Kontrollgewidssern (Kontrolle, N = 15). Unterschiede zwischen den
beiden Gewissertypen wurden mittels generalisierter linearer gemischter Modelle (GLMM; Fehlerstruktur: negativ-
binomial fur Zihldaten, proportional-binomial fiir Deckungen) mit ‘Teiluntersuchungsgebiet’ als Zufallsfaktor
analysiert. Statistische Unterschiede sind folgendermaBen angegeben: n.s. = nicht signifikant; P 2 0,05; * P < 0,05; **

P <0,01; *** P<0,001.

Parameter Steinbruch Kontrolle P
@ £ SF Min.-Max. @ £ SF Min.-Max.
Habitatqualitit
GewissergréBe [m2]' 1443 £394  73-5.811 867 + 161 106-1.763 n.s.
pH? 7,6 £0,1 7,1-8,0 7,4+0,1 7,1-8,0 n.s.
Leitfihigkeit [uS/cm]? 436+ 136 261-682 528 + 52 255-918 n.s.
Sonnenschein Friihjahr [h/Tag]? 10,4+0,5 6-12 8,1+0,7 4-13 >
Sonnenschein Sommer [h/Tag]? 12,8 £ 0,5 9-15 6,8+11 2-14 e
Deckung amphibische Zone [%] 80,0 +5,2 30-100 37,6 £9,1 10-100 bl
Deckung Ufer [%]
Baume 23+0,8 0-10 23,0+ 6,0 0-65 **
Straucher 16,8 + 3,2 2,5-45,0 14,3 + 4,0 0-40 n.s.
Feldschicht 16,0 +2,6 2,5-35,0 22,3 +4,7 5-60 n.s.
Streu 39,3+4,4 5-65 40,0+2,9 20-60 n.s.
Offenboden 30,0+6,9 0-90 32+1,1 0-15 i
Vegetationshéhe Ufer [cm] 32,7+£3,0 19-58 50,1+5,4 20-102 >
Deckung Unterwasservegetation [%] 29,3 +6,4 0-80 20,7 £5,0 0-50 n.s.
Landschaftsqualitit
Meereshéhe [m NNJ* 167 £13 98-273 147 £ 14 91-259 n.s.
Jahresmitteltemperatur [°C]® 9,3+£0,1 8,8-9,8 9,4+0,1 8,5-9,9 n.s.
Gewisserkonnektivitit [m]® 789 +222 39-2479 481+ 115 29-1.306 n.s.

1 Berechnet anhand von Luftbildern in ArcGIS 10.3.1.
2 Ermittelt mit einer Messsonde (Hanna HI 98129).

2017).

Tab. 5: Absolute und relative Hiufigkeit der kategorialen Variable ‘Fischvorkommen’ in Steinbruch- und Kontroll-
gewissern. Unterschiede in absoluten Haufigkeiten zwischen den zwei Gewissertypen wurden mittels Fisher’s-Exakt-

Test analysiert. * P <0,05.

Die Meereshéhe wurde anhand topgraphischer Karten bestimmt.
> Langjhriges Mittel (1981-2010) basierend auf Rasterdaten (1 km2) des Deutschen Wetterdiensts.
Geometrisches Mittel der Entfernung zu dne nichsten drei Stillgewéssern.

Parameter Steinbruch Kontrolle P
N % N %
Fisch
Prisenz 1 12,5 7 87,5
Absenz 14 63,6 8 36,4

1"

Ermittelt mit einem Horizontoskop; arithmetisches Mittel der Messwerte im N, E, S und W des Gewissers (Holtmann et al.
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Abb. 3: Hauptkomponentenanalyse: Biplot basierende auf den beiden Gewissertypen und den erfassten Umweltpara-
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Abb. 4: Stetigkeit der Amphibien in Steinbruchgewissern (Steinbruch, N = 15) und Kontrollgewissern (Kontrolle, N
= 15). Unterschiede in absoluten Haufigkeiten wurden mittels Chi2-Test getested. Abkiirzungen: Lis vul = Lissotriton
vulgaris, Mes alp = Mesotriton alpestris, Buf buf = Bufo bufo, Tri cri = Triturus cristatus, Aly obs = Alytes obstetricans,
Pel esc = Pelophylax kl. esculentus, Ran tem = Rana temporaria, Lis hel = Lissotriton helveticus, Pel les = Pelophylax
lessonae, Epi cal = Epidalea calamita, Hyl arb = Hyla arborea, Sal sal = Salamandra salamandra. Gefihrdete Arten
(LANUY 2011) sind durch Fettdruck hervorgehoben. n.s. = nicht signifikant; * P <0,05; ** P <0,01.
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Abb. 5: Arithmethisches Mittel + Standardfehler (SF) der Anzahl aller Arten (a), gefihrdeter Arten (b) und
Molchabundanz (c) in Steinbruchgewissern (Steinbruch, N = 15) und Kontrollgewidssern (Kontrolle, N = 15).
Unterschiede zwischen den beiden Gewissertypen wurden mittels generalisierter linearer gemischter Modelle
(GLMM; Fehlerstruktur: Poisson) mit ‘Teiluntersuchungsgebiet’ als Zufallsfaktor analysiert. Statistische Unterschiede
sind folgendermaBen angegeben: ** P < 0,01; *** P < 0,001.

Tab. 6: Multivariable Modelle: Einfluss der Umweltparameter (Pridiktorvariablen) auf die Anzahl aller Arten (a), ge-
fihrdeter Arten (b) und Molchabundanz (c) in Steinbruchgewissern (Steinbruch, N = 15) und Kontrollgewdssern
(Kontrolle, N = 15). Der Einfluss der Variablen wurde mittels generalisierter linearer gemischter Modelle (GLMM;
Fehlerstruktur: Poisson) mit ‘Teiluntersuchungsgebiet’ als Zufallsfaktor analysiert. R%, = durch feste Effekte erklirte
Varianz, R2. = durch Zufallseffekte erklirte Varianz (Nakagawa et al. 2017). rP = Relative Parameterbedeutung.
Statistische Unterschiede sind folgendermaBen angegeben: n.s. = nicht signifikant; P 2 0,05; * P < 0,05; ** P < 0,01;
*** p<0,001.

Parameter Estimate Standardfehler V4 rP P

a) Anzahl aller Arten (R?’m = 0,12, R%¢ =0,12)

(Intercept) 1,23 0,18 6,69 . i
Amphibische Zone 5,04 x 103 2,52 x 103 2,00 1,00 *

b) Anzahl gefihrdeter Arten (R%,=0,12-0,30, R%=0,23-0,30)

(Intercept) -2,51 1,37 1,77 . n.s.
Sonnenschein Friihjahr 2,36 x 101 1,08 x 102 2,08 0,79 *

Amphibische Zone 1,31 x 103 6,94 x 103 1,80 0,66 n.s.
c) Molchabundanz (R?, = 0,32-0,36, R%.=0,98)

(Intercept) -0,08 0,70 0,11 . n.s.
Amphibische Zone 2,70 x 102 9,23 x 103 2,77 1,00 *
Offenboden 1,82 x 102 1,42 x 102 1,22 0,29 n.s.
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Abb. 6: Zusammenhang zwischen der Anzahl aller Arten (a), gefihrdeter Arten (b) und Molchabundanz (c) und
signifikanten Umweltparametern der multivariable Modelle (N = 30). Bezuiglich der statistischen Kennwerte s. Tab. 6.
(a) y = 0,005038 + 1,228947 x (amphibische Zone), P <0,05, R%, = 0,12, R%. = 0,12; (b) y = 0,02316 + (-2,39122) x
(Sonnenscheindauer Friihjahr), P <0,05, R%, = 0,16, R%. = 0,23; (c) y = 0,028269 + (-0,044221) x (amphibische Zone),
P <0,01, R%,, = 0,32, R% = 0,98. R?, = durch feste Effekte erklirte Varianz, R% = durch Zufallseffekte erklirte Varianz
(Nakagawa et al. 2017). Ind. = Individuen. Blaue Schraffur: 95-%-Konfidenzintervall.
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5 Tagfalter - Habitatpriferenzen des Argus-Bldulings (Plebejus argus) in Kalk-

steinbriichen und Kalkmagerrasen

5.1 Material und Methoden
Untersuchungsgebiet: Diemeltal (siche auch Miinsch & Fartmann 2022; Anhang I)

Versuchsdesign: Vergleich von 51 Kalksteinbriichen und 99 Kalkmagerrasen; zwei Erfassungs-
termine Mitte Juni bis Anfang Juli (siche auch Miinsch & Fartmann 2022; Anhang I).

5.2 Ergebnisse
Verbreitung im Untersuchungsgebiet

Insgesamt waren 29 (19 %) der 150 untersuchten Flichen vom Argus-Blauling (Plebejus argus)
besiedelt und 22 (15%) zéhlten zu den ehemals, nun aber nicht mehr besiedelten Flichen. Fur alle
anderen 99 (66%) Flichen, die aktuell nicht besiedelt waren lagen keine Angaben zu historischen
Vorkommen vor. Insgesamt war die Stetigkeit von P. argus in Steinbriichen (7 = 21, 41 % aller
untersuchten Steinbriiche) fiinfmal so hoch wie in den Magerrasen (z = 8, 8 % aller untersuchten
Magerrasen). Die absolute Hiufigkeit von aktuell und ehemals besiedelten Flichen unterschied sich
ebenfalls zwischen Steinbriichen und Magerrasen (Tab. 7): In den Steinbriichen war das Verhaltnis
etwa 3: 1, in den Magerrasen dagegen 1 : 2. Zudem hatte das Management der Steinbriiche und
Magerrasen einen starken Einfluss auf das Vorkommen von P. argus. Alle aktuell noch im Abbau
befindlichen Steinbriiche waren besiedelt, wihrend die Art bereits aus zwei Funftel der nicht mehr
betriebenen Steinbriiche verschwunden war. In brachliegenden Magerrasen kam die Art gar nicht
mehr vor und selbst in zwei Finftel der friher besiedelten und immer noch bewirtschafteten Ma-

gerrasen war P. argus bereits verschwunden.

Tab. 7: Absolute und relative Haufigkeit der Besiedlung von Kalksesteinbruchen und Kalkmagerrasen durch den Argus-
Blauling (Plebejus argus) in Abhingikeit von den kategorialen Variablen ‘Habitattyp’ und ‘Landnutzung’. Unterschiede
in absoluten Haufigkeiten zwischen besiedelten und nicht mehr besiedelten Habitaten wurden mittels Fisher’s-Exakt-
Test analysiert. * P <0.05.

Parameter Besiedelt Nicht besiedelt P
(N=29) (N=22)
N % N %

Habitattyp *
Steinbruch 21 72,4 8 27,6
Magerrasen 8 36,4 14 63,6

Landnutzung
Steinbruch *

In Betrieb 9 100,0 0 0,0

AuBer Betrieb 12 60,0 8 40,0
Magerrasen *

Genutzt 8 57,1 6 42,9

Brachliegend 0 0,0 8 100,0
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Mit Ausnahme der Flichengrof3e, unterschieden sich alle metrischen Variablen zwischen den vier
Habitattypen (Tab. 8, Abb. 7). Insbesondere aktuell besiedelte Flichen unterschieden sich stark
von chemals besiedelten Flichen. Dariiber hinaus waren aktuell besiedelte Steinbriiche durch
besonders extreme Umweltbedingungen gekennzeichnet. Alle makroklimatischen Parameter waren
stark interkorreliert (Tab. 8). Aktuell besiedelte Steinbriiche befanden sich in den héchsten Lagen
des Untersuchungsgebiets und waren entsprechend durch die meisten Frosttage und hochsten
Niederschlige, aber geringsten Temperaturen gekennzeichnet. Aktuell besiedelte Steinbriiche
unterschieden sich deutlich in den Umweltbedingungen von ehemals besiedelten Steinbriichen.
Besiedelte Magerrasen wiesen oft intermedidre Umweltbedingungen zwischen den beiden Stein-
bruchtypen auf. Besiedelte Steinbriiche waren durch die hochste Habitatkonnektivitit gekenn-
zeichnet und differierten von ehemals besiedelten Flichen. Im Gegensatz dazu gab es keine Unter-
schiede zwischen aktuell besiedelten Magerrasen und den drei anderen Habitattypen hinsichtlich
des Makroklimas und der Landschaftsqualitit.

Die Habitatqualititsparameter waren ebenfalls stark interkorreliert (Tab. 8). In aller Regel be-
stand ein Gradient von aktuell besiedelten Steinbriichen tber aktuell besiedelte Magerrasen zu
ehemals besiedelten Flichen. Entlang dieses Gradienten nahmen die Vegetationsdichte und -héhe,
die Deckung von kleinen Strauchern, Gras, Moosen und Streu sowie die Bodengriindigkeit zu. Im
Gegensatz dazu, nahmen die Deckung des Offenbodens, Bodenskeletts und der Wirtspflanze Lozus
cornienlatus ab. Die Sonnenscheindauer war am geringsten in ehemals besiedelten Steinbriichen und

unterschied sich damit von den drei anderen Habitattypen.

Aufgrund der starken Unterschiede in der Vegetationsstruktur zwischen den Habitattypen galt
dies auch fiir das Mikroklima (Abb. 7). Am Tage nahmen die Temperaturen von aktuell besiedelten
Steinbriichen tiber ehemals besiedelte Magerrasen zu ehemals besiedelten Steinbriichen ab. Aktuell
besiedelte Magerrasen vermittelten zwischen den beiden erstgenannten Habitattypen. Nachts
waren die Muster dhnlich, allerdings unterschieden sich nur aktuell besiedelte von ehemals be-

siedelten Steinbrichen.

In den GLMM-Analysen wurden das Makroklima, die Landschaftsqualitit und die Habitat-
qualitit als Schliisselfaktoren fiir das Vorkommen von P. argus identifiziert (Tab. 9). Im Makro-
klimamodell nahm die Vorkommenswahrscheinlichkeit mit der Temperatur zu. Im Landschafts-
qualititsmodell bestand ein positiver Zusammenhang zwischen Konnektivitit und dem
Vorkommen von P. argus. Im Habitatqualititsmodell stieg die Vorkommenswahrscheinlichkeit mit
der Deckung der Wirtspflanze, L. corniculatus. Im Synthesemodell war dies schlieBlich die einzige
erklirende Variable (Tab. 9, Abb. 8). Die Modellgiite war in allen Modellen sehr hoch (R?, 0.35—
0.87, . AUC 0.89-0.97).

Abundanzen

Die mittleren Abundanzen der Imagines von P. argus waren in besiedelten Steinbriichen fast vier
Mal so hoch wie in besiedelten Magerrasen (Abb. 9). In den GLMM-Analysen war die Habitatqu-
alitit der Schlusselfaktor fiir hohe Falterdichten (Tab. 10). Das Makroklima und die Land-
schaftsqualitit hatten dagegen keinen Einfluss. Die Abundanzen von P. argus nahmen mit der

Deckung der Deckung der Wirtspflanze, L. corniculatus, der Deckung des Bodenskeletts und eine
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abnehmenden Vegetationsdichte zu (Habitatqualitits- und Synthesemodell; Tab. 10, Abb. 10). Die
Modellgiite war wieder sehr hoch (R?, 0.37-0.41).

Tab. 8: Ubersicht iiber die Umweltparameter (arithm. Mittel [@] + Standardfehler [SF]) in aktuell besiedelten und
ehemals besiedelten Habitaten. Unterschiede zwischen den Habitattypen wurden mittels (generalisierter) linearer
gemischter Modelle (GLMM/LMM) mit ‘Teiluntersuchungsgebiet’ als Zufallsfaktor und Tukey-Test als Post-hoc-Test
analysiert. Statistische Unterschiede sind folgendermaBen angegeben: n.s. = nicht signifikant; P 2 0,05; * P < 0,05; **
P <0,01; *** P < 0,001. Unterschiedliche Buchstaben kennzeichnen signifikante Unterschiede zwischen den Habitat-

typen (P < 0,05).

Parameter Besiedelt (n = 29) Ehemals besiedelt (n = 22) P rs Verw. Variable
Steinbruch Magerrasen Steinbruch Magerrasen
(n=21) (n=8) (n=8) (n=14)
Makroklima
Meereshéhe [m NN] 380,8+ 17,70 314,1+39,8®° 2529+21,0> 2215+10,4> *** 0,82
Frosttage® 80,2+1,4 77,4 £ 1,9 74,4+ 1,6° 72,7 £0,8° *** 0,86
Niederschlag [mm]P 746,8 +20,4* 730,4+343* 6533+11,8> 6580+76> ** 0,83 > Temperatur
Temperatur [°C]¢ 9,1+0,12 9,3 +0,2% 9,6 +0,1b 9,7 +0,1b *** 1,00
Landschdftsqualitdt
FlachengroBe [ha] 1,0+ 0,1 0,8+0,2 1,4+£0,2 2,7+0,7 n.s
Konnektivitit [km]d 1,8+0,4* 3,0 £0,5% 4,8+ 0,6° 6,1+0,7° b
Habitatqualitdt
Sonnenschein [h/Tag]e 13,4+ 0,52 12,3+0,72 10,4 +0,8° 11,8 + 0,52 **
Vegetationstruktur
Vegetationsdichte [%]
0-5cm 65,3+2,72 71,0 £ 3,4 86,7 £ 5,3bc 94,6 +2,1¢ ** 0,79
10-15 cm 27,9 £2,72 19,0£2,1*  492+88  529%66> *** 1,00 > Vegd";z:ft‘:"s'
20-25 cm 5,0 £ 0,9 2,3+0,6% 14,3 + 5,720 17,1+ 5,50 * 0,84 10-15 em
Vegetationshdhe [cm] 14,3 + 1,02 11,5+1,22 17,3 £2,1% 19,8 +2,3b * 0,81
Deckung [%]
Offenboden 11,0 + 1,8 21,7 £3,22 6,3+1,20 4,9+0,8° wrx
Bodenskelett 20,3+2,4° 57 +1,6° 50+1,6° 2,1+0,8° b
Straucher [<0,5 m] 0,8+0,32 0,9 £0,3% 2,8+1,1% 3,7+0,9 *
Krauter 51,7 +1,82 41,1+2,9 49,3 £ 1,9 41,6 +1,8° b
Griser 15,1+1,9 30,0 £ 4,9° 37,1+£3,7° 51,2 +2,8¢ *** 0,83
Lotus corniculatus 38,1+2,62 242 +3,7° 15,7 + 3,3bc 8,9 +1,2¢ *** 1,00
Moose 26,1+ 3,4 17,3 + 4,12 36,5+6,3° 38,6 +5,3° *  -0,70 | » L. corniculatus
Streu 45+1,4 54+272 30,4+7,9° 33,0 £6,0° 0,74
Bodentiefe [cm] 53+0,6° 72+0,92 10,4 + 1,62 18,7 +1,6° 0,73
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Tab. 9: Multivariable Modelle: Einfluss der Umweltparameter (Pridiktorvariablen) auf das Vorkommen des Argus-
Blaulings (Plebejus argus) (aktuell besiedelte [n = 29] versus ehemals besiedelte Habitate [n = 22]). Der Einfluss der
Variablen wurde mittels generalisierter linearer gemischter Modelle (GLMM; Fehlerstruktur: binomial) mit
‘Habitattyp’ und ‘Teiluntersuchungsgebiet’ als Zufallsfaktor analysiert. SF = Standardfehler. R?,, = durch feste Effekte
erklirte Varianz, R%. = durch Zufallseffekte erkliarte Varianz (Nakagawa et al. 2017). AUC = Area under curve (MaB3
fur die Modellgiite; Fielding & Bell 1997). Statistische Unterschiede sind folgendermaBen angegeben: n.s. = nicht
signifikant; P 2 0,05; * P < 0,05; ** P <0,01.

Parameter Estimate SF y A P Rz, R2 AUC
a) Makroklimamodell 0,35 0,46 0,89
(Intercept) 34,52 12,60 2,74 *

Temperatur -3,63 1,33 2,74 *

b) Landschaftsqualititsmodell 0,72-0,77 0,75-0,79 0,94
(Intercept) 6,53 2,64 2,42 *

Konnektivitit 0,85 0,30 2,78 xx

Nicht signifikant: FlichengroBe

c) Habitatqualititsmodell 0,84-0,87 0,87-0,89 0,97
(Intercept) -5,15 3,49 1,45 ns.

Lotus corniculatus 0,27 0,09 2,76  **

Nicht signifikant: Bodenskelett, Kriuter, Offenboden, Sonnenschein, Striucher, Vegetationsdichte

d) Synthesemodell 0,80-0,83 0,82-0,85 0,96
(Intercept) 14,82 15,45 0,95 n.s.

Lotus corniculatus 0,24 0,08 2,70 **

Nicht signifikant: Temperatur, Konnektivitat

Tab. 10: Multivariable Modelle: Einfluss der Umweltparameter (Pridiktorvariablen) auf die Abundanzen des Argus-
Blaulings (Plebejus argus) (n =29). Der Einfluss der Variablen wurde mittels generalisierter linearer gemischter Modelle
(GLMM; Fehlerstruktur: negativ-binomial) mit ‘Habitattyp’ und ‘Teiluntersuchungsgebiet’ als Zufallsfaktor analysiert.
SF = Standardfehler. R, = durch feste Effekte erklirte Varianz, R2. = durch Zufallseffekte erklirte Varianz (Nakagawa
et al. 2017). Statistische Unterschiede sind folgendermaBen angegeben: n.s. = nicht signifikant; P 2 0,05; * P < 0,05; **
P<0,01.

Parameter Estimate SF yA P R2, R2,

a) Makroklimamodell
Nicht signifikant: Temperatur
b) Landschaftsqualititsmodell

Nicht signifikant: FlichengréBe, Konnektivitit

c) Habitatqualititsmodell 0,37-0,41 0,37-0,41
(Intercept) 0,34 0,52 0,65 ns,

Lotus corniculatus 0,03 0,01 3,06 **

Bodenskelett 0,02 0,01 1,97 *

Vegetationsdichte -0,02 0,01 2,08 *

Nicht signifikant: Krauter, Offenboden, Sonnenschein, Straucher, Vegetationshéhe

d) Synthesemodell 0,37-0,41 0,37-0,41
(Intercept) 0,33 0,57 0,56 ns,

Lotus corniculatus 0,03 0,01 295 **

Bodenskelett 0,02 0,01 2,08 *

Vegetationsdichte -0,01 0,01 2,09 *
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Abb. 7: Unterschiede in stiindlichen Luftemperaturen in der Nacht (22:00 Uhr bis 07:00 Uhr) und am Tage (8:00 Uhr
bis 21:00 Uhr) in den vier Habitatytpen. Messperiode: 23. Jul ibis 05. August 2019. Dartgestellt sind der Median, das
1. und 3. Quartil sowie das 10- und 90-%-Perzentil. Unterschiede zwischen den Habitattypen wuerden wurden mittels

GLMM und nachfolgenden Tukey-Tests analysiert. Habitattypen ohme gemeinsame Buchstaben unetrscheiden sich
significant (P < 0,05).
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Abb. 8: Zusammenhang zwischen dem Vorkommen des Argus-Blaulings (Plebejus argus) und signifikanten Umwelt-
parametern der multivariable Modelle (N = 51). Beztiglich der statistischen Kennwerte s. Tab. 9.y =1/ (1 + exp (-
(—4,87718 + 0,25596 x L. corniculatus))), P <0,01, RZ, = 0,80, R2. = 0,80. R2,, = durch feste Effekte erklirte Varianz,
R2. = durch Zufallseffekte erklarte Varianz (Nakagawa et al. 2017). Blaue Schraffur: 95-%-Konfidenzintervall.
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Abb. 9: Arithmethisches Mittel + Standardfehler (SF) der Abundanz des Argus-Blaulings (Plebejus argus) in aktuelle
besiedelten Kalksteinbriichen und -Magerrasen. Unterschiede zwischen den beiden Gewdssertypen wurden mittels
generalisierter linearer gemischter Modelle (GLMM) mit ‘Teiluntersuchungsgebiet’ als Zufallsfaktor analysiert. Statis-
tische Unterschiede sind folgendermaBen angegeben: * P < 0,05.

6 Wildbienen - Zénosen von Kalksteinbriichen
6.1 Material und Methoden

Untersuchungsgebiet: Teutoburger Wald, Hellwegbérde, Lipperland und Weser-Leine-Bergland
(siche auch Kettermann et al. 2022; Anhang I)

Versuchsdesign: 16 Steinbriiche, davon 8 aktive und 8 stillgelegte; Transekterfassug; neun Erfas-

sungstermine von Mirz bis September (siche auch Kettermann et al. 2022; Anhang I).

6.2 Ergebnisse
Umweltbedingungen

Weder das Makroklima noch die Landschaftsqualitit unterschieden sich zwischen aktiven und still-
gelegten Steinbriichen (Tab. 11). Lediglich der Anteil an Siedlungs- und Verkehrsfliche war im
Umfeld der aktiven Steinbriiche gréBer als in dem der stillgelegten Steinbriiche. Im Gegensatz dazu
bestanden grole Unterschiede in der Habitatqualitit. Aktive Steinbriiche waren grof3er, wiesen
mehr Pollenquellen und eine groBBere Ausdehnung frither Sukzessionsstadien (vegetationsfrei, aus-
dauernde Ruderalvegetation) auf, spitere Sukzessionsstadien (Kalkmagerrasen mit Gebiischen,
Gebusche und Wailder) nahmen dagegen kleinere Anteile ein als in stillgelegten Steinbriichen. Alle
anderen Parameter der Habitatqualitit unterschieden sich nicht zwischen den beiden Steinbruch-
typen. In stillgelegten Steinbriichen lag die letzte Abbautitigkeit zwischen 12 bis 86 Jahre zuriick
(arith. Mittel * Standardfehler: 39 & 13 Jahre).
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Abb. 10: Zusammenhang zwischen der Abundanz des Argus-Blaulings (Plebejus argus) und signifikanten Umweltpara-

metern der multivariable Modelle (N = 29). Beziiglich der statistischen Kennwerte s. Tab. 10. a) y =exp (—1,47512 +
0,07043 x L. corniculatus), P <0,001, R%, = 0,60, R?. = 0,63; b) y = exp (0,06747 + 0,05826 x Bodenskelett), P <0,01,
R%, = 0,38, R2. = 0,40; c) y = exp (1,94455 — 0,02811 x Vegetationsdichte), P <0,05, RZ, = 0,14, R2. = 0,14. R%, =
durch feste Effekte erklirte Varianz, R% = durch Zufallseffekte erklirte Varianz (Nakagawa et al. 2017). Blaue

Schraffur: 95-%-Konfidenzintervall.
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Bienenzénosen in Abhdngigkeit von den Umweltbedingungen

Insgesamt haben wir 159 Bienenarten in den 16 Steinbriichen nachgewisen (siche Kettermann et
al. 2022; Anhang I). Von diesen sind 44 (28 %) auf der Roten Liste Nordrhein-Westfalens enthalten
und 35 (22%) zihlen zu den oligolektischen Arten. Die Artenvielfalt aller, gefihrdeter und
oligolektischer Arten war jeweils in aktiven Steinbriichen grof3er als in stillgelegten (Abb. 11).

Aktive Steinbriiche waren durch eine einzigartige Bienengemeinschaft gekennzeichnet. Anhand
der Indikatorartenanalyse konnten fir aktive Steinbriiche sechs charakterische Arten ermittelt
werden, darunter eine gefihrdete Art (Osmia adunca) (Tab. 12). Die stillgelegten Steinbriiche wiesen

demgegeniiber keine Indikatorarten auf.

Das Pollenangebot war der wichtigste Umweltfaktor, der die Artenvielfalt in den Steinbriichen
bestimmte (Tab. 13, Abb. 12). Die Anzahl aller, gefahrdeter und oligolektischer Arten nahm mit
der Vielfalt der Pollenquellen zu. Die Vielfalt der Pollenquellen war negativ mit der Deckung ver-
buschter Kalkmagerrasen und positiv mit der Deckung einjihriger Ruderalvegetation korreliert
(siche Kettermann et al. 2022; Anhang I).

Ausreichend Nisthabitate sind ebenfalls wichtig fiir artenreiche Bienenzonosen. Eine hohe
Dichte an Abbruchkanten férderte die Artenvielfalt gefdhrdeter und oilgolektischer Arten Tab. 13,
Abb. 12). Zuxdem nahm die Anzahl aller Arten mit der Deckung vegetationsfreier Bereiche zu.
Dieser Parameter war negative mit der Deckung von Gebiischen korreliert (siche Kettermann et
al. 2022; Anhang I). Die Giite aller Modelle war sehr hoch (R?, = 0,64-0,90; R% = 0,64-0,92).

In stillgelegten Steinbriichen nahm die Artenvielfalt aller, gefdhrdeter und oligolektischer Bienen
mit dem Umweltparameter ‘Jahre seit Stilllegung’ ab (Abb. 13). Die Variable war negativ mit der
Anzahl der Pollenquellen und der Deckung einjihriger Ruderalvegetation korreliert (siche Ketter-
mann et al. 2022; Anhang I). Die Gite dieser Modelle war ebenfalls sehr hoch (R?, = 0,77-0,93;
RZ = 0,87-0,93).
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Abb. 11: Arithmethisches Mittel + Standardfehler (SF) der Anzahl aller (a), gefihrdeter (b) und oligolektischer
Bienenarten (c) in aktiven (N = 8) und stillgelegten Kalksteinbriichen (N = 8). Unterschiede zwischen den beiden
Steinbruchtypen wurden mittels generalisierter linearer gemischter Modelle (GLMM; Fehlerstruktur: Poisson) mit
‘Teiluntersuchungsgebiet’ als Zufallsfaktor analysiert. Statistische Unterschiede sind folgendermaBen angegeben: * P
<0,05; ** P<0,01; *** P <0,001.
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Tab. 11: Ubersicht iiber die Umweltparameter (arithm. Mittel [@] + Standardfehler [SF], Minimum und Maximum) in
aktiven (N = 8) und stillgelegten Kalksteinbriichen (N = 8). Unterschiede zwischen den beiden Steinbruchtypen wurden

mittels generalisierter linearer gemischter Modelle (GLMM; Fehlerstruktur: Poisson) mit ‘Teiluntersuchungsgebiet’ als

Zufallsfaktor analysiert. Statistische Unterschiede sind folgendermaBen angegeben: n.s. = nicht signifikant; P = 0,05; *

P <0,05; ** P<0,01; *** P<0,001.

Parameter Steinbruchtyp P
Aktiv Stillgelegt
@ +SF Min.—-Max. @ +SF Min. —Max.
Makroklima
Meereshéhe [m NN] 163 +21 108-289 208+ 18 151-310 ns.
Geographische Breite 8,7+0,1 8-9 9,0+0,1 9-9 n.s.
Mittlerer Jahresniederschlag [mm] 917 £29 830-1072 915+ 35 815-1088 n.s.
Jahresmitteltemperatur [°C] 92+0,2 8-10 9,1+0,1 9-10 n.s.
Landschaftsqualitat*
Ackerland [%] 340+8,0 11-67 27,1+10,2 0-73 n.s.
Griinland [%] 10,4+3,0 1-29 20,8 £8,2 0-75 n.s.
Wald [%] 341170 9-55 48,0+ 8,7 18-88 n.s.
Siedlungs- und Verkehrsfliche [%] 15,9+43 2-38 4,5+3,7 0-30 *
Habitatqualitdt
Habitattypen [%]
Vegetationsfrei 29,3+5,6 6-59 0,4+0,4 0-3 xxk
Einjahrige Ruderalvegetation 29,6 +4,5 15-57 24,5+6,9 0-56 n.s.
Ausdauernde Ruderalvegetation 68+24 1-21 1,0+0,5 0-4 *x
Frischgrinland 1,3+0,6 0-4 2,1+£15 7-13 n.s.
Kalkmagerrasen mit Gebiischen 62+17 2-17 10,1+ 4,5 0-40 n.s.
Kalkmagerrasen ohne Gebiische 4,0+1,6 0-13 15,739 7-40 *x
Gebiisch 13,721 7-23 222+2,2 16-30 *x
Saum 1,8+0,5 0-4 21+0,8 0-5 n.s.
Wald 42+14 0-10 21,3+6,0 0-55 *x
Habitatheterogenitit [Shannon-Index] 1,6 £0,1 1-2 1,5+0,1 1-2 n.s.
Dichte Abbruchkanten [m/10ha] 1,6 0,4 0,4-3,9 1,5+0,4 0,0-3,3 n.s.
Pollenquellen [Anzahl Pflanzenarten] 68,0+2,5 57-80 47,3+6,5 17-64 ol
SteinbruchgréBe [ha] 52,6 £ 11,1 15-98 14,142 6-35 *x

* Deckung der Landnutzungstypen [%] innerhalb eines Radius von 200 m um den Steinbruch.

Tab. 12: Ergebnisse der Indikatorartenanalyse: Bienenindikatorarten in aktiven (N = 8) und stillgelegten Kalkstein-

briichen (N = 8). Es sind nur Arten mit einem signifikanten Indikatorwert (IW) dargestellt. Gefihrdete Arten sind in

Fettdruck hervorgehoben. % = Stetigkeit. Statistische Signifikanz ist folgendermaBen angegeben: * P < 0,05; ** P <

0,01.

Indikatorart Steinbruchtyp P
Aktiv Stillgelegt
v % v %
Andrena gravida 89 100,0 25,0 **
Hylaeus gredleri 88 87,5 12,5 il
Hylaeus signatus 85 100,0 37,5 *
Lasioglossum calceatum 85 100,0 37,5 *
Osmia adunca 80 75,0 12,5 *
Sphecodes geofrellus 80 75,0 12,5 *
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Tab. 13: Multivariable Modelle: Einfluss der Umweltparameter (Pradiktorvariablen) auf die Anzahl aller (a), gefihrdeter
(b) und oligolektischer Bienenarten (c) in aktiven (N = 8) und stillgelegten Kalksteinbriichen (N = 8). Der Einfluss der
Variablen wurde mittels generalisierter linearer gemischter Modelle (GLMM; Fehlerstruktur: Poisson) mit ‘Teilunter-
suchungsgebiet’ als Zufallsfaktor analysiert. SF = Standardfehler. R?,, = durch feste Effekte erklirte Varianz, R2. = durch
Zufallseffekte erklarte Varianz (Nakagawa et al. 2017). rP = Relative Parameterbedeutung. Statistische Unterschiede
sind folgendermaBen angegeben: n.s. = nicht signifikant; P = 0,05; * P < 0,05; *** P < 0,001.

Parameter Estimate SF z rP P

(a) Alle Arten (R?,=0,83-0,90, R?.= 0,89-0,92)

(Intercept) 2,78 0,23 11,00 . bkl
Abbruchkanten 4,41 x 103 1,02 x 103 3,89 1,00 i
Pollenquellen 1,57 x 10?2 3,92 x 103 3,74 1,00 bl
Vegetationsfrei 5,55 x 1073 2,17 x 103 2,29 0,40 *

Saum 5,88 x 102 3,29 x 102 1,54 0,20 n.s.
Habitatheterogenitit (Shannon-Index) 0,34 0,17 1,73 0,13 n.s.
(b) Gefihrdete Arten (R%,/.=0,72-0,76)

(Intercept) 0,22 0,48 0,42 . n.s
Pollenquellen 3,18 x 10?2 8,19 x 103 3,51 1,00 wrx
Abbruchkanten 471 %103 1,90 x 103 2,23 0,77 *

(c) Oligolektische Arten (R%y .= 0,64-0,67)

(Intercept) 0,77 0,41 1,68 . n.s
Pollenquellen 2,68 x 102 7,16 x 103 3,39 1,00 bl
Abbruchkanten 2,90 x 103 1,89 x 103 1,38 0,34 n.s.

7 Diskussion

Unsere Studien zeigen die herausragende Bedeutung von Steinbriichen fiir die Erhaltung der Arten-
vielfalt am Beispiel von Pflanzen, Amphibien, Tagfaltern und Wildbienen. Dies gilt nicht nur fir
die generelle Vielfalt an Arten, sondern insbesondere fiir die Vielfalt an spezialisierten und gefahr-
deten Arten. Auch die drei betreuten Abschlussarbeiten zu Libellen und Végeln kommen zu dhn-
lichen Erkenntnissen (Kettermann 2017, Rasche 2019, Juffa 2021): Steinbruchgewisser wiesen eine
hohere Artenvielfalt und hohere Abundanzen bei Libellen auf als dies fur eine Zufallsauswahl von
Gewissern in der umgebenden Landschaft der Fall war (Kettermann 2017). Besonders ausgepragt
waren diese Unterschiede bei Habitatspezialisten und Moorarten. Bei den Brutvégeln wiesen Stein-
briiche eine genauso hohe Artenvielfalt wie — die fiir ihre artenreichen Brutvogelgemeinschaften
bekannten (Briiggeshemke et al. 2022) — Kalkmagerrasen auf (Rasche 2019). Indikatorarten fiir die
Steinbriiche waren unter anderem Hausrotschwanz (Phoenicurus ochruros) und Uhu (Bubo bubo)
(Rasche 2019, Juffa 2021). Dariber hinaus kam die deutschlandweit vom Aussterben bedrohte
Zippammer (Ewmberiza cia) im Untersuchungsgebiet nur in Steinbriichen vor. Fir Steinbriiche mit

offenen Temporirgewissern war zudem der Flussregenpfteifer (Charadrins dubins) (siche Titelseite)

typisch (Juffa 2021).
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Abb. 12: Zusammenhang zwischen Anzahl aller, gefihrdeter und oligolektischer Bienenarten und signifikanten
Umweltparametern der multivariable Modelle (N = 16). Beziiglich der statistischen Kennwerte s. Tab. 13. R%,, = durch
feste Effekte erklarte Varianz, R2. = durch Zufallseffekte erklirte Varianz (Nakagawa et al. 2017). a) y = 0,02044 +
2,952362 x (Pollenquellen), P < 0,001, R%,,= 0,77, R2. = 0,87; b) y = 0,03403 + 0,356758 x (Pollenquellen), P < 0,001,
R%,=0,72, R%=0,82; c) y = 0,02751 + 0,796513 x (Pollenquellen), P < 0,001, R%,, = 0,64, R2. = 0,64; d) y = 0,24775
+ 3,65082 x (Abbruchkanten), P < 0,001, R?, = 0,74, R2. = 0,81; e) y = 0,29296 + 1,73599 x (Abbruchkanten), P <
0,001, R%, = 0,45, R% = 0,45; f) y = 0,01265 + 3,88289 x (vegetationsfrei), P < 0,001, R%, = 0,41, R% = 0,87.Blaue
Schraffur: 95-%-Konfidenzintervall.
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Abb. 13: Zusammenhang zwischen dem Umweltparamter ‘Jahre seit Stillegung’ und der Anzahl aller (a), gefihrdeter
(b) und oligolektischer Bienenarten (c) (N = 8). R%, = durch feste Effekte erklirte Varianz, R?. = durch Zufallseffekte
erklirte Varianz (Nakagawa et al. 2017). a) y = 3,936564 - 0,007875 x (Jahre seit Stillegung), P < 0,05, R%, = 0,31,
R2.=0,89; b) y =2,517935 - 0,027782 x (Jahre seit Stillegung), P < 0,001, R, = 0,74, R2. = 0,85; c) y = 2,485633 -
0,016627 x (Jahre seit Stillegung), P < 0,05, R%,, = 0,61, R%. = 0,70. Blaue Schraffur: 95-%-Konfidenzintervall.

Besonders wertvoll aus Naturschutzsicht sind die aktiven Steinbriiche, da sie teich an frihen Suk-
zessionsstadien mit einem warmen Mikroklima sind. Frithe Sukzessionsstadien sind in unserer stark
eutrophierten Landschaft heutzutage ein Mangelfaktor und haben fiir viele konkurrenzschwache
und wirmeliebende Arten eine elementare Bedeutung (Fartmann et al. 2021). Besonders eindriick-
lich konnte die Bedeutung aktiver Steinbriiche mit ihren frithen Sukzessionsstadien fiir den Argus-
Blauling (Kap. 5; Miinsch & Fartmann 2022), die Blauflugelige Sandschrecke (Sphingonotus caernlans)
(Kettermann & Fartmann 2018) und Wildbienen gezeigt werden (Kap. 6; Kettermann et al. 2022).
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Basierend auf den eigenen Studien und den genannten Abschlussarbeiten sind folgende vier Habi-
tate von zentraler Bedeutung fiir eine hohe Artenvielfalt und einen hohen Naturschutzwert von
Steinbriichen: 1. offene Felswinde mit Nischen, 2. stid- und westexponierte Abbruchkanten/Erd-
wille, 3. blumenreiche Ruderalvegetation und 4. Temporirgewasser mit ausgedehnten amphibi-
schen Zonen. Die drei letzten genannten Habitate miissen gut besonnt sein und somit ein warmes
Mikroklima aufweisen, damit sie ihre Bedeutung fiir den Biodiversititsschutz voll entfalten konnen.
Neben der Nihrstoffarmut eines Habitats spielt gentigend Licht eine zentrale Rolle fir artenreiche
Phytozonosen (Fartmann et al. 2021). Eine hohe Phytodiversitit — insbesondere bei stark speziali-
sierten phytophagen Insekten wie Tagfaltern, Wildbienen oder Zikaden — und ein warmes Mikro-
klima férdern wiederum arten- und individuenreiche Insektengemeinschaften. Amphibien sind als
poikilotherme Organismen ebenfalls auf ausreichend warme Lebensraume fiir die erfolgreiche Re-

produktion angewiesen (Holtmann et al. 2017).

Offenen Felswinden kommt in Steinbriichen vor allem als Brutplatz fiir einige Vogelarten, wie
Dohle (Corvus monedula), Hausrotschwanz, Hohltaube (Columba oenas) oder Uhu, eine wichtige Be-
deutung zu (Juffa 2021). Std- und westexponierte Abbruchkanten/Erdwille sind generell wichtige
Nisthabitate fiir Insekten (Fartmann et al. 2021). Fir Wildbienen sind sie sogar die wichtigsten
Brutplitze: fast 60 % der heimischen Wildbienenarten nutzen offenen Boden als Reproduktions-
ort. Eine hohe Phytodiversitit ist — wie bereits zuvor geschildert — ebenfalls ein zentraler Faktor
fir die Etablierung artenreicher Insektengemeinschaften. Der Wert der blumenreichen Ruderalve-
getation fir die Insektendiversitit erklirt sich somit einerseits durch die Pflanzenartenvielfalt, an-
dererseits durch einen gewissen Teil an Offenboden/Bodenskelett, der ein warmes Mikroklima
begiinstigt. Temporirgewisser mit ausgedehnten amphibischen Zonen weisen nicht nur das von
Insekten und Amphibien gleichermal3en priferierte warme Mikroklima auf, sie sind auch frei von
Fischen, da sie regelmiflig austrocknen. Fische zdhlen zu den Hauptpridatoren von Wasser-
insekten wie Libellenlarven und den Fortpflanzungsstadien der Amphibien (Holtmann et al. 2017,
2018, 2019a). Die ausgedehnten amphibischen Zonen bieten dariiber hinaus vielen konkurrenz-
schwachen Pflanzenarten gute Keimungsbedingungen (Holtmann et al. 2019b).

Im letzten Jahrhundert hat eine grof3flichige Homogenisierung vieler mitteleuropiischer Land-
schaften stattgefunden, was dramatische Verluste der Artenvielfalt nach sich zog (Poschlod 2017,
Fartmann et al. 2021). Insbesondere in schon lange im Abbau befindlichen Steinbriichen haben
aber oft Arten der traditionell genutzten Kulturlandschaften tbetlebt, wihrend sie in der Umge-
bung bereits ausgestorben sind (Benes et al. 2003, Gilcher & Triankle 2005, Novak & Konvicka
2006, Munsch & Fartmann 2022). Argus-Blauling (Kap. 5; Minsch & Fartmann 2022), aber auch
Geburtshelferkrote oder Kreuzkréte (Kap. 4) sind klassische Beispiele fiir die Bedeutung von Stein-

briichen als Refugiallebensraumen in der heutigen Landschaft.
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8 Handlungsempfehlungen zum biodiversitidtsfordernden und nachhaltigen
Management von Steinbriichen
8.1 Alleinstellungsmerkmale von Steinbriichen aus naturschutzfachlicher Sicht

Steinbriiche — insbesondere aktive mit langer Abbautradition — stellen oft Refugien fiir seltene Ar-
ten und Hotspots der Artenvielfalt in Mitteleuropa dar (Kap. 7). Sie sind durch extrem geringe
Sukzessionsgeschwindigkeiten gekennzeichnet, da nach der Abbautitigkeit zunichst die Oberbo-
denauflage fehlt (Miinsch & Fartmann 2022). Entsprechend bleiben frithe Sukzessionsstadien mit
einem warmen Mikroklima mitunter iiber Jahrzehnte ohne weiteres Management erhalten. Eine so
lange Persistenz frither Sukzessionsstadien ohne regelmaf3ige Nutzung ist im heutigen Mitteleuropa
ein Alleinstellungsmerkmal. Aktive Steinbriche weisen dartiber hinaus eine zweite Besonderheit
auf: sie sind durch eine hohe zeitliche und raumliche Dynamik gekennzeichnet. Eine derartige Dy-
namik ist inzwischen ebenfalls kaum noch zu finden, da dynamische Prozesse systematisch in der
Landschaft unterbunden worden sind (Fartmann et al. 2021). Zu den verbliebenen Beispielen
zihlen die wenigen Auenabschnitte mit nattrlicher Dynamik, unbefestigte Kiistenabschnitte oder
militirische Ubungsplitze. Durch die Dynamik werden regelmiBig neue Pionierlebensriume ge-
schaffen. Insbesondere viele unserer stark gefihrdeten Arten sind auf diese Pionierhabitate mit

ihren frithen Sukzessionsstadien angewiesen (Fartmann et al. 2021).

8.2 Management von Steinbriichen

Aus Naturschutzsicht kommt der Erhaltung frither Sukzessionsstadien mit einem warmen Mikro-
klima in Steinbriichen eine besondere Bedeutung zu. Von zentraler Bedeutung sind insbesondere
vier Habitattypen: offene Felswinde mit Nischen sowie jeweils besonnte Abbruchkanten/Erd-
wille, blumenreiche Ruderalvegetation und Temporirgewisser mit ausgedehnten amphibischen
Zonen (Kap. 7). In Steinbrtchen, in denen Temporirgewisser fehlen, sollten sie aktiv angelegt
werden. Bei der Anlage der Gewisser ist darauf zu achten, dass sie ausreichend lange Wasser
fihren. Sie sollten nicht vor Juli austrocknen, um eine erfolgreiche Entwicklung der Amphibien zu
gewihrleisten. Aufgrund des Klimawandels werden Extremwetterereignisse wie Diirreperioden zu-
nehmend hiufiger (Fartmann et al. 2021), daher sollten auch einzelne Gewisser mit lingerer

Wasserfithrung angelegt werden. Auf Fischbesatz ist generell zu verzichten.

Sollten sich im Laufe der Zeit Gehdlze etablieren, so ist eine mechanische Entbuschung durch-
zufthren (Minsch & Fartmann 2022). Der Geholzschnitt kann im Steinbruch verbrannt werden,
sofern eine anderweitige Nutzung — z.B. als Hackschnitzel fir die Energieerzeugung (Helbing et
al. 2015) — nicht méglich ist. Solche Brandstellen kénnen sich fiir Arten wie den Argus-Blauling zu
wichtigen Fortpflanzungshabitaten entwickeln (Fartmann 2006, Minsch & Fartmann 2022). Die
Anlage der Brandstellen ist allerdings oft genehmigungspflichtig. Eine andere Moglichkeit, ein zu
starkes Geholzaufkommen zu unterbinden, ist eine extensive Beweidung. Gerade in der Nihe von
Siedlungen werden Steinbriiche regelmifig fur Freizeitaktivititen, aber auch zur illegalen Ent-
sorgung von Mill oder Gartenabfillen genutzt. Dies konnte durch eine Beweidung ebenfalls un-
terbunden werden. Uberall dort, wo sich michtigere Oberbodenauflagen entwickelt haben, sollten

sie abgeschoben werden und in Form von Willen angehduft werden. Die aktive Einbringung von
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Bodenmaterial und mogliche anschlieBende Bepflanzung/Aufforstung sind in den Steinbriichen

dagegen aus Griinden des Biodiversititsschutzes grundsatzlich zu unterlassen.

Der Waschbir (Procyon lotor) ist in Mitteleuropa ein nicht-heimischer, omnivorer Pridator mit
stark wachsenden Bestinden (Klauer & Kriegs 2015, Salgado 2018). Das invasive Neozoon kann
die Populationen von Kleinsdugern, Végeln und Amphibien mitunter stark dezimieren (Salgado
2018, Fiderer et al. 2019). Auch in unseren Untersuchungen konnte ein neagtiver Einfluss auf die
Amphibienpopulationen in Steinbrichen festgestellt werden (eig. Beob.). In Regionen mit regel-
milligem Vorkommen des Waschbiren schlagen wir eine intensive Bejagung vor. Zusitzlich kon-
nen Metallkérbe, die wihrend der Fortpflanzungsperiode der Amphibien tGber den Flachwasser-
bereichen der Gewisser installiert werden, Verluste minimieren. Neophyten spielten dagegen in
unseren Studien in den Steinbriichen kaum eine Rolle (eig. Beob.). Sofern kein Bodenmaterial in
die Steinbriiche eingebracht wird, fassen Neophyten auf den flachgriindigen Standorten nur schwer

FuB3 und Dominanzbestinde treten kaum auf.

Insgesamt bieten Steinbriiche die einmalige Chance, mit geringem Aufwand eine Vielzahl spe-
zialisierter Arten des nahrstoffarmen Offenlandes langfristig zu erhalten. In Heiden, Kalkmager-
rasen oder auf ehemaligen militirischen Ubungsplitzen ist beispielsweise ein viel hoherer finan-
zieller Aufwand notwendig, um dhliche Effekte zu erzielen, da die Sukzessionsgeschwindigkeiten
aufgrund der tiefgriindigeren Béden deutlich hoher sind. In vielen Fallen ist das Management sogar
nicht ausreichend, um das Aussterben der Arten zu verhindern. Ein Beispiel hierfiir — unter vielen
— ist der Argus-Blauling (Miinsch & Fartmann 2022).

8.3 Rechtliche Grundlagen des Gesteinsabbaus

Viele Herrichtungspline fiir Gesteinsabbaustitten stammen noch aus einer Zeit als die herausra-
gende Bedeutung von Steinbriichen fir den Biodiversititsschutz erst in Ansdtzen bekannt war
(Poschlod et al. 1997). Entsprechend schen viele dieser Pline nach Beendigung des Abbaus eine
Verfullung und anschlieBende Aufforstung der Steinbriiche vor (Krauss et al. 2009, Tropek et al.
2010, Minsch & Fartmann 2022). Aufgrund der gegenwirtigen Biodiversititskrise (IPBES 2019,
Cardoso et al. 2020, Fartmann et al. 2021) sind derartige Vorgaben nicht mehr zeitgemil3. Ent-
sprechend sollten auch bereits bestehende Herrichtungspline gemil3 den in Kap. 8.2 gemachten

Vorgaben angepasst werden.

Die aktuelle Genehmigungspraxis zielt insbesondere auf die Erweiterung bestehender Stein-
briiche oder die Neuanlage im Umfeld davon ab (Kettermann et al. 2022). Diese Praxis sollte bei-
behalten werden. Steinbriiche, die sich schon lange im Abbau befinden, stellen oft die letzten Re-
fugien fir Arten der traditionell genutzten Kulturlandschaften dar (Kap. 7). Durch die Erweiterung
von Steinbriichen oder die Entstechung von Steinbriichen in der unmittelbaren Nachbarschaft
konnen diese Arten leicht in die neu entstehenden Habitate einwandern und somit den langfristigen

Fortbestand ihrer Populationen sichern.

Aktive Steinbriiche sind dulerst dynamische Lebensraume. Dies gilt es zwingend bei Geneh-
migungsverfahren zu beachten. Einerseits schafft der Gesteinsabbau immer wieder Lebensraume
fir viele hoch spezialisierte und gefahrdete Arten, andererseits werden durch die Abbautitigkeit

auch regelmiBlig Lebensrdume zerstort und Individuen getétet. Bis in die heutige Zeit werden
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allerdings Vorkommen von planungsrelevanten Arten in Bereichen, die fiir eine Erweiterung der
Abbautitigkeit avisiert sind, von Steinbruchbetreibern und teilweise auch von Naturschutzbe-
hérden als ein Hemmnis fiir eine Genehmigung eines solchen Abbaus angesehen (eig. Beob.). Dies
fuhrt teilweise immer noch dazu, dass Steinbruchbetreiber von vornherein versuchen, die Ent-
stechung von Lebensrdumen fur planungsrelevante Arten im Keim zu ersticken. Dies gilt insbe-

sondere fur Gewasser.

Um dieses Dilemma aufzul6sen und den Blick stirker auf den dynamischen Charakter von
Steinbriichen zu richten, haben verschiedene Institutionen des Naturschutzes (NABU, Landes-
bund fir Vogelschutz) und der Rohstoffgewinnung im Jahr 2020 das gemeinsame Diskussions-
papier ,,Natur auf Zeit in Rohstoffgewinnungsstitten® veroffentlicht (https://www.nabu.de/news
/2020/08/28465.html). Die Forderungen des Papiers sind aus Griinden des Biodiversititsschutzes

zu begriilen und sollten zu einem Standard fiir Abbaustitten in Mitteleuropa werden. Im Prinzip

geht es darum, die Bedeutung der Dynamik fir die Erhaltung der Biodiversitit in Steinbriichen
anzuerkennen und weniger eine einzelne Teilpopulation einer naturschutzrelevanten Art zu
schiitzen, die durch den Abbau méglicherweise negativ betroffen ist. Vielmehr soll das langfristige
Uberleben der Gesamtpopulation der Art in einem Steinbruch oder einem Steinbruchverbund im
Mittelpunkt stehen.

Zusammenfassung

In Deutschland fehlen generell zukunftsfihige Konzepte zur Erhaltung der Artenvielfalt, die so-
wohl die Auswirkungen des Landnutzungs- als auch des Klimawandels hinreichend berticksichti-
gen. Dies gilt auch fiir Steinbriiche, die aufgrund des globalen Baubooms und damit zusammen-
hingend einer stark gestiegenen Nachfrage nach Baumaterial — wie Zement oder Steinen — eine

zunehmend groBere Bedeutung erlangen.

Am Beispiel von Pflanzen, Amphibien, Tagfaltern und Wildbienen wurde in diesem Projekt
untersucht, welche Faktoren der Habitat- und Landschaftsqualitit fiir die Ausbildung artenreicher
Biozoénosen in Steinbriichen verantwortlich sind. Ein besonderer Fokus lag hierbei auf der Be-
trachtung gefdhrdeter Arten. Aufbauend auf den eigenen Studien und Erkenntnissen aus Ab-
schlussarbeiten zu Végeln und Libellen wurden wissenschaftlich-fundierte Handlungsempfeh-
lungen zum biodiversititsfordernden und nachhaltigen Management von Steinbriichen in Mittel-

europa erarbeitet.

Unsere Studien zeigen, das Steinbriiche — insbesondere aktive mit langer Abbautradition — oft
Refugien fir seltene Arten und Hotspots der Artenvielfalt in Mitteleuropa sind. Sie sind durch eine
extrem geringe Sukzessionsgeschwindigkeiten gekennzeichnet, da nach der Abbautitigkeit zu-
nichst eine Oberbodenauflage fehlt. Entsprechend bleiben frithe Sukzessionsstadien mit einem
warmen Mikroklima mitunter tber Jahrzehnte ohne weiteres Management erhalten. Eine so lange
Persistenz frither Sukzessionsstadien ohne regelmaf3ige Nutzung ist im heutigen Mitteleuropa ein
Alleinstellungsmerkmal. Aktive Steinbriiche weisen dartiber hinaus eine zweite Besonderheit auf:

sie sind durch eine hohe zeitliche und rdumliche Dynamik gekennzeichnet.

Aus Naturschutzsicht hat die Erhaltung frither Sukzessionsstadien mit einem warmen Mikro-

klima in Steinbriichen eine besondere Relevanz. Von zentraler Bedeutung sind insbesondere vier
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Habitattypen: offene Felswinde mit Nischen sowie jeweils besonnte Abbruchkanten/Erdwille,
blumenreiche Ruderalvegetation und Temporirgewasser mit ausgedehnten amphibischen Zonen.
Insgesamt bieten Steinbriiche die einmalige Chance, mit geringem Aufwand eine Vielzahl speziali-

sierter Arten des nahrstoffarmen Offenlandes langfristig zu erhalten.

Viele Herrichtungspline fiir Gesteinsabbaustitten stammen noch aus einer Zeit als die heraus-
ragende Bedeutung von Steinbriichen fiir den Biodiversititsschutz erst in Ansitzen bekannt war.
Entsprechend sehen viele dieser Pline nach Beendigung des Abbaus eine Verfillung und anschlie-
Bende Aufforstung der Steinbriiche vor. Aufgrund der gegenwirtigen Biodiversititskrise sind der-
artige Vorgaben nicht mehr zeitgemil3. Entsprechend sollten auch bereits bestehende Herrich-

tungspline gemal3 den zuvor gemachten Vorgaben angepasst werden.

Danksagung

Unser Dank gilt zunichst allen Steinbruchbetreibern, die uns den Zugang zu ihren Abbaustitten
gewihrt haben. Naturschutzfachliche Ausnahmegenehmigungen fiir die Untersuchungen wurden
durch die jeweiligen Unteren Naturschutzbehoden erteilt. Folgende Projektpartner haben sich in-
tensiv an den regelmiBigen Treffen der projektbegleitenden Arbeitsgruppe beteiligt: Heidel-
bergCement AG (Werk Geseke, Herr Dr.-Ing. Steffen Gajewski), Lhoist-Group Germany (Rhein-
kalk GmbH, Werk Messinghausen & Rosenbeck, Herr Stefan Flugge, Herr Matthias Hannappel),
TERRA.vita — UNESCO Global Geopark (Osnabriick, Herr Hans-Hartmut Escher) und Vero
Verband der Bau- und Rohstoffindustrie e.V. (Herr Raimo Benger). Die fachliche Betreuung des
Projekts oblag — in gewohnt professioneller Weise — Herrn Dr. Reinhard Stock (DBU; Fachreferent
Naturschutz; Abteilung Umweltforschung und Naturschutz).
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Limestone quarries are the most important refuge for a
formerly widespread grassland butterfly
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Abstract. 1. Calcareous grasslands have an outstanding value for nature conservation.
However, during the last century, they have suffered from severe area loss, fragmentation
and degradation.

2. Here, we studied the influence of macroclimate, landscape quality and habitat qual-
ity on populations of the Silver-studded Blue, Plebejus argus, in calcareous grasslands
and limestone quarries in a Central European landscape.

3. Our study revealed that limestone quarries, especially those being actively man-
aged, are the most important refuge for P. argus. Originally, the species was common
in calcareous grasslands across the study area. More recently, however, patch occupancy
was five times higher at quarries compared to calcareous grasslands and mean adult
abundance nearly four times higher at occupied quarries than at occupied grasslands.
The key driver of patch occupancy and adult abundance was a high abundance of the host
plant. Adult abundance, additionally, increased with a sparse vegetation and a high cover
of bedrock.

4. The deterioration of habitat quality due to abandonment and decreasing grazing
intensity has resulted in a strong decline of P. argus in calcareous grasslands. In contrast,
quarries exhibit a very low successional speed due to their shallow soils. Hence, they are
characterised by a high habitat quality for P. argus, i.e. dense stands of the host plant L.
corniculatus, which grow on skeletal soils providing warm microclimatic conditions.

5. Preserving limestone quarries with their early-successional stages is of crucial
importance for the conservation of P. argus.

Key words. Calcareous grassland, early-successional stage, habitat quality, host-plant
abundance, microclimate, patch connectivity.

Introduction Commission, 1992). They are of prime importance for plants and
many groups of insects (Wilson et al., 2012; Bonari et al., 2017,
Loffler et al., 2020; Poniatowski et al, 2020; Helbing
et al., 2021). For example, about 50% of all native European butter-

fly species occur in calcareous grasslands (van Swaay, 2002; van

Calcareous grasslands are among the most species-rich habitat types
across Europe (Poschlod & Wallis de Vries, 2002; Wallis de Vries
et al., 2002). However, during the last century, agricultural intensi-

fication, eutrophication, afforestation and abandonment of tradi-
tional land use have caused a severe loss, fragmentation and
degradation of calcareous grasslands (Poschlod & Wallis de
Vries, 2002; Wallis de Vries et al., 2002; Veen et al., 2009). Due
to their status as biodiversity hotspots and the threats they face,
they are protected by the EU Habitats Directive (European

Correspondence: Thorsten Miinsch, Department of Biodiversity and
Landscape Ecology, Osnabriick University, Barbarastrae 11, 49076
Osnabriick, Germany. E-mail: thorsten.muensch@uos.de

Swaay et al., 2006).

Butterflies are characterised by very specific habitat requirements
(Garcia-Barros & Fartmann, 2009; Dennis, 2010). Host-plant avail-
ability and microclimatic conditions are the most important predic-
tors of butterfly habitat quality (Garcfa-Barros & Fartmann, 2009;
Curtis et al., 2015). The microclimate within a butterfly habitat is
mainly influenced by vegetation structure (Garcia-Barros &
Fartmann, 2009; Scherer et al., 2021), which usually depends on
land use (Dover & Settele, 2009). Most thermophilous habitat-
specialist butterflies require warm microhabitats for oviposition

200 ©2021 The Authors. Insect Conservation and Diversity published by John Wiley & Sons Ltd on behalf of Royal Entomological Society.
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(e.g. Roy & Thomas, 2003; Krimer et al., 2012a). This is espe-
cially true for regions with a cool macroclimate, such as most
of western or Central Europe. Here, they often depend on the
carliest successional stages (Thomas, 1993; Roy &
Thomas, 2003) and are among the most strongly declining
species (Eskildsen et al., 2015; Habel ef al., 2019). Besides
habitat quality, the distribution of habitat-specialist butterflies
in cultivated landscapes usually depends on patch size and
patch connectivity (Eichel & Fartmann, 2008; Stuhldreher &
Fartmann, 2014; Poniatowski et al., 2018b).

The Silver-studded Blue, Plebejus argus (Linnaeus 1758), is a
thermophilous habitat specialist, and calcareous grasslands are one
of its main habitats (Asher ef al., 2001; Nunner, 2013). In western
and Central Europe, the species has disappeared from many areas
in recent decades (Bos et al., 2006; Fox et al, 2006;
Meineke, 2020). Habitat loss and the deterioration of habitat quality
due to the abandonment of traditional land use are assumed to be the
main drivers of the decline (Asher er al., 2001; Stefanescu
et al., 2009). For Great Britain, detailed studies on the habitat
requirements of P. argus in calcareous grasslands are available
(Thomas 1985a, 1985b; Lewis et al., 1997; Dennis &
Sparks, 2006). Based on this research, the species depends on
early-successional habitats, which provide warm microclimatic con-
ditions for larval development.

In this article, we studied patch occupancy and abundance of
P. argus in calcareous grasslands and limestone quarries in a
Central European landscape with intensive agriculture and for-
estry. We analysed the influence of macroclimate, landscape
quality and habitat quality on patch occupancy and abundance
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of the species. The aim of our study was to compare the environ-
mental conditions of occupied and vacant habitat patches to
determine the drivers of local population extinctions. Based on
our results, we make management recommendations for the con-
servation of P. argus in Central European landscapes.

Materials and methods
Study area

The study area, the Diemel Valley and directly adjoining Brilon
Plateau, is about 510 km? large and located in Central Germany
along the border between the federal states of North Rhine-
Westphalia and Hesse (51°22°N/8°28’E and 51°38’N/9°28’E)
(Fig. 1). It exhibits the largest area of semi-dry calcareous grasslands
(~775 ha) in the northern half of Germany (Fartmann, 2004, 2006).
Open limestone quarries are also widespread (~205 ha). Both cal-
careous grasslands and limestone quarries are surrounded by a
matrix of intensively used agricultural land and forests
(Fartmann, 2004; Poniatowski et al., 2020).

The climate is subatlantic and varies greatly with elevation
(Fartmann, 2004). The Brilon Plateau (360-600 m a.s.l.) is the
coolest (annual mean temperature: 7.9 °C) and wettest (annual
precipitation: 1073 mm) part of the study area [meteorological
values are long-term means (1981-2010) and were derived from
1-km? grid datasets; Germany’s National Meteorological Ser-
vice, pers. comm.]. The Upper Diemel Valley (200-600 m a.s.
1.) is similarly cool (8.1 °C), but the precipitation is lower

Silver-studded Blue
(Plebejus argus)

‘.

Quarries Calcareous grasslands

W occupied ® occupied
O vacant © vacant
] unoccupied unoccupied
500 400 300 200 100 ma.s.l. 0 5 10 15 km A
= Rivers = Limit of study sub-areas L | 1 J

Fig 1. Location of the study area in Germany (inlay) and distribution of quarries (n = 51) and calcareous grasslands (n = 99) in the study area. Towns are

indicated by red squares.

© 2021 The Authors. Insect Conservation and Diversity published by John Wiley & Sons Ltd on behalf of Royal Entomological Society.,

Insect Conservation and Diversity, 15,200-212




Endbericht = Biodiversitit und Management von Steinbriichen

Universitit Osnabriick

202 Thorsten Miinsch and Thomas Fartmann

(845 mm). In the Middle Diemel Valley (140—400 m a.s.l.), the
precipitation is even lower (737 mm) and the temperature is
higher (8.8 °C). The Lower Diemel Valley (100-375 m a.s.l.)
is the warmest (9.0 °C) part of the study area. Here, precipitation
(788 mm) is slightly higher compared to the Middle Diemel Val-
ley (Stuhldreher & Fartmann, 2018).

Calcareous grasslands are widespread in all four subareas
(Glockner & Fartmann, 2003; Fartmann, 2004, 2006). However,
almost two-thirds (61%) of the limestone quarries are situated in
the coolest subareas, the Brilon Plateau and the Upper Diemel
Valley. Additionally, except three, all quarries still used for
active mining are located in these subareas. Further information
on the Brilon Plateau is available in the study by Glockner and
Fartmann (2003). A detailed description of the Diemel Valley
is given by Fartmann (2004, 2006).

Study species

The Silver-studded Blue, Plebejus argus (Linnaeus 1758), is a
lycaenid butterfly with a Palearctic distribution ranging from
England eastwards across temperate Asia and Siberia to Japan,
and from the Mediterranean region (36° N) to Fenno-
Scandinavia (69° N) (Nunner, 2013; Meineke, 2020). In our
study area, the species is univoltine and has a flight peak between
mid-June and mid-July (Fartmann, 2004).

Plebejus argus colonises nutrient-poor, open habitats, such as
degraded raised bogs, heathlands and calcareous grasslands
(Nunner, 2013; Schirmel & Fartmann, 2014). Within its habitats,
the species is dependent on early-successional stages with low-
growing, sparse vegetation and a high proportion of bare ground
or bedrock for oviposition (Thomas, 1985a, 1985b; Asher
et al., 2001; Schirmel & Fartmann, 2014). Females deposit their
eggs singly close to their host plants (Thomas, 1985b; Asher
et al., 2001). On calcareous soils, Lotus corniculatus is the main
host plant (Thomas, 1985a; Thomas er al., 1999; Asher
et al., 2001). Within our study area, the occurrence of P. argus is
restricted to calcareous grasslands and limestone quarries with L.
corniculatus as the most important host plant (Fartmann, 2004). Ple-
bejus argus hibernates in the egg stage, and larvae hatch towards the
end of March (Bos et al., 2006). Both the caterpillars and pupae
have a strong mutualistic relationship with ants of the genus Lasius
(Hymenoptera: Formicidae). On calcareous soils, Lasius alienus is
usually the main host (Jordano er al, 1992; Jordano &
Thomas, 1992). From the end of May to early June, the larvae
pupate near or most often within the ant nests (Asher et al., 2001).
Adults hatch after 13-20 days of pupation (Bos et al., 2006).

In the first half of the 20th century, P. argus was common and
widespread in calcareous grasslands of the Diemel Valley
(Retzlaff, 1973). However, already by the end of the last century,
the species had become very rare in calcareous grasslands in this
part of the study area (Fartmann, 2004). In contrast, in limestone
quarries, P. argus still occurred regularly in high densities. For
the Brilon Plateau, no data on the distribution of P. argus during
the last century are available (Glockner & Fartmann, 2003). In
Hesse and North Rhine-Westphalia, the species is considered
vulnerable and endangered, respectively (Lange & Brockmann,
2009; Schumacher, 2011).

Sampling design

In this study, we surveyed a total of 150 patches: 99 calcareous
grasslands (GRASS) and 51 limestone quarries (QUARRY).
Data on the occurrence of GRASS and QUARRY in the
study area were derived from Glockner and Fartmann (2003),
Fartmann (2004) and Stuhldreher and Fartmann (2018). Data
on historic records of P. argus were taken from Retzlaff (1973),
Glockner and Fartmann (2003) and Fartmann (2004). The data
were used to identify all formerly occupied patches in the study
area. Patches were regarded as discrete if they were separated
from each other by more than 50 m of non-habitat, such as forest,
improved grassland and arable fields (e.g. Krimer et al., 2012b;
Poniatowski et al., 2018b). Additionally, we distinguished the
habitat patches based on their occupancy by P. argus
(cf. ‘Patch occupancy’ section) into the six following habitat
types: (i) occupied QUARRY, (ii) occupied GRASS,
(iii) vacant QUARRY, (iv) vacant GRASS, (v) unoccupied
QUARRY and (vi) unoccupied GRASS (Fig. 1). Vacant patches
were occupied by P. argus in the past whereas the former status
of the unoccupied patches is unknown. In order to determine the
drivers of local population extinction only occupied and vacant
patches were used for the analysis of the species’ habitat charac-
teristics. Further details on the sampling of P. argus and its patch
occupancy are given in the ‘Butterfly sampling’ section.

Environmental conditions

Macroclimate.  Characteristics of the local climate of each
patch (mean number of frost days, mean annual precipitation
and mean annual temperature) were derived from 1-km? grid
datasets of Germany’s National Meteorological Service (pers.
comm.), which contain 10-year (2010-2019) mean values. The
mean elevation (m a.s.l.) of the patches was calculated from
topographic maps using ArcGIS 10.2.

Landscape and habitat quality.  For each occupied and
vacant patch, we assessed several parameters of landscape and
habitat quality (Tables 1 and 2). Landscape quality parameters
were ascertained for unoccupied patches as well (Supporting
Information Table S1 and Table S2). Concerning land-use of
GRASS and QUARRY, we distinguished between managed
and abandoned patches. The former comprised grasslands regu-
larly grazed by sheep and goats (at least once per year) and
quarries still used for mining (Table 1; Supporting Information
Table S1). In managed quarries, partly shrub removal was also
regularly carried out to avoid excessive shrub encroachment.

The landscape-quality parameters patch size and patch con-
nectivity were determined on the basis of aerial photographs
using ArcGIS 10.2 (Table 2; Supporting Information Table S2).
The size of the patches varied between 0.2 and 15.8 ha (mean:
2.6 £ 0.3 ha). Connectivity of the patches was measured as the
geometric mean of the next three populated patches (Eichel &
Fartmann, 2008; Scherer er al., 2021). Edge-to-edge distances
from the focal patch to the three other patches were computed
using the proximity-analysis tool ‘near table’ in ArcGIS 10.2.
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Table 1. Absolute and relative frequencies of the nominal variables
‘habitat type’ and ‘land use’ at occupied and vacant patches of Plebejus
argus.

Occupied (n = 29) Vacant (n = 22)

Parameter N % N %o P
Habitat type ¥
QUARRY 21 72.4 8 27.6
GRASS 8 36.4 14 63.6
Land use
QUARRY ¥
Managed 9 100.0 0 0.0
Abandoned 12 60.0 8 40.0
GRASS ¥
Managed 8 57.1 6 429
Abandoned 0 0.0 8 100.0

Differences in absolute frequencies between habitat types were analysed
with Fisher’s exact test. Significance levels are indicated as
follows: *P < 0.05.

Connectivity of the patches varied between 0.3 and 12.7 km
(mean: 4.2 + 0.2 km).

We sampled habitat-quality parameters once at the beginning
of July 2019 (Table 2). On each occupied and vacant patch, we
recorded several vegetation-structure parameters, abundance of
the main host plant (L. corniculatus) and soil depth at three ran-
domly selected plots of 4 m?(2 m x 2 m). The following param-
eters of horizontal vegetation structure were estimated (in 5%
steps): the cover of herbs, grasses, litter, mosses, small shrubs
(<0.5 m) and bare ground as well as gravel, stones and rocks
(hereinafter termed ‘bedrock’). In cases where cover was above
95% or below 5%, 2.5% steps were used. The mean value of
the average vegetation height was calculated from measurements
at three random points within each plot. Vegetation density was
estimated using a wire-framed box (50 cm x 30 cm x 30 cm),
which was open on all sides except the back. Horizontal wires
on the front side of the box divided it into six height layers of
5 cm each to estimate the vegetation density between 0 and
30 cm above ground. The cover of each layer was viewed hori-
zontally against the bright back of the box, using the same clas-
ses as for the horizontal vegetation structure (Fartmann
et al., 2012; Loffler & Fartmann, 2017). Soil depth was mea-
sured at the centre of each plot using a metal rod with length
marks (Poniatowski et al., 2020). For further analyses, we calcu-
lated mean values of the three plots.

We sampled sunshine duration and air temperature as micro-
climatic parameters. The potential daily sunshine duration for
the month June was measured in the field with an accuracy of
'/+ h using a horizontoscope (Streitberger & Fartmann, 2015).
Air temperature was ascertained for each of the four habitat
types. The patches were randomly selected and the number of
replicates per habitat type was five. We installed Hygrochron
temperature data loggers (iButton, Maxim/Dallas, DS1923,
USA) 10 cm above ground. They were placed in a self-
constructed radiation shield to protect the sensor from direct sun-
light and precipitation (Stuhldreher & Fartmann, 2018). The

Quarries are refuges for a rare butterfly 203
radiation shield consisted of a white metal case with an inte-
grated Styrofoam insulation (1 cm thick) to prevent the data log-
gers from overheating on sunny days. The data loggers recorded
air temperature once every hour with an accuracy of 0.5 °C for
14 days from 23 July until 5 August 2019.

Since the data loggers were placed in distinct patches, we trea-
ted them as statistically independent units. The values recorded
by one and the same data logger, however, were not independent
of each other. Hence, we averaged the hourly recorded values of
each logger over the entire measurement period and used these
averages for our analyses. Accordingly, differences between
the mean values of distinct data loggers reflect the microclimatic
differences between patches (Stuhldreher & Fartmann, 2018).
Furthermore, we analysed microclimatic differences between
habitat types for daytime and night-time separately. As the ther-
mal effects of solar radiation are weak shortly after sunrise, but
especially in summer the aftereffects last a relatively long time
until sunset, daytime was defined as the period from two hours
after sunrise to sunset (8:00 a.m. to 9:00 p.m.). Consequently,
all recorded values within this period were assigned to daytime,
while all other measurements (10:00 p.m. to 7:00 a.m.) were
assigned to night-time.

Butterfly sampling

Patch occupancy.  In 2018 and 2019, respectively, all
patches of GRASS (7 = 99) and QUARRY (n = 51) in the study
area were surveyed up to two times during the peak of the spe-
cies’ flight period between mid-June and the beginning of July,
with a time interval of at least two weeks between each survey
(cf. Ockingcr, 2006; Eichel & Fartmann, 2008). To assess the
occupancy of P. argus, transect walks were done between
10 a.m. and 5 p.m. under suitable weather conditions (dry, sunny
days with temperatures >18 °C and low wind speed). In every
patch, adults of P. argus were recorded walking in loops cover-
ing all open habitat structures with a width of 5 m between each
loop. Only GRASS and QUARRY without evidence for occu-
pancy of the species during the first survey were investigated a
second time. According to Poniatowski et al. (2018b), a patch
was classified as occupied if at least three adults (as an indicator
for an indigenous population) were detected.

Abundance.  Based on the patch occupancy survey, we
sampled the abundance of adult P. argus in all occupied patches
in 2019. Butterflies were sampled in plots of 500 m?
(20 m x 25 m) size at that part of the patch with the highest adult
density using standardised transect counts (Pollard &
Yates, 1993; Kramer et al., 2012b). We recorded the number
of adult individuals inside the plots in loops with a width of
5 m. Each transect count took 15 min, excluding identification
time for critical individuals (Krdmer et al., 2012b). All plots were
visited twice throughout the peak of the species’ flight period
(mid-June to early July) between 10:00 a.m. and 5:00 p.m. and
only during suitable weather conditions (cf. ‘Patch occupancy’
section). The chronological order of the sampling of the transect
plots was based on the climatic gradient across the four subareas
(Lower Diemel Valley > Middle Diemel Valley > Upper Diemel
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Table 2. Mean values (+SE) of all numerical environmental parameters at the four habitat types. Differences among habitat types were analysed by
LMM/GLMM and subsequent Tukey contrasts, see materials and methods for details.

Occupied (n = 29)

Vacant (n = 22)

QUARRY GRASS QUARRY GRASS
Parameters (n=21) (n=218) (n=238) (n=14) P rs Used variables
Macroclimate
Elevation (m a.s.].) 380.8 £ 17.7* 314.1 +£39.8" 2529 +21.0° 221.5+ 104> =% (.82
Frost days® 802+ 14" 774+ 1.9°  744+16° 727+08° #* —086 p  Temperature
Precipitation (mm)” 746.8 £ 20.4" 730.4 + 343" 6533+ 11.8° 6580+ 7.6 *r  —0.83
Temperature (°C)° 9.1£0.1* 9.3+ 0.2 9.6 +0.1° 9.7+£0.1° #1100
Landscape quality
Patch size (ha) 1.0 +0.1 0.8 402 1.4+02 27407 ns.
Patch connectivity (km)” 1.8+ 04" 3.0 £ 0.5%® 4.8 +0.6° 6.1 £0.7° ek
Habitat quality
Sunshine (h)® 134405 123 +0.7° 104 +0.8°  11.84+05" =
Vegetation structure
Vegetation density (%)
0-5 cm 653 +27°  71.0+£34"  867+53% 946421° ek (79
10-15 cm 279 +£27°  19.0+2.1° 492488 529466 100 p  Vegetation density, 1015 cm
20-25 cm 50+£09"  23+06° 143 £57% 171455 * 0.84
Vegetation height (cm) 143 +1.0°  115+12° 173+21%  198+23" = 0.81
Cover (%)
Bare ground 110+ 1.8 217 +32° 63 +1.2° 49+ 08>
Bedrock" 203 £24° 574+ 1.6" 5.0+ 1.6° 2.1 408" e
Small shrubs (<0.5 m) 0.8 + 0.3 0.9 + 0.3 28+ L1 37409 k=
Herbs 517+ 1.8  41.1+29° 493+ 1.9° 416+ 1.8°  wwx
Grasses 151 +£1.9°  30.0+49° 371 4£37° 512428 #k (083
Host plant L. corniculatus ~ 38.1 £ 2.6 242+ 3.7 15.7 + 3.3% 894+ 1.2° ¥k 100
Mosses 26.1 £34® 173 +£4.1° 36.5+63"  386+53" ¥ 070 p  Loms corniculatus
Litter 45+ 1.4° 54+£27° 304 4+79° 33.04+60°0 k074
Soil depth (cm) 534 0.6" 7.2+ 0.9° 104+ 1.6 187+ 1.6° =% 073

Habitat types without consistent letters indicate significant differences (P < 0.05). Significant differences between the habitat types are also indicated by
bold type. Significance levels are indicated as follows: n.s. not significant, *P < 0.05, **P < 0.01, ***P < 0.001.

“Mean no. of frost days/a.

"Mean annual precipitation (mm).

“Mean annual temperature (°C).

YMean distance to the next three occupied patches.
“Mean potential duration of daily sunshine in June.
'Gravel, stones and rocks.

Valley > Brilon Plateau) in order to take phenological differences
into account. For statistical analyses, the maximum abundance of
the two counts was used (Streitberger er al., 2012; Weking
etal., 2013).

Statistical analysis

Differences in absolute frequencies between the nominal vari-
ables ‘habitat type’ and ‘land use’ of occupied, vacant and unoccu-
pied patches were analysed with Fisher’s exact test (Table 1;
Supporting Information Table S1). For detecting significant differ-
ences in environmental parameters (Table 2; Table S2; Fig. 2) and
butterfly abundance between the habitat types, (generalised) linear
mixed-effect models (GLMM; LMM) were applied (R packages
Ime4, Bates et al., 2020) with ‘subarea’ as a random factor. Habitat
type served as a nominal fixed factor, and the analysed parameters
were used as dependent variables. Depending on the distribution

of the variables, binomial (percentage data), Poisson (count data)
or Gaussian (for square-root- or log-transformed variables with nor-
mal distribution) models were applied with the respective standard
link functions. For reducing overdispersion within the models (bino-
mial/Poisson), observation-level random effects were added as a
random factor (Harrison, 2014, 2015). The overall effect of the
dependent variables on habitat type was analysed by comparing
the full models with reduced models without ‘habitat type’ as the
fixed factor and applying likelihood-ratio tests. Pairwise differences
between the habitat types were detected by applying Tukey con-
trasts (glht function, R package multcomp, Hothorn ez al., 2020).
To determine which environmental parameters explained
patch occupancy and abundance of P. argus, we fited GLMM
(binomial and negative-binomial, respectively). To avoid model
overfitting, in both cases, we performed three different models,
each containing a different set of environmental parameters
(macroclimate, landscape quality and habitat quality, Table 2;
Stuhldreher & Fartmann, 2014). Finally, all significant variables
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Fig 2. Differences in hourly mean air temperature during night-time
(10 p.m. to 7 a.m.) and daytime (8 a.m. to 9 p.m.) between the four hab-
itat types (measurement period: 23 July to 5 August 2019). The boxes
show the median and the first and third quartile, the whiskers indicate
the 10th and 90th percentile. Differences among habitat types were ana-
lysed by GLMM and subsequent Tukey contrasts, see ‘Statistical analy-
sis” section for details. Habitat types without consistent letters indicate
significant differences (P < 0.05).

of the macroclimate, landscape-quality and habitat-quality
models were incorporated into a synthesis model. For all
GLMM, the variables ‘habitat type’ and ‘subarea’ were used as
random factors (Crawley, 2007). In order to increase model
robustness and identify the most important environmental
parameters, we conducted model averaging based on an
information-theoretic approach (Burnham & Anderson, 2002;
Grueber et al., 2011). Model averaging was conducted using
the dredge function (R package MuMIn, Barton, 2020) and
included only top-ranked models within AAICc < 3 (Grueber
et al., 2011). Prior to multivariable analyses, we implemented
Spearman’s rank correlations (rg) between all numerical envi-
ronmental parameters to identify possible intercorrelations. If
parameters were strongly intercorrelated (|rg| > 0.7), only the
most important variable was used in GLMM analyses
(Table 2). All statistical analyses were performed using R 3.5.2
(R Development Core Team, 2019).

Results
Patch occupancy

Swin total, 29 (19%) of the 150 studied patches were occu-
pied by P. argus and 22 (15%) were vacant. All other 99 patches
(66% of all surveyed patches) were unoccupied by P. argus, but
the former occupation status is unknown. Patch occupancy was
five times higher at QUARRY (n = 21, 41% of all surveyed
quarries) compared to GRASS (n = 8, 8% of all surveyed grass-
lands) (Table 1; Supporting Information Table S1). The fre-
quency of occupied and vacant patches differed between
QUARRY and GRASS; at QUARRY, the number of occupied
patches was higher and those of vacant patches were lower.
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Additionally, active management favoured the occurrence of
the species. Patch occupancy was higher at managed QUARRY
than at abandoned QUARRY. At GRASS, even all occupied
patches were managed ones (Table 1). The frequency of unoc-
cupied patches also differed between QUARRY and GRASS,
as the majority of unoccupied patches were GRASS patches
(Table S1).

Except patch size, all metric environmental parameters dif-
fered among the four habitat types (Table 2; Fig. 2). Especially,
occupied patches varied strongly from vacant ones; additionally,
occupied QUARRY was characterised by the most extreme
environmental conditions. All macroclimatic parameters were
intercorrelated (Table 2). Occupied QUARRY was situated at
the highest elevations and was characterised by the highest num-
ber of frost days and annual precipitation as well as the lowest
temperature. Occupied QUARRY differed from vacant patches.
Occupied GRASS had an intermediate position. Occupied
QUARRY had the highest connectivity, differing from vacant
patches. In contrast, occupied GRASS did not differ in any of
the macroclimatic and landscape-quality parameters from any
of the three other habitat types.

When comparing the landscape-quality parameters of all six
habitat types, unoccupied patches differed from occupied
patches. Unoccupied QUARRY patches were larger than occu-
pied patches. Both unoccupied QUARRY and unoccupied
GRASS were less connected than occupied QUARRY and
showed similar patch connectivity values as vacant patches.
Unoccupied QUARRY was situated at higher elevations than
vacant patches. Unoccupied GRASS did not differ in macrocli-
matic parameters from any of the five other habitat types
(Supporting Information Table S2).

Habitat-quality parameters were also strongly intercorrelated
(Table 2). Usually, they reflected a gradient from occupied
QUARRY to occupied GRASS to vacant patches. Along this
gradient, vegetation density, vegetation height, the cover of
small shrubs, mosses, grasses and litter as well as soil depth
increased. In contrast, the cover of bare ground, bedrock, herbs
and the host plant L. corniculatus decreased. Sunshine duration
was lowest in vacant QUARRY, differing from the three other
habitat types. Since vegetation structure and sunshine duration
strongly differed among the habitat types, temperature in the
microhabitats did so too (Fig. 2). During daytime, temperatures
decreased from occupied QUARRY to vacant GRASS to vacant
QUARRY. Occupied GRASS had an intermediate position. At
night-time, the pattern was similar, however, only occupied
QUARRY differed from vacant QUARRY.

The GLMM analysis identified macroclimate, landscape
quality and habitat quality as drivers of patch occupancy of
P. argus (Table 3). In the macroclimate model, patch occu-
pancy of P. argus decreased with temperature. The
landscape-quality model revealed a positive relationship
between connectivity of the patches and patch occupancy. In
the habitat-quality model, the occurrence of the species was
best predicted by the cover of the host plant, L. corniculatus.
In the synthesis model, the cover of the host plant remained
as the only predictor variable (Table 3, Fig. 3). For all models,
the explanatory power and the discriminative ability was high
(R*GLazvm 0.35-0.87, AUC 0.89-0.97).
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Abundance

Mean abundance of adult P. argus was nearly four times
higher at occupied QUARRY than at occupied GRASS
(Fig. 4). The GLMM analysis detected habitat quality as the
driver of P. argus adult abundance (Table 4). In contrast, macro-
climate and landscape quality had no effect on butterfly abun-
dance. In both the habitat-quality and the synthesis model, the
abundance of the species was best predicted by the cover of the
host plant, L. corniculatus, the cover of bedrock as well as a
low vegetation density (Table 4; Fig. 5). Again, the explanatory
power of the models was high (R*Graamim 0.37-0.41).

Discussion

Our study revealed that limestone quarries are the most impor-
tant refuge for the formerly widespread Silver-studded Blue.
Originally, P. argus was common in calcarcous grasslands
across the study area (Retzlaff, 1973; Fartmann, 2004). More
recently, however, patch occupancy was five times higher at
quarries compared to calcareous grasslands and mean adult
abundance nearly four times higher at occupied quarries than at
occupied grasslands. Active management favoured the occur-
rence of P. argus in quarries and was even an essential prerequi-
site in calcareous grasslands. The key driver of patch occupancy
and adult abundance in the synthesis models was a high abun-
dance of the host plant. Adult abundance, additionally, increased
with a sparse vegetation and a high cover of bedrock.
Macroclimate is an important predictor of butterfly distribution
(Settele et al., 2008; Chen et al., 2011; Devictor et al., 2012). This
has also been documented for many species across the elevational
gradient of the study area (Fartmann, 2004; Stuhldreher &
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Fig 3. Relationship between patch occupancy of Plebejus argus and the
significant parameter (cover of the host plant L. corniculatus) of the aver-
aged synthesis model. The regression slope (including 95% confidence
intervals) was fitted by using single predictor GLMM with binomial error
structure (see Table 3): y = 1/(1 + exp (— (—4.87718 + 0.25596 x L.
corniculatus))), P <001, R’Gimm = 080, R’Giyme = 0.80.
RGramm = variance explained by fixed effects, R?Grame = variance
explained by both fixed and random effects (Nakagawa et al., 2017).

Fartmann, 2018). In our study, we detected a negative relationship
between patch occupancy of P. argus and temperature in the macro-
climate GLMM. Occupied patches situated at higher elevations
were characterised by more frost days, higher precipitation and
lower temperatures than vacant patches. However, it is unlikely that
the observed patterns reflect a genuine preference for cool and wet
climates. In fact, we attribute these relationships by the predominant
occurrence of the main habitat, limestone quarries, especially those

Table 3. Statistics of GLMM: Relationship between patch occupancy of Plebejus argus [binomial response variable: Occupied (n = 29) versus vacant
patches (n = 22)] and several environmental parameters (metric predictor variables). ‘Habitat type’ and ‘subarea’ were used as random factors. Model-
averaged coefficients (conditional average) were derived from the top-ranked models (AAICC < 3).

Parameters Estimate SE Z P chLMMm R? GLMMe AUC
(a) Macroclimate 0.35 0.46 0.89
(Intercept) 34.52 12.60 2.74 %

Temperature —3.63 1.33 —2.74 *

(b) Landscape quality 0.72-0.77 0.75-0.79 0.94
(Intercept) 6.53 2.64 242 *

Connectivity 0.85 0.30 2.78 ¥

Not significant: patch size

(c) Habitat quality 0.84-0.87 0.87-0.89 0.97
(Intercept) -5.15 3.49 1.45 n.s.

Lotus corniculatus 0.27 0.09 2.76 *k

Not significant: sunshine, vegetation density, bare ground, bedrock, small shrubs, herbs

(d) Synthesis model 0.80-0.83 0.82-0.85 0.96
(Intercept) 14.82 15.45 0.95 n.s.

Lotus corniculatus 0.24 0.08 2.70 woE

Not significant: temperature, connectivity

2
R GLMMm

variance explained by fixed effects, R?; . = variance explained by both fixed and random effects (Nakagawa et al., 2017), AUC = area

under the curve; accuracy of model prediction (Fielding & Bell, 1997). Significance levels are indicated as follows: n.s. not significant,

*P <0.05, ¥**P < 0.01.
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Fig 4. Mean (+SE) abundance of Plebejus argus in occupied
QUARRY (n = 21) and occupied GRASS (n = 8). Differences between
the two groups were tested using GLMM, see ‘Statistical analysis’
section for details; *P < 0.05.

with active management, in the highest elevations of the study area
(cf. “Study area’ section). In line with this, P. argus is known to
occur across very different macroclimates throughout Europe
(Nunner, 2013; Meineke, 2020) and is even considered a thermoph-
ilous species (Asher et al., 2001).

Recent studies have shown that the distribution of habitat-
specialist butterflies in cultivated landscapes is mainly driven by
(i) habitat quality within patches, (ii) patch size and (iii) patch con-
nectivity (Eichel & Fartmann, 2008; Stuhldreher & Fartmann, 2014;
Poniatowski et al., 2018b). The relative importance of these fac-
tors, however, depends on the mobility of the species, its pop-
ulation structure and the landscape composition (Dover &
Settele, 2009; Stuhldreher & Fartmann, 2014; Miinsch
et al., 2019). Nonetheless, habitat quality is considered the
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most important predictor of species survival in fragmented
landscapes (Poniatowski et al., 2018b).

Patch size did not affect patch occupancy and abundance in
our study. Plebejus argus is an extremely sedentary butterfly
species (Thomas & Harrison, 1992; Lewis et al., 1997)
and colonised patches are often small. In British calcareous
grasslands, patch size varied mainly between 0.1 and 5 ha
(Thomas, 1985b; Thomas et al., 1992). In our study, occupied
patches were also tiny and had a mean size of 1.0 (quarries)
and 0.8 ha (calcareous grasslands). In contrast, unoccupied
quarries with no information about a former occurrence of
P. argus were much larger (mean size: 6.1 ha) but more isolated
(mean patch connectivity: 4.1 km). Consequently, we assume
that P. argus is able to persist in fairly small habitats if further
patches occur in close proximity or habitat quality is high
(cf. Miinsch et al., 2019). Indeed, patch occupancy increased in
the landscape-quality model with connectivity.

However, habitat quality was the most important driver of
patch occupancy and adult abundance. A high cover of the host
plant L. corniculatus favoured both patch occupancy and butter-
fly abundance. Additionally, abundance of P. argus increased
with early-successional stages, i.e. sparse vegetation and a high
cover of bedrock. Sufficient food is of vital importance for suc-
cessful development of the larvae. Consequently, a high abun-
dance of host plants is known to determine habitat quality in
many butterfly species (Garcia-Barros & Fartmann, 2009; Curtis
etal., 2015).

Vegetation structure is usually interrelated with microclimate
(Stoutjesdijk & Barkman, 1992). Early-successional stages char-
acterised by a sparse vegetation and high cover of bedrock
favour a warm microclimate, which is preferred by various but-
terfly species in general (Garcia-Barros & Fartmann, 2009;
Dennis, 2010) and P. argus in particular (Thomas, 1985b;
Jordano et al., 1992; Hodgson et al., 2015) for oviposition. In

Table 4. Statistics of GLMM: Relationship between the abundance of Plebejus argus at occupied patches [negative-binomial response variable:
Individuals/100 m? (n = 29)] and several environmental parameters (metric predictor variables). ‘Habitat type’ and ‘subarea’ were used as random factors.
Model-averaged coefficients (conditional average) were derived from the top-ranked models (AAICC < 3).

Parameter Estimate SE Z P R Grmmm Rsiitine
(a) Macroclimate

Not significant: temperature

(b) Landscape quality

Not significant: connectivity, patch size

(c) Habitat quality 0.37-0.41 0.37-0.41
(Intercept) 0.34 0.52 0.65 n.s.

Lotus corniculatus 0.03 0.01 3.06 *¥

Bedrock 0.02 0.01 1.97 *

Vegetation density —0.02 0.01 2.08 *

Not significant: sunshine, vegetation height, bare ground, small shrubs, herbs

(d) Synthesis model 0.37-0.41 0.37-0.41
(Intercept) 0.33 0.57 0.56 n.s.

Lotus corniculatus 0.03 0.01 2.95 g

Bedrock 0.02 0.01 2.08 ¥

Vegetation density —0.01 0.01 2.09 ¥

RZGLMM,,, = variance explained by fixed effects, Rzg,MMl. = variance explained by both fixed and random effects (Nakagawa et al., 2017). Significance

levels are indicated as follows: n.s. not significant, *P < 0.05, **P < 0.01.
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Fig 5. Relationship between abundance of Plebejus argus and the sig-
nificant parameters of the averaged synthesis model. The regression
slopes (including 95% confidence intervals) were fitted by using single
predictor GLMM with negative-binomial error structure (see Table 4):
(@ y exp (—1.47512 + 0.07043 x L. corniculatus), P < 0.001,
Rimm = 0.60, R*Game = 0.63; (b) y exp (0.06747
+0.05826 x bedrock), P < 0.01, R*Gramim = 0.38, R2Grame = 0.40;
©) y exp (1.94455-0.02811 x vegetation density), P <0.05,
R Gramm = 0.14, R*Gramse = 0.14. R?Grammm = variance explained by
fixed effects, R*Gane = variance explained by both fixed and random
effects (Nakagawa et al., 2017).

accordance with this, occupied quarries and grasslands were
characterised by higher temperatures during daytime compared
to vacant quarries. Additionally, occupied quarries were also
warmer than vacant grasslands. Besides the immature stages of
P. argus, the host ants also depend on high ambient tempera-
tures. On calcareous soils, Lasius alienus is usually the main host
(Jordano et al., 1992; Jordano & Thomas, 1992). This ant species
is thermophilous and its nest density increases with shallow,
skeletal soils (Jordano et al., 1992; Seifert, 2018). Such soil con-
ditions also foster the colonisation of the host plant, L. cornicu-
latus (Grime et al., 2007).

In recent decades, P. argus has strongly declined in calcareous
grasslands of the study area (Fartmann, 2004), although large
and well-connected calcarcous grasslands with occurrence of
L. corniculatus are still common (Fartmann, 2004; Poniatowski
et al., 2018a, 2018b). Dense stands of L. corniculatus, however,
are rare today in these grasslands (Fartmann, 2004). Most of
these calcareous grasslands have suffered from abandonment
or a decreasing grazing intensity (Fartmann, 2004) favouring
competitive, dense-growing grasses (e.g. Brachypodium pinna-
tum, Bromus erectus) at the expanse of poor competitors such
as L. corniculatus (Grime et al., 2007; Poniatowski
et al., 2018a). In line with this, the few remaining calcareous
grasslands with occurrence of P. argus were all managed ones.
The influence of atmospheric nitrogen deposition possibly also
contributes to the deterioration of habitat quality in calcareous
grasslands. In nutrient-poor habitats on deeper soils eutrophica-
tion promotes the establishment of taller vegetation, resulting
in microclimatic cooling (Wallis de Vries & van Swaay, 2006;
Roth et al., 2021).

In contrast, limestone quarries still host abundant populations
of P. argus in the study area. We explain the higher patch occu-
pancy and adult abundance in quarries especially by a more
favourable habitat quality. Occupied quarries had a much higher
cover of L. corniculatus and bedrock than occupied calcareous
grasslands. In quarries still used for mining, early-successional
stages rich in L. corniculatus as well as gravel, stones or rocks
having a warm microclimate regularly emerge (own observa-
tion). Additionally, and in contrast to calcareous grasslands,
quarries are characterised by a very low successional speed due
to the shallow soils, even without further management after
abandonment of mining (Poschlod et al., 1997, Tropek
et al., 2010). Hence, they are characterised by a suitable habitat
quality for much longer time periods than abandoned calcareous
grasslands, which are strongly dependent on regular manage-
ment. In accordance with this, P. argus has only disappeared
from rather small (mean size: 1.4 ha) and isolated (mean patch
connectivity: 4.8 km) quarries and those that have been aban-
doned for more than 50 years (own observations). Here, the
invasion of woody plants (e.g. Salix caprea, Prunus spinosa,
Rhamnus cathartica, Crataegus spp.) has led to strong shading
of the herb layer (own observation) and, thus, to an adverse
microclimate.

In conclusion, the deterioration of habitat quality due to
abandonment and decreasing grazing intensity has resulted in
a strong decline of P. argus in calcareous grasslands of the
study area. Today, limestone quarries, especially those being
actively managed, are the most important refuges for the
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species. Quarries exhibit a very low successional speed due to
their shallow soils. Hence, they are characterised by a high
habitat quality for P. argus, i.e. dense stands of the host plant
L. corniculatus, which grow on skeletal soils providing warm
microclimatic conditions.

Implications for conservation

Preserving limestone quarries with their early-successional
stages is of crucial importance for the conservation of P.
argus. Hence, in abandoned quarries, technical reclamation
including backfilling and afforestation has to be prevented
(Tropek et al., 2010). Although quarries are characterised by
a very low successional speed (cf. ‘Discussion’ section), trees
and shrubs have to be removed periodically to avoid shading
(Poschlod et al., 1997). In particular in old abandoned
quarries where thicker soil layers have developed, topsoil
removal is important to re-create early-successional stages
(Konvi¢ka & Fric, 2002). The positive effects of topsoil
removal in quarries on P. argus colonies have already been
documented by De Whalley et al. (2006). In their study, the
cover of L. corniculatus increased, the host ant L. alienus
recolonised the restoration sites and the abundance of adult
P. argus also flourished.

In calcareous grasslands, we recommend the reintroduction of
regular, rough grazing with sheep and goats. Such a grazing
regime creates habitat heterogeneity and fosters the expansion
of early-successional stages (Wallis de Vries et al., 2002;
Eichel & Fartmann, 2008). Especially, grazing in winter and
spring seems to be suitable to favour both the host plant and P.
argus. Lotus corniculatus regenerates mainly by seeds and usu-
ally germinates in spring (Grime et al., 2007). Indeed, Goode-
nough and Sharp (2016) detected a strong positive relationship
between grazing in spring and the cover of L. corniculatus in
British calcareous grasslands. In our study area, half of the cal-
careous grasslands currently unoccupied by P. argus are still
managed, but not all grasslands are grazed multiple times every
year. This implies that the intensity and seasonal time interval
of the present grazing regime does not favour the habitat
demands of our target species. Therefore, we suggest that the
intensification of the management regime of these grasslands
should be adjusted at least partly.

Additionally, maintaining a dense network of suitable habitat
patches appears to be crucial for the species’ persistence in frag-
mented landscapes (Lewis et al., 1997; this study). Lewis
et al. (1997) showed that the proportion of P. argus individuals
migrating between habitat patches is generally low and that the
probability of migration does increase with population density.
Therefore, conservation management should focus on quarries
and calcareous grasslands inhabiting large populations. Addi-
tionally, stepping stones should be restored in close vicinity
(mean distance to the next three occupied patches < 2 km)
between these large core populations (Thomas & Harrison, 1992;
Lewis et al., 1997, this study). Currently unoccupied patches
with no historical data about a former patch occupancy but
providing suitable habitat conditions should be particularly
included in this network.
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Table S1 Absolute and relative frequencies of the nominal
variables ‘habitat type’ and ‘land use’ at occupied, vacant and
unoccupied patches of Plebejus argus. Differences in absolute
frequencies between habitat types were analysed with Fisher’s
exact test. Significance levels are indicated as follows: n.s. not
significant, *P < 0.05, ***P < 0.001.

Table S2 Mean values (+ SE) of macroclimatic and landscape
parameters at the six habitat types. Differences among habitat
types were analysed by LMM/GLMM and subsequent Tukey
contrasts, see materials and methods for details. Habitat types
without consistent letters indicate significant differences
(P <0.05). Significant differences between the habitat types
are also indicated by bold type. Significance levels are indicated
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as follows: not *P < 0.05,

%P < 0.001.

n.s. significant, P < (.01,
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Abstract

Open and unreclaimed quarries often host species-rich plant and animal communities. However,
the specific factors that determine biodiversity in such anthropogenic habitats are largely unknown.
This applies in particular to diverse groups of insects. We therefore studied bee assemblages of 16
limestone quarties, eight active and eight abandoned ones, in a Central European landscape with a
long history of quarrying. We analysed the influence of macroclimate, landscape quality and habitat
quality on overall species richness as well as on the number of threatened and oligolectic species.
Our study revealed strong differences in habitat quality and composition of bee assemblages
between active and abandoned quarries. Active quarries were larger, had more different pollen
sources and a higher cover of early but a lower cover of later successional stages than abandoned
quarries. As a result, species richness of bees was higher in active compared to abandoned quarries.
Additionally, active quarries were characterized by a unique bee assemblage consisting of several
indicator species. Availability of pollen sources and nesting habitats predicted bee species richness
in the quarries. Overall, habitat quality and composition of bee assemblages were strongly
dependent on quarry management. Active mining continuously created eatly-successional stages
rich in pollen sources and sunlit nesting habitats, favouring species richness of bees in general and
of threatened and oligolectic species in particular. Successional speed is generally low in quarries.
Nevertheless, in abandoned quarries, later successional stages increasingly dominated due to
ongoing succession and, hence, habitat quality and species richness of bees decreased. Considering
this, we propose to expand existing quarries rather than build new ones. From a conservation point
of view, this approach has several advantages: (i) existing quarries are often already refuges for
colonies of rare species; (i) many species of conservation concern have a low mobility and are
therefore unable to occupy remote habitats and (iii) in the impoverished modern-day landscapes,

source population that may colonize new quarries are often lacking.

Key words: Biodiversity conservation; habitat quality; insect decline; mining site; pollinator

community; successional gradient
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1. Introduction

Semi-natural habitats, such as nutrient-poor grasslands, are hotspots of biodiversity (Feurdean et
al., 2018; Hooftman et al., 2021). However, since the second half of the 19th century, they have
suffered severe habitat loss, in particular due to land-use change (Foley et al., 2005; Stoate et al.,
2009). The habitat depletion has led to a dramatic erosion of biodiversity in general and decrease
of insects in particular (Cardoso et al., 2020; Sanchez-Bayo and Wyckhuys, 2019; Wagner, 2020).
Today, the remaining semi-natural habitats are often islands in an intensively managed agricultural
landscape (Deak et al., 2021; Poniatowski et al., 2018). To counteract the ongoing loss of insect
diversity, the maintenance of these habitat remnants is of crucial importance (Samways et al., 2020).
Moreover, secondary habitats may also contribute to biodiversity conservation in such landscapes
(Gueth et al., 2021; Heneberg et al., 2018; Kaur et al., 2019; Torma et al., 2018).

A prominent example therefor are quarries (Benes et al.,, 2003; Mtinsch and Fartmann, 2022;
Prach et al., 2014; Tropek et al., 2010; Tropek and Konvicka, 2008). For a long time, they had a
negative image among conservationists and were considered to be scars in the landscape (Benes et
al., 2003). Indeed, quarrying results in fundamental changes of the environmental conditions and
landscape, since existing vegetation and top soil are removed (Bétard, 2013; Kalarus et al., 2019).
After abandonment of mining, quarries were often reclaimed and afforested (Krauss et al., 2009;
Tropek et al., 2010). However, by now, it has been proven that open and unreclaimed quarries
often host species-rich plant and animal communities (Benes et al., 2003; Rehounkovi et al., 2020;
Salek, 2012; Tropek et al., 2010). Many quarries are characterized by sparsely-vegetated early-
successional stages providing warm microclimatic conditions. Hence, quarries may become
important habitats for xero-thermophilous and commonly threatened habitat specialists (Benes et
al., 2003; Minsch and Fartmann, 2022; Tropek and Konvicka, 2008). Such species have frequently
disappeared from modern-day agricultural landscapes since early-successional stages rich in bare
soil (1) have vanished as a result of habitat loss and (ii) rapidly become overgrown due to the general
eutrophication of the soils (Nijssen et al., 2017). By contrast, successional speed in quarries is low
due to the lack of topsoil and otherwise shallow soil (Gilcher and Trinkle, 2005; Munsch and
Fartmann, 2022; Prach et al., 2011, 2014). So far, there is a gap of knowledge as to whether active
quarries can be as important for biodiversity conservation as abandoned ones (though regarding
for butterflies see Benes et al., 2003; Miinsch and Fartmann, 2022).

In our study, we chose wild bees (hereinafter termed ‘bees’) as a model system. Bees are of great
functional importance as pollinators for wild and crop plants (Klein et al., 2007; Mathiasson and
Rehan, 2020; Waser and Ollerton, 2006; Winfree et al., 2008). The main predictors of species
richness of bees are the diversity of pollen sources (Holzschuh et al., 2008; Roulston and Goodell,
2011; Twerd and Banaszak-Cibicka, 2019) and availability of suitable nesting sites (Potts et al., 2005;
Westrich, 2018). Overall, bees are excellent indicators of environmental conditions (Nielsen et al.,
2011; Westphal et al., 2008). This is especially true for characteristics at the habitat level since bees

are rather sedentary and usually have a small home range (Gathmann and Tscharntke, 2002).

In this paper, we studied the bee assemblages of 16 randomly selected limestone quarries, eight
active and eight abandoned ones, in a Central European landscape with a long history of quarrying.

We analysed the influence of macroclimate, landscape quality and habitat quality on overall species
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richness as well as on the number of threatened and oligolectic species. Based on our results, we

give management recommendations that favour biodiversity in quarries across Central Europe.

2. Material and methods
2.1. Study area

The study was carried out in central Germany, in the eastern part of the German Federal State of
North Rhine-Westphalia. The study area covered approximately 2.800 km* and was divided into
four subareas: (i) Teutoburger Wald, (ii) Lippisches Bergland, (iif) Hellweg and (iv) Oberwilder
Land (Fig. 1). The climate is suboceanic with a mean annual temperature of 9.5 °C and a mean
annual precipitation of 951 mm (meteorological station Bad Lippspringe [157 m a.s.l]; period:
1981-2010; DWD, 2021). The subareas Lippisches Bergland and Oberwilder Land comprise
wooded hills and ridges as well as wide valleys mainly covered by grasslands. The subareas Hellweg
and Teutoburger Wald are located at the southeastern and northeastern edge of the Westphalian
Basin, respectively, which is dominated by agriculture. Quarrying is a century-old tradition in the
study area. The limestone is mined in quarries and used for the production of gravel, bricks,

building material or cement.

2.2. Study plots

Within the study area, a total of 16 limestone quarties, eight active and eight abandoned ones, were
randomly selected (Fig. 1 and 2). Quarry size varied between 6 and 98 ha (mean: 33 ha £ 8 SE).

2.3. Environmental conditions

For each quarry, we sampled environmental parameters of (i) macroclimate, (i) landscape quality
and (iii) habitat quality (Table 1). Climate data were obtained from 1-km? grid datasets of Germany’s
National Meteorological Service (DWD, 2021). For our analyses, we considered average annual
temperature (°C) and precipitation (mm) (long-term mean: 1981-2010). Mean elevation (m a.s.l.)
and latitude of the quarries was taken from topographic maps by using the geographical
information system ArcGIS 10.3.1.

To assess landscape quality, we differentiated four coarse land-use types: arable land, grassland,
forest and urban area (Table 1). We calculated their cover in a radius of 200 m around each quarry

by using aerial photographs with ArcGIS 10.3.1.

Habitat types, density of open earthen banks/scarps (m/10 ha) (Fig. 2a) as the most important
breeding habitat of Central European bees (cf. Westrich, 2018) and quarry size were mapped in
September 2019 for each quarry using aerial photographs and subsequently digitized in ArcGIS
10.3.1 (Table 1). Based on vegetation and habitat structure, we differentiated a maximum of eleven
habitat types: unvegetated (bare ground, gravel or stones), annual and perennial ruderal vegetation,
mesic grasslands, calcareous grassland with and without shrubs, shrubberies, fringes and forests.
The number and proportion of the habitat types per quarry were used to calculate the Shannon
index as a measure of habitat heterogeneity (Krauss et al., 2009; Helbing et al., 2017). All flowering
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plant species that are considered as potential pollen sources for oligolectic bee species according
to Westrich (2018) were counted. All of these plants are also exploited by at least some polylectic
species (cf. Westrich, 2018). During each survey, all habitat types within the respective quarry were
visited and the plant species were noted within one hour. We used the sum of the different detected
plant species across all eight surveys (‘no. of pollen sources’) as an explanatory variable. For
abandoned quarries, we additionally ascertained the year of the last mining activity as a measure for

the effects of succession by interviewing the land owners.
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Figure 1 The study area in the eastern part of North Rhine-Westphalia in central Germany (inlay)
and the location of the four subareas Teutoburger Wald (TEU), Lippisches Bergland (LIP),
Hellweg (HEL) and Oberwilder Land (OBE) with plots (active and abandoned limestone quarries).

2.4. Bee sampling

Bee assemblages were sampled by using the variable transect method (Nielsen et al., 2011; Westphal
et al., 2008) from late March to early September 2019. Each quarry was visited eight times with an
interval of/ three weeks between each survey. During a standardized period of two hours, we
controlled all potential bee resources (flowers, nesting structures) per quarry under favourable
weather conditions (sunny and calm, minimum air temperature: 15 °C) from 10 am to 5 pm.
Detected bees were collected by using an insect net. Species identifiable in the field were released
after determination. All other individuals were killed with ethyl acetate and identified in the lab by

using binoculars. Bees were determined to species level according to the identification keys
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mentioned in Appendix A. For statistical analysis, we classified three groups of bees: all, oligolectic
(according to Westrich, 2018) and threatened species (according to the red data book of North
Rhine-Westphalia [Esser et al., 2010]; including near threatened species).

Figure 2 (a) Example of an earthen bank within a limestone quarry. Such habitat structures offer

valuable nesting opportunities for numerous bee species (Westrich, 2018); (b) overview of an
abandoned limestone quarry in the study area (Photos: M. Kettermann).

2.5. Statistical analysis

All statistical analyses were performed using R 4.4.1 (R Development Core Team, 2021).
Generalised Linear Mixed-effects Models (GLMM) were fitted with ‘subarea’ (see Section 2.1) as a
random intercept (/me4 package; Bates et al., 2021). The environmental parameters (see Section 2.3)
as well as the number of all, threatened and oligolectic bee species (see Section 2.4) were compared
between both quarry types by univariable GLMMs. Depending on the distribution of the response
variable, GLMMs with negative-binomial or Poisson error structure, respectively, were applied.

The significance of the predictor variable was assessed with likelihood-ratio tests (Type III tests).

To identify species that were characteristic either of active or abandoned limestone quarries, an
Indicator Species Analysis (ISA) was carried out using the ‘multipatt’ function in the package
‘indicspecies’ (de Caceres and Legendre, 2009) and the association index “IndVal.g” (de Caceres et
al., 2010). The statistical significance of the indicator values was tested by a permutation test with
9,999 permutations (de Caceres and Legendre, 2009).

To analyse which environmental parameters (see Section 2.3) explained species richness of all,
threatened and oligolectic bees (see Section 2.4) within the quarries (IN = 106), we conducted
multivariable GLMMs. In a preparatory step, prior to the analyses, we tested all predictor variables
for multicollinearity. If two or more variables were strongly intercorrelated (Pearson correlation [,
|7| > 0.6, P < 0.05), just one—the ecologically comprehensible variable—was used for statistical
modelling (e.g. Helbing et al., 2021; Table B1, Appendix B). To avoid model overfitting, the analysis
was performed in two steps: initially, univariable GLMMs were fitted for all combinations of
response and predictor variables in order to detect which predictor variables had an impact on the
given response variable (likelihood-ratio tests, P < 0.05) (Table B2, Appendix B). In a second step,
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the multivariable models were calculated for all, threatened and oligolectic bee species with the
previously determined predictor variables. In order to identify the most relevant environmental
parameters and their relative importance (RI) within our multivariable models, we applied model
averaging based on an information-theoretic approach (Grueber et al., 2011). Model averaging was
conducted using the ‘dredge’ function (package MuMIn; Bartén, 2019) and only included top-
ranked models within AAICc < 3 (cf. Grueber et al., 2011).

To assess the effects of succession within abandoned quarries, we tested whether there was a
relationship between the variable ‘years since last mining’ (see Section 2.2) and the three response
variables (species richness of all, threatened and oligolectic bees) within abandoned quarries.
Therefore, we conducted three univariable GLMMs with a Poisson error structure. We evaluated
the explanatory power of all models by calculating marginal (variance explained by fixed effects)
and conditional analysis (variance explained by both fixed and random effects) R? (Nakagawa et
al.,, 2017).

3. Results

3.1. Environmental conditions

Macroclimate and landscape quality did not differ between the two quarry types (Table 1). The only
exception was the cover of urban area in the surrounding of the quarries, which was higher around
active quarries. By contrast, habitat quality differed considerably between active and abandoned
quarries. Active quarries were larger, had more different pollen sources and a higher cover of early-
successional stages (unvegetated, perennial ruderal vegetation) but a lower cover of later
successional stages (calcareous grasslands with shrubs, shrubberies, forests) than abandoned
quarries. All other parameters of habitat quality did not differ between the two types of quarries.
The last mining activity in abandoned quarries took place 12 to 86 years ago (mean: 39 £ 13 SE).

3.2. Bee species assemblages and response to environmental conditions

In total, we detected 159 bee species in the 16 quarries (Table B3, Appendix B). Among them were
44 threatened (28%) and 35 oligolectic species (22%). Species richness of bees (all, threatened and

oligolectic species) was higher in active compared to abandoned quarries (Fig. 3).

Active quarries were characterized by a unique bee assemblage. The ISA identified six species
indicative for active quarries, among them one threatened species (Oswia adunca) (Table 2). By

contrast, abandoned quarries had no indicator species.
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Table 1 Overview of environmental parameters (mean * SE, minimum and maximum).
Differences in environmental parameters between active (N = 8) and abandoned limestone quarries
(N = 8) were analysed using Generalized Linear Mixed-effects Models (Poisson error structure)
with ‘subarea’ as a random intercept (for details see Section 2.5). Statistical significance is indicated
as follows: n.s. = not significant; P = 0.05; * P < 0.05; ** P < 0.01; *** P < 0.001.

Parameter ACTIVE ABANDONED P
Mean (£ SE) Min.-Max. Mean (£ SE) Min.-Max.
Macroclimate
Elevation (m a.s.l.) 163 £ 21 108-289 208 £ 18 151-310  ns.
Latitude 8.710.1 8-9 9.0+ 0.1 9-9 n.s.
Mean annual precipitation (mm) 917 £ 29 830-1072 915 + 35 815-1088 n.s.
Mean annual temperature (°C) 92102 8-10 91+0.1 9-10 n.s.
Landscape quality*
Arable land (%) 34.0 £ 8.0 11-67 27.1£10.2 0-73 n.s.
Grassland (%) 104 £ 3.0 1-29 20.8£8.2 0-75 n.s.
Forest (%o) 341£7.0 9-55 48.0 £ 8.7 18-88 n.s.
Utrban area (%) 159+ 43 2-38 45+ 3.7 0-30 *
Habitat quality
Habitat types (%)
Unvegetated 2931506 6-59 0.4+0.4 0-3 kot
Annual ruderal vegetation 29.6+ 45 15-57 245169 0-56 n.s.
Perennial ruderal vegetation 6.8+24 1-21 1.0+ 0.5 04 ok
Mesic grassland 1.3£0.6 04 21+15 7-13 n.s.
Calcareous grassland without shrubs 62+17 2-17 10.1 + 4.5 0-40 n.s.
Calcareous grassland with shrubs 40%1.06 0-13 15.7+£39 7-40 ok
Shrubbery 13.7+ 21 7-23 222122 16-30 ok
Fringe 1.8 £ 0.5 04 21108 0-5 n.s.
Forest 42+ 1.4 0-10 213+ 6.0 0-55 ok
Habitat heterogeneity (Shannon index) 1.6+ 0.1 1-2 1.5+ 0.1 1-2 n.s.
Density earthen banks/scarps (m/10ha) 1.6 + 0.4 0.4-3.9 1.5+x04 0.0-33 ns.
No. pollen sources (plant species) 68.0 £ 2.5 57-80 473 £ 6.5 17-64 ok
Quarry size (ha) 52.6 £ 11.1 15-98 141 £ 4.2 635 ok

* Cover of land-use types (%) within a radius of 200 m around each quarry.

Availability of pollen sources was the most important predictor of species richness of bees in
quarries (Table 3, Fig. 4). The number of bee species (all, threatened and oligolectic species)
increased with the number of different pollen sources. Availability of pollen sources was negatively
correlated with the cover of calcareous grasslands with shrubs and positively with the cover of
annual ruderal vegetation (Table B1, Appendix B). Sufficient nesting habitats were also important
for species-rich bee assemblages. A high density of open earthen banks/scarps favoured the
number of all and threatened bee species (Table 3, Fig. 4). Additionally, the overall number of bee

species increased with the cover of unvegetated area, which was positively correlated with quarry
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size but negatively with shrubberies (Table B1, Appendix B). The explanatory power of the
GLMMs was very high (R?, = 0.64-0.90; R% = 0.64-0.92).

(a) All species 15 1 (b) Threatened species 15 1 (c) Oligolectic species
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Figure 3 Mean ( SE) species richness of all (a), threatened (b) and oligolectic bee species (c) in
active (N = 8) and abandoned limestone quarries (N = 8). Differences in species richness between
quarry types were analysed using Generalized Linear Mixed-effects Models (Poisson error
structure) with ‘subarea’ as a random intercept (for details see Section 2.5). Statistical significance
is indicated as follows: * P < 0.05; ** P < 0.01; **x P < (0.001.

Table 2 Results of indicator species analysis: Bee indicator species of active (N = 8) and abandoned
limestone quarries (N = 8). Species are sorted by their indicator values (VI). Only species with
significant IVs are shown. Threatened species are highlighted by bold type. A list of all species is
provided in table Al (Appendix A). % = frequency. Statistical significance is indicated as follows:
* P <0.05; % P<0.01.

Indicator species Quarry type P
Active Abandoned
v % I\Y %
Apndrena gravida 89 100.0 . 25.0 Hok
Hylaeus gredleri 88 87.5 . 12.5 K
Hylaeus signatus 85 100.0 . 37.5 *
Lasioglossum calceatum 85 100.0 . 37.5 *
Osmia adunca 80 75.0 . 12.5 *
Sphecodes geofrellus 80 75.0 . 12.5 *

Table 3 Multivariable models: Effects of environmental parameters (predictor variables) on the
number of all (a), threatened (b) and oligolectic bee species (c) within quarries (N = 16). Effects
were analysed using Generalized Linear Mixed-effects Models (GLMM) (Poisson error structure)
with ‘subarea’ as a random intercept. Model-averaged coefficients (conditional average) were
derived from the top-ranked GLMM (AAICc < 3). R?, = variance explained by fixed effects, R% =
variance explained by both fixed and random effects (Nakagawa et al., 2017). RI = relative
parameter importance (see Section 2.5.2). Statistical significance is indicated as follows: n.s. = not
significant; P 2 0.05; *P < 0.05; ** P < 0.01; *** P < 0.001.
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Parameter Estimate SE z RI pr
(a) All species (R%, = 0.83-0.90, R% = 0.89-0.92)

(Intercept) 2.78 0.23 11.00 Fdok
Earthen banks/scatps 4.41 x 103 1.02x 103 3.89  1.00 Fokk
Pollen sources 1.57 x 102 392 x10°% 374  1.00 Fokk
Unvegetated 5.55 x 1073 217 %103 229 040 *

Fringe 5.88 x 102 329 %102 154  0.20 n.s
Habitat heterogeneity (Shannon index) 0.34 0.17 1.73  0.13 n.s
(b) Threatened species (R%n/c = 0.72-0.76)

(Intercept) 0.22 0.48 0.42 n.s.
Pollen sources 3.18 x 102 8.19x103 351 1.00 *kok
Eatthen banks/scarps 4.71 x 10-3 1.90 x 103 2.23 0.77 *

(c) Oligolectic species (R%n/c = 0.64-0.67)

(Intercept) 0.77 0.41 1.68 n.s.
Pollen sources 2.68 x 102 716 x 103 339  1.00 Fdok
Earthen banks/scatps 2.90 x 103 1.89 x 103 138  0.34 n.s

Within abandoned quarries, species richness of bees (all, threatened and oligolectic species)
decreased with the variable ‘years since last mining’ (Fig. 5). The variable was negatively correlated
with the number of pollen sources and cover of annual ruderal vegetation (Table B4, Appendix B).
Model accuracy of the GLMMs was high again (R?, = 0.77-0.93; R% = 0.87-0.93).

4. Discussion

Human disturbance through intensive land use is considered the main driver of current insect de-
clines, including bees (Buckles and Harmon-Threatt, 2019; Cardoso et al., 2020; Winfree et al.,
2009). However, anthropogenic disturbance such as quarrying is also known to create new habitats
for species-rich bee assemblages (Heneberg et al., 2013; Krauss et al., 2009; Twerd et al., 2019). In
our study, limestone quarries—in particular active ones—were hotspots of bee diversity. The 159
detected species in the 16 quarries represent 57% of the bee fauna in the entire study area (Esser
et al., 2010). The predictors of species richness—pollen sources and nesting habitats—were widely
available in both types of quarries and therefore very likely explained the generally high value of
quarries for species-rich bee assemblages. Previous studies undetline that the diversity of pollen
sources (Holzschuh et al., 2008; Roulston and Goodell, 2011; Twerd and Banaszak-Cibicka, 2019)
and sufficient nesting sites (Potts et al., 2005; Westrich, 2018) determine habitat quality for bees.
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Figure 4 Relationship between several environmental parameters: Pollen sources and the number
of all (a), threatened (b) and oligolectic bee species (c), density of earthen banks/scarps and number
of all (d) and threatened bee species (e), unvegetated and all bee species (f) within all investigated
limestone quarries (IN = 16) (Table 3). The regression slopes were fitted using univariable
Generalized Linear Mixed-effects Models with ‘subarea’ as a random intercept (for details see
Section 2.5). (a) y = 0.02044 + 2.952362 X (pollen sources), P < 0.001, R?, = 0.77, R = 0.87; (b)
y = 0.03403 + 0.356758 X (pollen sources), P < 0.001, R?, = 0.72, R% = 0.82; (c) y = 0.02751 +
0.796513 X (pollen sources), P < 0.001, R?, = 0.64, R% = 0.64; (d) y = 0.24775 + 3.65082 X (earthen
banks/scarps), P < 0.001, R?, = 0.74, R% = 0.81; (¢) y = 0.29296 + 1.73599 X (earthen
banks/scarps), P < 0.001, R’, = 0.45, R2 = 0.45; (f) y = 0.01265 + 3.88289 X (unvegetated), P <
0.001, R?, = 0.41, R2 = 0.87. Blue hatchings indicate 95% confidence intervals.
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Figure 5 Relationship between the parameter ‘years since last mining activitiy’ and all (a),
threatened (b) and oligolectic (c) bee species within abandoned limestone quarries (IN = 8). The
regression slopes were fitted using univariable Generalized Linear Mixed-effects Models with
‘subarea’ as a random intercept (for details see Section 2.5). (a) y = 3.936564 — 0.007875 X (years
since last mining), P < 0.05, R, = 0.31, R% = 0.89; (b) y = 2.517935 — 0.027782 X (yeats since last
mining), P < 0.001, R?, = 0.74, R% = 0.85; (c) y = 2.485633 — 0.016627 X (years since last mining),
P <0.05, R?, = 0.61, RZ = 0.70. Blue hatchings indicate 95% confidence intervals.

However, habitat quality and composition of bee assemblages differed between the two types of
quarries and also changed in abandoned quarries over a time period of 86 years. Although habitat
heterogeneity (Shannon index) did not differ between active and abandoned quarries, each type of
quarry was characterized by different successional stages. Active quarries were dominated by early-
successional stages (unvegetated areas and ruderal vegetation) and had more pollen sources. By
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contrast, abandoned quarries were composed of later successional stages (shrubby calcareous
grasslands, shrubberies and forest). The number of pollen sources fostered species richness of all
three considered groups of bees (all, threatened and oligolectic species). It was negatively correlated
with annual ruderal vegetation and calcareous grasslands with shrubs. The prior is characteristic of
the earliest successional stages of quarry succession while the latter often requires several decades
to establish within quarries (Gilcher and Trinkle, 2005; Prach et al., 2011, 2014). In line with this,
the availability of pollen sources declined with the variable ‘years since last mining’ in abandoned

quarries.

Generally, nesting sites of bees have to be sunlit, and nearly 60% of the German species depend
on bare ground for breeding (Westrich, 2018). As a result, the number of bee species increased
with the density of open earthen banks/scarps (all and threatened species) and cover of
unvegetated area (all species). The cover of unvegetated area was higher in active compared to
abandoned quatties. By contrast, the density of open earthen banks/scarps did not differ between
active and abandoned quarries. Nevertheless, we assume that abandoned quarries offered fewer
carthen banks/scatps suitable for breeding since many of these microhabitats suffered from
shading through taller, later successional vegetation dominated by woody plants. Moreover, as the
correlation analysis showed, in the long run, open earthen banks/scarps disappear in abandoned

quarries due to ongoing succession.

Patch size is another important driver of species richness in fragmented landscapes (Poniatowski
et al., 2018). In our study, all quarries had a size of at least 15 ha and active quarries were larger
than abandoned ones. The rationale behind the latter is that nowadays, the approval authorities
rather permit the expansion of a mining area directly adjacent to an existing quarry than to establish
new quarries in the landscape (pers. comm. H. Escher, Geo park Terra.vita, cf. also Benes et al.,
2003). In our study, the genuine effect of quarry size on species richness of bees was at most weak.
Quarry size was correlated with the cover of unvegetated area, which fostered overall species
richness of bees (see above). Vertebrates (Suter, 2017) or classical metapopulation species such as
butterflies (Salz and Fartmann, 2009) are known to have high area requirements to build viable
populations. By contrast, bees do not exploit food resources distant from their nesting habitats and
maximum distances between both are 150-600 m (Gathmann and Tscharntke, 2002). Hence, we
explain the low importance of quarry size for species richness of bees by the generally large size of

the studied quarries and the small home range of bees.

To sum up, limestone quarries were hotspots of bee diversity. However, habitat quality and
composition of bee assemblages was strongly dependent on quarry management. Active mining
continuously created early-successional stages rich in pollen sources and sunlit nesting habitats,
favouring species richness of bees in general and those of threatened and oligolectic species in
particular. Successional speed is generally low in quarries (Gilcher and Trinkle, 2005; Miinsch and
Fartmann, 2022; Prach et al., 2011, 2014). Nevertheless, in abandoned quarties, later successional
stages increasingly dominated due to ongoing succession and, hence, habitat quality and species

richness of bees decreased.
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5. Implications for conservation

Our study highlighted the crucial importance of active quarry management for species-rich bee
assemblages. In active quarries, areas with sunlit early-successional stages with a high amount of
pollen sources and microhabitats for nesting continuously emerge. Quarries rich in early-
successional stages may favour species richness not only of bees but also of other groups of
conservation concern such as plants (Gilcher and Trinkle, 2005; Prach et al., 2011, 2014), spiders
(Tropek et al., 2010; Tropek and Konvicka, 2008), butterflies (Benes et al., 2003; Munsch and
Fartmann, 2022) or birds (Salek, 2012).

By contrast, despite the low successional speed, abandoned quarries are characterized in the
long run by successional shifts from early to later successional stages with adverse effects on species
richness of bees and biodiversity in general (Benes et al., 2003; Minsch and Fartmann, 2022).
Accordingly, shrubs and trees have to be removed regularly (Poschlod et al., 1997). Additionally,
in quarries in which thick soil layers have already developed, topsoil removal is recommended
(Munsch and Fartmann, 2021). Technical reclamation, including backfilling or afforestation, should
generally be prohibited since it counteracts current goals of biodiversity conservation (Tropek et
al., 2010; Minsch and Fartmann, 2022).

During the last century, central European landscapes have strongly suffered from landscape homo-
genization and loss of biodiversity (Poschlod et al., 2017; Fartmann et al.,, 2021). However,
particularly in older quarries, species of former traditional landscapes have remained while
vanishing from the surrounding landscape (Benes et al., 2003; Gilcher and Trankle, 2005; Novak
and Konvicka, 2000). Present policy favours the enlargement of existing quarries over the
establishment of new quarries in the landscape. From a biodiversity conservation perspective, this
approach should also be the first choice. Our recommendation is based on three reasons: (i) existing
quarries are often already refuges for colonies of rare species that can serve as source populations
(Munsch and Fartmann, 2022), (if) many species of conservation concern are such due to their low
mobility and inability to colonize remote habitats (see Section 4) and (iii) in the impoverished
modern-day landscapes, source population that may colonize new quarries are often lacking
(Gilcher and Trinkle, 2005; Novak and Konvicka, 20006).
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Appendix A
List of identification literature

Amiet, F. (1996): Insecta Helvetica. A, Fauna: 12. Hymenoptera. Apidae. Part 1. Allgemeiner Teil,
Gattungsschliissel, Gattungen Apis, Bombus und Psithyrus: Musée d'Histoire naturelle.

Amiet, F. (2010): Apidae 6: Andrena, Melitturga, Panurginus, Panurgus (Vol. 6): Centre Suisse de
Cartographie de la Faune.

Amiet, F., Herrmann, M., Miller, A., & Neumeyer, R. (2001): Fauna Helvetica 6. Apidae 3: Halictus,
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Appendix B

Table B1 Overview of environmental parameters used for Generalized Linear Mixed-effects
Models (GLMM) and their intercorrelations with other environmental parameters (Pearson
correlation [7], | 7| > 0.6). *P < 0.05; **P < 0.01; ***P < 0.001.

Parameter Surrogate for (Pearson correlation [7])
Macroclimate
Mean annual temperature (°C) Elevation (-0.84**¥); latitude (-0.60%)

Mean annual precipitation (mm)
Landscape quality'
Forest Arable land (=0.73%%)
Grassland
Urban area
Habitat quality
Habitat types (%)
Unvegetated Shrubbery (-0.69%); quarry size (0.69**)
Perennial ruderal vegetation
Mesic grassland
Calcareous grassland
Fringe
Forest
Habitat heterogeneity (Shannon index)
Density earthen bank/scarps (m/10 ha)

No. pollen sources Shrubby calcareous grassland (—0.65%*); annual ruderal veg. (0.64**)

! Cover of land-use types (%o) within a radius of 200 m around each quarry.
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Table B2 Univariable models: Influence of environmental parameters (predictor variables) on the number of all, threatened and oligolectic bee species
within the quarries (IN = 106), analysed with Generalized Linear Mixed-effects Models (GLMM) (Poisson error structure). n.s. = not significant; *P < 0.05;
P <0.01; ¥+ P < 0.001.

Parameter All species Threatened species Oligolectic species
Estimate SE r Estimate SE pr Estimate SE r
Macroclimate
Mean annual temperature (°C) -1.89 x 101 1.37 X 10! n.s. —2.44 x 101 2.06 x 10! n.s —2.62 x 101 1.99 x 10~ n.s.
Mean annual precipitation (mm)  —1.10 X 103 5.15 x 10~ n.s. -1.54 x 10-3 1.16 X 1073 n.s -9.97 x 102 9.98 x 10-1 n.s.
Landscape quality!
Forest 1.28 x 103 1.97 x 1073 n.s. 1.54 x 103 3.67 X 1073 n.s 3.62 x 1073 3.54 x 1073 f.s.
Grassland -1.83 x 103 2.30 X 10-3 n.s. 1.48 x 103 4.58 x 103 n.s -1.62 x 103 5.90 x 103 f.s.
Urban area 4.06 x 10-3 3.38 x 103 n.s. 5.70 X 103 1.09 x 102 n.s 4.19 x 1073 8.26 X 1073 f.s.
Habitat quality
Habitat types (%)
Vegetation—free area 1.26 x 102 1.95 x 1073 Fkk 1.08 x 10-2 5.03 X 103 * 1.13 x 102 4.82 X 103 *
Perennial ruderal vegetation 2.21 x 102 5.51 X 1072 Fokk 2.06 x 10-2 1.37 x 102 n.s. 2.81 x 102 1.30 x 102 *
Mesic grassland —2.13 x 102 1.48 x 102 n.s. —2.79 X 102 3.00 x 10-2 n.s. -3.24 X 102 2.98 x 102 n.s
Calcareous grassland -1.26 X 10-2 4.10 x 10-3 *k -1.88 x 10-2 1.14 x 102 n.s. -9.47 x 10-3 9.60 x 103 n.s
Fringe 1.25 x 10! 2.72 X 102 Fokk 9.33 x 10-2 4.71 X 102 * 8.24 x 102 4.58 x 102 n.s.
Forest —-1.60 x 10-2 2.64 X 1073 Fokk —2.57 X 102 7.46 X 10-3 Fokk -2.09 x 102 6.78 X 103 Fokk
Habitat heterogeneity 3.61 x 101 1.51 x 10! * 3.02 x 101 3.71 X 101 n.s. 222 x 10! 3.71 x 10! n.s.
Eatthen banks/scarps (m/10 ha) 6.12 X 1073 1.01 x 103 Hkk 7.24 X 1073 1.87 x 103 Fokk 5.18 X 103 1.84 x 1073 *k
No. Pollen sources 2.04 x 102 2.66 X 10-3 Hkk 3.40 x 102 7.67 X 1073 Fokk 2.75 X 102 6.97 X 1073 Fkk

! Cover of land-use types (%0) within a radius of 200 m around each quarry.
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Table B3 Frequencies (%) of all observed bee species in active (IN = 8) and abandoned limestone
quarries (IN = 8). Pollen specificity: oligolectic (oligo) according to Westrich (2018); Threat status
(TS): x = threatened species according to Esser et al. (2010).

Species Quarry type Pollen specificity TS
Active Abandoned

Abndrena barbilabris 12.5 0.0 . .

Andrena batava 0.0 25.0 oligo X

Andrena bicolor 75.0 87.5

Andrena carantonica 50.0 0.0

Abndrena chrysosceles 62.5 50.0

Andrena cineraria 87.5 62.5 .

Andrena clarkella 50.0 87.5 oligo

Abndrena dorsata 25.0 0.0

Abndrena flavipes 100.0 62.5

Abndrena fucata 12.5 12.5

Abndrena fulva 50.0 37.5

Abndrena gravida 100.0 25.0

Andrena haemorrboa 100.0 50.0

Andrena helvola 12.5 0.0 . .

Andrena humilis 0.0 12.5 oligo X

Andrena labiata 25.0 0.0

Andrena minutula 75.0 75.0

Andrena minutuloides 50.0 0.0

Abndrena nigroaenea 100.0 87.5

Andrena nitida 75.0 62.5 .

Abndrena nycthemera 0.0 12.5 oligo X

Abndrena ovatula 37.5 25.0 .

Abndrena praecox 100.0 87.5 oligo

Abndrena proxima 37.5 0.0 oligo .

Abndrena ruficrus 0.0 25.0 oligo X

Andrena strobmella 87.5 37.5

Abndrena subopaca 62.5 50.0 .

Abndrena vaga 37.5 12.5 oligo

Abndrena varians 0.0 12.5 .

Andrena viridescens 12.5 12.5 oligo

Andrena wilkella 37.5 25.0 oligo

Abnthidinm byssinum 0.0 12.5 oligo X

Anthidinm manicatum 62.5 12.5 . .

Abnthidium oblongatum 12.5 0.0 . X

Abnthidium punctatum 87.5 75.0 . X

Anthidium strigatum 75.0 75.0 . .

Anthophora aestivalis 87.5 50.0 . X

Anthophora plumipes 75.0 75.0

Bowibus bohemicus 87.5 75.0

Bowbus campestris 12.5 0.0 . X

Bowbus hortorum 75.0 62.5
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Table B3 Continued.

Species Quarry type Pollen specificity TS
Active Abandoned

Bowmibus hypnorum 37.5 37.5

Bowbus lapidarins 100.0 100.0

Bombus lucorum 50.0 50.0

Bowmbus pascuornm 100.0 100.0

Bowbus pratorum 50.0 37.5

Bowbus rupestris 50.0 0.0

Bombus sylvarum 25.0 0.0 . X

Bombus sylvestris 50.0 50.0

Bonibus terrestris 100.0 100.0

Bombus vestalis 37.5 0.0

Ceratina cyanea 75.0 50.0 .

Chelostoma campanularum 37.5 37.5 oligo

Chelostoma florisomne 12.5 0.0 oligo

Chelostoma rapunculi 12.5 25.0 oligo

Coelioxys afra 25.0 0.0

Coelioxys anrolimbata 12.5 0.0 . X

Coelioxys mandibularis 50.0 25.0 . .

Coelioxys rufescens 12.5 0.0 . X

Colletes cunicularius 100.0 62.5 oligo

Colletes daviesanus 75.0 25.0 oligo .

Colletes fodiens 12.5 0.0 oligo X

Colletes similis 87.5 37.5 oligo X

Colletes succinctus 0.0 12.5 oligo X

Dasypoda birtipes 12,5 12.5 oligo X

Epeolus variegatus 50.0 37.5 .

Eucera longicornis 0.0 12.5 oligo X

Halictus guadricinctus 25.0 0.0 . X

Halictus rubicundus 12.5 37.5

Halictus scabiosae 75.0 37.5

Halictus simplex: 12.5 12.5

Halictus tumulorum 50.0 75.0 .

Heriades truncornm 62.5 50.0 oligo .

Hylaens annularis 62.5 50.0 . X

Hylaens brevicornis 50.0 25.0

Hylaens commmunis 75.0 50.0

Hylaeus confusus 37.5 50.0

Hylaens cornutus 25.0 25.0

Hylaeus diffornmis 12.5 0.0

Hylaeus gibbus 0.0 12.5

Hylaeus gredler: 87.5 12.5

Hylaeus hyalinatus 37.5 37.5

Hylaeus moricei 25.0 0.0 .

Hylaeus nigritus 62.5 37.5 oligo X

72



Endbericht = Biodiversitit und Management von Steinbriichen Universitat Osnabriick

Table B3 Continued.

Species Quarry type Pollen specificity TS
Active Abandoned

Hylaeus panius 62.5 37.5 .

Hylaeus signatus 100.0 37.5 oligo

Lasioglossum albipes 0.0 12.5

Lasioglossum brevicorne 12.5 0.0 . X

Lasioglossum calceatum 100 37.5 .

Lasioglossum costulatum 12.5 0.0 oligo X

Lasioglossum fulvicorne 0.0 12.5

Lasioglossum laevigatum 0.0 12.5 . X

Lasioglossum laticeps 87.5 62.5

Lasioglossum lativentre 12,5 12.5 . X

Lasioglossum lencopus 0.0 12.5

Lasioglossum lencozoninm 50.0 50.0

Lasioglossum malachurum 12,5 0.0 ) X

Lasioglossum minutissimum 12,5 0.0

Lasioglossum minutulnm 12,5 0.0 ) X

Lasioglossum morio 100 87.5

Lasioglossum nitidinsculum 50.0 12.5 ) X

Lasioglossum nitidulum 25.0 25.0 . X

Lasioglossum parvulum 37.5 37.5 . X

Lasioglossum panxillnm 100.0 87.5

Lasioglossum quadrinotatum 12,5 0.0 ) X

Lasioglossum semilucens 0.0 12.5

Lasioglossum villosulum 75.0 87.5

Lasioglossum xanthopus 12,5 0.0 ) X

Macropis fulvipes 12,5 0.0 oligo X

Megachile alpicola 0.0 12.5 . X

Megachile centuncularis 50.0 0.0

Megachile circumcincta 25.0 0.0 . X

Megachile ericetornm 62.5 25 oligo

Megachile nigriventris 12,5 0.0

Megachile pillidens 50.0 0.0

Megachile versicolor 75.0 75.0

Megachile willughbiella 75.0 25.0

Melecta albifrons 62.5 12.5 .

Melitta haemorrboidalis 12,5 37.5 oligo .

Nomada alboguttata 25.0 25.0 . X

Nomada bifasciata 75.0 25.0

Nomada conjungens 62.5 12.5

Nomada fabriciana 75.0 62.5 . .

Nomada ferruginata 0.0 25.0 . X

Nomada flava 75.0 50.0

Nomada flavoguttata 100.0 100.0

Nomada fucata 75.0 37.5
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Table B3 Continued.

Species Quarry type Pollen specificity TS
Active Abandoned

Nomada goodeniana 62.5 25.0

Nomada lathburiana 25.0 12.5

Nomada lencopthalma 25.0 12.5

Nomada marshamella 87.5 62.5

Nomada succincta 75.0 50.0 . .

Osmia adunca 75.0 12.5 oligo X

Osmia anthocopoides 25.0 12.5 oligo X

Osmia anrnlenta 62.5 62.5 . X

Osmia bicolor 62.5 62.5 . X

Osmiia bicornis 87.5 50.0

Osmiia lencomelana 75.0 50.0 .

Osmia parietina 0.0 12.5 oligo X

Osmia spinulosa 75.0 62.5 oligo X

Osmia tridentata 25.0 12.5 oligo X

Osmia uncinata 0.0 12.5 .

Panurgus banksianus 12,5 0.0 oligo X

Panurgus calearatus 12,5 12.5 oligo

Sphecodes albilabris 75.0 62.5

Sphecodes crassus 75.0 25.0

Sphecodes ephippins 87.5 75.0

Sphecodes ferruginatus 12,5 25.0

Sphecodes geofrellus 75.0 12.5

Sphecodes gibbus 25.0 25.0

Sphecodes miniatus 50.0 25.0

Sphecodes monilicornis 75.0 62.5

Sphecodes niger 12,5 0.0

Sphecodes pellucidus 12,5 0.0

Sphecodes puncticeps 12,5 0.0

Stelis breviuscula 12.5 0.0

Stelis ornatula 0.0 12.5
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Table B4 Overview of the habitat-quality parameters that significantly correlated with the

predictor ‘years since last mining’ for abandoned quarries (# = 8). Pearson correlation [, |7| >
0.6. *P < 0.05; *¥P < 0.01; ***P < 0.001.

Parameter Years since last mining
Annual ruderal vegetation (%) =0.92%k*

Perennial ruderal vegetation (%) -0.83%*

Density of eatthen banks/scarps (m) -0.84**

Quarry size (ha) -0.75*

No. pollen sources =0.97%%*
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Abstract

Amphibians are among the most severely declining taxonomic group worldwide. Recent studies
have shown that quarries may have a high conservation value for biodiversity conservation.
However, well-replicated research on the importance of quarry ponds for amphibian assemblages
has been scarce thus far. The aim of this study was to compare the environmental conditions and
composition of amphibian assemblages of 15 randomly selected quarry ponds with those of 15
control ponds in the surrounding landscape. For each pond, we assessed several parameters of
habitat and landscape quality. The effects of environmental conditions on overall species richness,
number of threatened species and newt abundance were analysed using Generalised Linear Mixed-
effects Models. Our study revealed strong differences in habitat quality and composition of
amphibian assemblages between quarry and control ponds. In particular, a larger area of the semi-
aquatic zone, a longer sunshine duration, more bare soil at the shoreline and the absence of fish
were typical of quarry ponds, whereas a taller vegetation at the shoreline characterized control
ponds. As a result, overall species richness, number of threatened species and newt abundance
were higher in quarry ponds compared with control ponds. Overall, quarry ponds had a higher
habitat quality than control ponds. In particular, (i) the large area of sunlit and warm microhabitats
and (ii) the absence of fish predators favoured species richness of amphibians and newt abundance
at the quarry ponds. Consequently, quarry ponds—thanks to their early-successional stages—have

a high conservation value for amphibians.

Keyword: Biodiversity conservation; early-successional stage; global change; habitat quality;

mining site; warm microclimate
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1. Introduction

Biodiversity loss is accelerating continuously and, therefore, is one of the most critical global issues
of our time (Rockstrém et al., 2009; Butchart et al., 2010; Naeem et al., 2012). The worldwide speed
of extinction is currently 1,000 times higher than the natural background rate (Pimm et al., 2014;
De Vos et al., 2015). In terrestrial biomes, land-use change is seen as the main driver of the recent
biodiversity crisis (Newbold et al., 2015; Cardoso et al., 2020). In particular, intensification and
abandonment of traditional land use have led to a dramatic loss of natural and semi-natural habitats.
As a result, the remaining habitat fragments and their biodiversity are often highly isolated and
suffer from the deterioration of habitat quality (Arntzen et al., 2017; Poniatowski et al., 2018;
Miinsch et al., 2019).

For a long time, quarries had a bad image among conservationists and were associated with
negative effects on biodiversity (Benes et al., 2003; Tropek et al., 2010). Indeed, quarrying results
in fundamental changes of the environmental conditions, since existing vegetation and top soil are
removed (Bétard, 2013; Kalarus et al., 2019). However, it also creates vast areas of early-
successional stages. Such seral stages are among the most rapidly declining habitats in our
landscapes and often harbour assemblages rich in thermophilic and threatened species (Poschlod
and Braun-Reichert, 2017; Fartmann et al., 2021). So far, recent studies have shown that quarries
may have a high conservation value for birds (Salek, 2012; Salgueiro et al., 2020), arthropods (Benes
et al., 2003; Tropek et al., 2008; Tropek et al., 2010; Minsch et al., 2022; Kettermann et al., 2022)
and vascular plants (Tropek et al., 2010; Rehounkova et al., 2020). By contrast, well-replicated

research on quarry ponds and their species assemblages is still lacking.

Amphibians are among the most severely declining taxonomic groups worldwide (Stuart et al.,
2004; Wake and Vredenburg, 2008; Cordier et al., 2021). It is assumed that approximately 50% of
the global amphibian species are threatened by extinction (Gonzalez-del-Pliego et al., 2019). One
of the main drivers of this dramatic decline is habitat loss (Cushman, 2006; Hof et al., 2011; Arntzen
et al.,, 2017; Murray et al., 2020; Cordier et al., 2021). Additionally, amphibians suffer from climate
change (Hof et al., 2011; Murray et al., 2020), introduced alien species (Kats and Ferrer, 2003) and
infectious diseases (Yap et al., 2017; DiRenzo and Grant, 2019). Amphibians are dependent on a
high habitat quality of the water bodies used for breeding. In particular, sunlit and warm water
bodies with low predator densities, such as fish, are of crucial importance for successful
reproduction (cf. Hartel et al., 2007; Shulse et al., 2012; Drayer and Richter, 2016; Rannap et al.,
2020; Cox etal., 2017). Since amphibians have a bipartite life cycle with aquatic and terrestrial stages
(Stuart et al., 2004; Cushman, 20006), landscape quality also plays a significant role (Cox et al., 2017,
Holtmann et al., 2017).

The aim of this study was to compare the environmental conditions and composition of
amphibian assemblages of 15 randomly selected quarry ponds with those of 15 control ponds in
the surrounding landscape. For each pond, we assessed several parameters of habitat and landscape
quality. The effects of environmental conditions on overall species richness, number of threatened
species and newt abundance were analysed using Generalised Linear Mixed-effects Models. Finally,
based on the results of this study, we developed management recommendations for quarry ponds

to enhance amphibian species richness and abundance.
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2. Material and methods

2.1. Study area

The study area was located in the eastern part of the German Federal State of North Rhine-
Westphalia (Central Europe) and covered approximately 1,516 km® It was divided into three
subareas: (1) Beckumer Berge, (if) Ostwestfalen-Lippe and (iif) Hellweg (Fig. 1). The climate is
suboceanic with a mean annual temperature of 9.5 °C and a mean annual precipitation of 951 mm
(meteorological station Bad Lippspringe [157 m a.sl]; period: 1981-2010; DWD, 2021). The
subarea Ostwestfalen-Lippe comprises a mosaic of forested hills and ridges as well as flat valleys
mainly covered by grassland at an elevation of 250 to 350 m a.s.l. The subareas Beckumer Berge
and Hellweg are located in the Westphalian Basin and have an elevation range of 100 to 197 m a.s.L.
In both subareas, agriculture is the dominant type of land use. The limestone is mined in quarries

and used for the production of gravel, bricks, building material or cement.

2.2. Study plots
In the study area, we randomly selected a total of 15 ponds within limestone quarries (Fig. 1). As a

control, the closest pond to the respective quarry pond was chosen in the surrounding landscape.

2.3. Sampling design

During the breeding period of the amphibians from the beginning of March to early May 2019,
each pond was visited four times, twice at night and twice during the day. Different methods were
used due to the varying phenology and activity patterns of each species (Glandt, 2014). Rana
temporaria was detected by spawn clumps during the day in early March (Hachtel et al., 2009;
Holtmann et al., 2017). Green frogs (Pelophylax Kl. esculentus, P. lessonae) were recorded at daytime
through visual and acoustic observation in early May. In accordance with Hachtel et al. (2009), the
two night surveys were conducted between sunset and midnight. Bufo bufo were surveyed using a
torch at the end of March and the beginning of April (Hachtel et al., 2009). Ahtes obstetricans,
Epidalea calamita and Hyla arborea were recorded by calling surveys during warm nights in April.
Salamandra salamandra was detected during each of the four surveys by turning wood and stones

near the shoreline.

Additionally, newt species (Ichthyosaunra alpestris, Lissotriton helveticus, Lissotriton vulgaris and Triturus
eristatus) were caught and counted by using bottle traps (Kronshage et al., 2014). For this purpose,
five bottle traps were placed in each pond in early April for one night. For further analyses, we
used the number of caught individuals per trap and night as a measure for activity abundance

(hereinafter referred to as newt abundance).

Amphibian species were classified in the field according to Glandt (2011) and Tetzlaff (2007).
For statistical analysis, we used three response variables: (i) number of all species, (ii) number of
threatened species and (iii) newt abundance. Amphibians were considered ‘threatened’ if they were

listed as critically endangered, endangered, vulnerable or near threatened in the red data book of
North Rhine-Westphalia (LANUV NRW, 2011).
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Fig. 1. Location of the study area in the eastern part of North Rhine-Westphalia in central Germany
(inlay) and of the three subareas Beckumer Berge (BEC), Ostwestfalen-Lippe (OWL) and Hellweg
(HEL) with its plots (limestone quarries).

2.4. Environmental parameters

For each studied pond, we sampled several environmental parameters of habitat quality and
landscape quality (Table 1). The pH and conductivity were measured during each of the four visits.
Prior to statistical analysis, the data were averaged per parameter and pond. Sunshine duration was
measured at the first (spring) and the last visit (summer) by using a horizontoscope (Holtmann et
al., 2017). Occurrence of fish was sampled by visual inspection during each survey (Table 2). Data
on annual temperature (°C) (long-term mean: 1981-2010) were available from 1-km? grid datasets
of Germany’s National Meteorological Service (DWD, 2021) (Table 1). All other field parameters
were recorded once between the end of April and early May. For spatial analyses, we used ArcGIS
10.3.1 and aerial photographs. We calculated the distance to the next three water bodies (geometric
mean) as a measure of pond connectivity (Eichel and Fartmann, 2008; Poniatowski and Fartmann,
2010; Holtmann et al., 2017).

2.5. Statistical analysis

All statistical analyses were performed using R 4.1.2. (R Development Core Team, 2022).
Generalised Linear Mixed-effects Models (GLMM) were fitted with ‘subarea’ (see Section 2.1) as a
random intercept (/me4 package; Bates et al., 2021). To reduce overdispersion within the models,

observation-level random effects were added as a random factor (Harrison, 2014, 2015).
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Since our study was based on a paired design, all metric environmental parameters (see Section 2.4)
and the three response variables (number of all species, number of threatened species and newt
abundance; see Section 2.3) were tested for significant differences between quarry and control
ponds by using univariable GLMMs. Poisson error structure was applied for count data, while
proportional binomial error structure was used for cover data. The corresponding pairs of quarry
and control ponds were nested within ‘subarea’ and used as a random factor in all models. The

significance of the predictor variable was assessed with likelihood-ratio tests (Type III tests).

In order to detect environmental parameters that explain species richness of all species and
threatened species as well as of newt abundance, we conducted multivariable GLMMs. In a
preparatory step, prior to the analyses, we tested all predictor variables for multicollinearity. If two
or more variables were intercorrelated (Spearman rank correlation | 7| >0.5; Table A2), just one—
the ecologically comprehensible variable—was used for statistical modelling (Dormann et al.,
2013). In a second step, univariable GLMMs were fitted for all combinations of response and
predictor variables in order to detect which predictor variables had an impact on the given response
variable (Likelihood Ratio Tests, P <0.05) (See Table A1l). In the last step, the multivariable models
were calculated incorporating all significant variables of the univariable models. In order to identify
the most relevant environmental parameters and their relative importance (RI) within our models,

we applied model averaging based on an information-theoretic approach (Grueber et al., 2011).

Model averaging was conducted using the ‘dredge’ function (R package MuMIn; Barton, 2021)
and only included top-ranked models within AAICc <3 (cf. Grueber et al., 2011). We evaluated the
explanatory power of the models by calculating marginal (variance explained by fixed effects) and

conditional (variance explained by both fixed and random effects) R? (Nakagawa et al., 2017).

A Principal Component Analysis (PCA) was conducted to assess the relationship between
environmental parameters and pond type (Fig. 5). Differences in nominal variables were tested
using Fisher’s exact test. Differences in absolute frequencies of each species between the two pond

types were analysed with a Chi-squared test.

3. Results

3.1. Environmental parameters

Our study revealed clear differences in habitat quality but not in landscape quality between quarry
and control ponds (Table 1). At quarry ponds, the semi-aquatic zone accounted for most of the
pond area and overall, it was larger compared with those of control ponds. Additionally, the suns-
hine duration (spring and summer) was generally higher and, along the shoreline, the cover of trees
was lower, the cover of bare soil higher and vegetation shorter at quarry ponds than at control
ponds. Occurrence of fish also differed between both types of ponds (Table 2). Quarry ponds
were, with one exception, never occupied by fish. By contrast, fish were present in nearly one half
of the control ponds. The strong differences in environmental conditions between the two pond
types were confirmed by the PCA, which showed a clear separation of control and quarry ponds
along the first axis (Fig. 2, Table A3). In particular, a taller vegetation at the shoreline was
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characteristic of control ponds, whereas a larger area of the semi-aquatic zone, a longer sunshine

duration in spring and more bare soil at the shoreline were typical of quarry ponds.

Table 1 Overview of environmental parameters (mean * SE, minimum and maximum).
Differences in parameters between quarry ponds (Quarry, N = 15) and control ponds (Control, N
= 15) were analysed using Generalized Linear Mixed-effects Models (Poisson error structure for
count data, proportional binomial error structure for cover data) with ‘subarea’ as a random
intercept (for details see Section 2.5). n.s. = not significant, * P <0.05; ** P <0.01; *** P <0.001.

Parameter Quarry Control r

Mean (* SE) Min—Max. Mean (* SE) Min.—Max.

Habitat quality
Pond size (m?)! 1,443 £ 394 73-5811 868 £ 161  106— 1,763 n.s.
pH? 7.6+ 0.1 7.1-8.0 74101 7.1-8.0 n.s.
Conductivity (uS/cm)? 436 £ 136 261-682 528 + 52 255-918 n.s.
Sunshine duration spring (h/day)? 10.4 £ 0.5 6-12 8.1+07 4-13 Fk
Sunshine duration summer (h/day)? 128 £ 0.5 9-15 6.8+ 1.1 2-14 Fkk
Cover semi-aquatic zone (%0) 80.0 £ 5.2 30-100 37.6 9.1 10-100 Fkk
Vegetation cover shoreline (%)
Trees 23%0.8 0-10 23.0£6.0 0-65 *k
Shrubs 16.8 £32 25450 143 £ 4.0 0-40 n.s.
Field layer 16.0£2.6  25-35.0 223147 5-60 n.s.
Litter 393+ 44 5-65 40.0 £29 20-60 n.s.
Bare soil 30.0 £ 6.9 0-90 32111 0-15 Fkk
Vegetation height shoreline (cm) 327+ 3.0 19-58 50.1 £ 5.4 20-102 Fk
Cover submerged macrophytes (%0) 293+ 064 0-80 20.7£5.0 0-50 n.s.
Landscape quality
Elevation (m a.s.1)* 167 £ 13 98-273 147 £ 14 91-259 n.s.
Annual temperature (°C)° 9301 8.8-9.8 94101 8.5-9.9 n.s.
Pond connectivity (m)® 789 £222  39-2479 481 £ 115 29-1306 n.s.

! Calculated from aerial photographs by using ArcGIS 10.3.1.

2 Measured by using a multi-parameter probe (Hanna HI 98129).

3 Measured by using a horizontoscope; mean of four measures at N, E, S, W (Holtmann et al., 2017).
4 Elevation was taken from topographic maps.

> Long-term mean (1981-2010) from 1-km? grid datasets of Germany’s National Meteorological Service (DWD,
2021).

6 Geometric mean of the distance to the next three water bodies.
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Table 2 Absolute and relative frequencies of the categorical variable ‘occurrence of fish’ at quarry
ponds and control ponds. Differences in absolute frequencies between the two groups were
analysed with Fisher’s exact test. * P <0.05.

Parameter Quarry Control r
N % N %
Fish *
Present 1 12.5 7 87.5
Absent 14 63.6 8 36.4
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Fig. 2. Principal Component Analysis (PCA): Biplot based on the two pond types and sampled
environmental parameters.

3.2. Response of amphibian assemblages to environmental conditions
Altogether, we detected 12 amphibian species, including five threatened species (Aktes obstetricans,
Epidalea calamita, Hyla arborea, Pelophylax lessonae and Triturus cristatus) (Fig. 3). Three species,
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A. obstetricans, Lissotriton vulgaris and T. cristatus, had a higher frequency in quarry ponds compared
with control ponds, and there were even three species observed only in quarry ponds (A. obstetricans,
E. calamita and Salamandra salamandra). Moreover, overall species richness, number of threatened
species and newt abundance were higher in quarry ponds compared with control ponds (Fig. 4).

In the GLMM analyses, assemblage composition was only determined by habitat quality, not
landscape quality—more precisely by the area of the semi-aquatic zone and sunshine duration in
spring (Table 3, Fig. 5). Overall, species richness and newt abundance increased with the extent of

the semi-aquatic zone. By contrast, the number of threatened species was fostered by sunshine

duration.
Pond type
* 1 Control
100 + B Quarry
n.s.
n.s
80 + Rk
& _ _
9
2 60
(8]
S *% n.s.
o
et M n.s. n.s.
L
40 - —
m n.s.
n.s.
20 1 I n.s. n.s.
0 - T T T T T T T T IH T
> & & & A < N N
-e‘\é cf'}q ‘\,oo '\é & \"“" ‘@6\ .‘,‘°® N \‘? \'b{o \"’b
> R @ N ) SCI S W © < & o

Fig. 3. Frequency of amphibian species in quarry ponds (Quarry, N = 15) and control ponds
(Control, N = 15). Differences in absolute frequencies were tested by Chi-squared test.
Abbreviations of species names: Lis vul = Lissotriton vulgaris, Mes alp = Mesotriton alpestris, Buf buf
= Bufo bufo, Tti cti = Triturus cristatus, Aly obs = Alytes obstetricans, Pel esc = Pelophylax K. esculentus,
Ran tem = Rana temporaria, Lis hel = Lissotriton helveticus, Pel les = Pelophylax lessonae, Epi cal =
Epidalea calamita, Hyl atb = Hyla arborea, Sal sal = Salamandra salamandra. Threatened species
(LANUYV, 2011) are highlighted in bold type. n.s. = not significant; * P <0.05; ** P <0.01.

4. Discussion
Our study revealed strong differences in habitat quality and composition of amphibian assemblages
between quarry and control ponds. In particular, a larger area of the semi-aquatic zone, a longer

sunshine duration, more bare soil at the shoreline and the absence of fish was typical of quarry
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ponds, whereas a taller vegetation at the shoreline characterized control ponds. As a result, overall
species richness, number of threatened species and newt abundance were higher in quarry ponds
compared with control ponds.

The 12 amphibian species observed in the quarry ponds and generally in this study comprise
80% of the amphibian fauna of the whole study area (cf. Hachtel et al., 2011). Of the three
remaining species occurring within the study area, two are extremely rare (Bombina variegata and
Pelobates fuscus) and one has very localized and often allochthonous populations (Pelophylax
ridibundus). Accordingly, the high completeness of detected species already highlights the high

conservation value of quarry ponds for amphibians.
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Fig. 4. Mean (£ SE) number of all species (a), number of threatened species (b) and newt
abundance (c) in quarry ponds (Quarry, N = 15) and control ponds (Control, N = 15). Differences
between pond types were analysed using Generalized Linear Mixed-effects Models (Poisson error
structure) with ‘subarea’ as a random intercept (for details see Section 2.5). ind. = individuals.
Statistical significance is indicated as follows: ** P < 0.01; *** P < 0.001.

The comparison of environmental conditions between the two types of ponds provided further
insights into the importance of quarry ponds for amphibians. Quarry ponds exhibited two
characteristics that are of crucial importance for species-rich and abundant amphibian assemblages:
(i) sunlit and warm microhabitats and (ii) the absence of fish (cf. Hartel et al., 2007; Shulse et al.,
2012; Drayer and Richter, 2016; Rannap et al., 2020; Holtmann et al., 2017). A larger area of the
semi-aquatic zone and longer sunshine duration (spring and summer) together with a more sparse
(lower cover of trees, more bare soil) and shorter vegetation at the shoreline were typical of quarry
ponds in comparison with control ponds. Such conditions are known to result in a generally
warmer microclimate and higher water temperatures, in particular in the shallow water of the
extensive semi-aquatic zone of the quarry ponds (cf. Stoutjesdijk and Barkman, 1992). The majority
of the Central European amphibian species (Gunther, 2009) and especially those that are
thermophilic and threatened, such as AMltes obstetricans, Epidalea calamita, Hyla arborea or Triturus
eristatus (Richter-Boix et al., 2006; Gunther, 2009), depend on warm water bodies for breeding. In
line with this, the number of threatened species increased with sunshine duration in spring and a
higher cover of the semi-aquatic zone fostered overall species richness and newt abundance.

Additionally, the favourable microclimatic conditions were probably at least partly responsible for
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the higher frequency of A. obstetricans and T. cristatus as well as the exclusive occurrence of E.

calamita in quarry ponds.

Table 3 Results of Generalized Linear Mixed-effects Models (GLMM) (Poisson error structure,
with ‘subarea’ as a random intercept): Influence of environmental parameters (predictor variables)
on the number of all species (a), on the number of threatened species (b) and newt abundance (c).
Model-averaged coefficients (conditional average) were derived from the top-ranked GLMM
(AAICc <3). R, = variance explained by fixed effects, R’ = variance explained by both fixed and
random effects (Nakagawa et al., 2017) (IN = 30). RI = relative parameter importance (see Section
2.5). n.s. = not significant; * P <0.05; ** P <0.01; *** P <0.001.

Parameter Estimate SE zZ RI r
a) No. all species (R’m = 0.12, R’c =0.12)

(Intercept) 1.23 0.18 06.69 . Fkk
Semi-aquatic zone 5.04 x 103 2.52 X 103 2.00  1.00 *
b) No. threatened species (R%, = 0.12-0.30, R%.=0.23-0.30)

(Intercept) -2.51 1.37 1.77 . n.s.
Sunshine duration spring 2.36 x 101 1.08 x 102 2.08 0.79 *
Semi-aquatic zone 1.31 x 103 6.94 x 103 1.80  0.66 ns.
c) Newt abundance (R%, = 0.32-0.36, R%.=0.98)

(Intercept) —-0.08 0.70 0.11 . n.s.
Semi-aquatic zone 2.70 X 102 9.23 X 103 277 1.00 *k
Bare soil 1.82 % 102 1.42 X 102 122 029 ns.

Fish stock has negative effects on amphibian populations due to predation of eggs and larvae and,
especially concerning newts, also of adults (Scheffer et al., 2006; Hartel et al., 2007; Rannap et al.,
2020). However, in quarry ponds, predation by fish was generally unimportant since fish were only
present in one of the ponds. By contrast, fish occurred in almost one half of the control ponds. In
general, a large area of the semi-aquatic zone was a surrogate for water bodies free of fish (see
Table A3), probably because they had a higher likelihood of drying out in the course of the growing
season (own observation) and, hence, hampering the establishment of a permanent fish population.
Additionally, in the shallow water of the semi-aquatic zone, eggs, larvae or adults are generally
sheltered against predation by larger fish (Caballero-Diaz et al., 2020). Consequently, the positive
relationship of the cover of the semi-aquatic zone with overall species richness and newt abundance
may not only reflect the importance of warm microclimates but also of microhabitats that are free
of fish predators. Therefore, based on the aforementioned, we attribute the higher overall species
richness, number of threatened species and newt abundance in quarry ponds to both the favourable
microclimatic conditions and the lack of fish predators.

To sum up, quarry ponds had a higher habitat quality than control ponds. In particular, (i) the
large area of sunlit and warm microhabitats and (ii) the absence of fish predators favoured species

richness of amphibians (overall and threatened species) and newt abundance at the quarry ponds.
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Overall, quarry ponds—thanks to their early-successional stages—have a high conservation value

for amphibians.
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Fig. 5. Relationship between number of all species (a), number of threatened species (b) and newt
abundance (c) with significant parameters from the multivariable models (IN = 30). For statistics
see Table 3. (a) y = 0.005038 + 1.228947 X (semi-aquatic zone), P <0.05, R’, = 0.12, R>. = 0.12;
(b) y = 0.02316 + (-2.39122) X (sunshine duration spring), P <0.05, R?, = 0.16, R, = 0.23; (c) y =
0.028269 + (—0.044221) X (semi-aquatic zone), P <0.01, R?, = 0.32, R’ = 0.98. Blue bands indicate

95% confidence intervals. ind. = individuals.

5. Implications for conservation

In quarries, succession is usually delayed due to the lack of topsoil (Miinsch and Fartmann, 2022).
Additionally, active quarrying regularly creates new and in particular temporary ponds in wheel
tracks or excavation depressions and slows down successional speed through driving by
construction vehicles (Gilcher and Trinkle, 2005; Baumbach et al., 2013). Such ephemeral ponds
are especially important as breeding habitats for Alytes obstetricans and Epidalea calamita (Ginther,
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2009). Populations of both species have strongly declined in recent decades (Rote-Liste-Gremium
Amphibien und Reptilien, 2020), and quarry ponds are nowadays often the last refuge for the
species in our landscapes (this study; Rote-Liste-Gremium Amphibien und Reptilien, 2020).
However, due to climate warming, some of the temporary ponds dry out too early in the growing
season to enable successful completion of the amphibian metamorphosis (own observation;
Streitberger et al., 2016), even for a species with fast development such as E. calamita (Ginther,
2009). Accordingly, we recommend creating additional ponds in the quarries that contain both
large shallow water zones but also some deeper parts to mitigate the negative effects of climate
change in the future.

During our study, we regularly detected fresh tracks of raccoons (Procyon lotor) at muddy
shorelines of the studied ponds and parts of dead amphibians which were likely killed by the
species. The racoon is a non-native, omnivorous predator with a strongly growing population in
the study area (Klauer and Kriegs, 2015). It has already been shown that especially populations of
small mammals, birds and amphibians can strongly suffer from racoon predation (Salgado, 2018;
Fiderer et al., 2019). To reduce predation by the raccoon, we recommend installing metal cages
above the ponds, at least during the spawning season and around shallow parts of the ponds were
amphibians are easily accessible for the species.

Still many reclamation concepts intend to fill, afforest or flood quarries after cessation of mining
(Krauss et al., 2009; Tropek et al., 2010). Such measures should generally be prohibited since they
do not only have negative effects on amphibians but also many other groups of conservation
concern (Benes et al., 2003; Tropek et al., 2010; Minsch and Fartmann, 2022). Additionally, in
abandoned quarries, regular cutting and removal of shoreline vegetation should be implemented
to create the preferred early-successional stages (Holtmann et al.,, 2017). There are many other
taxonomic groups that are known to depend on early stages of pond succession und would benefit
from such actions (e.g., dragon- and damselflies: Holtmann et al., 2018, 2019a; vascular plants:
Holtmann et al., 2019b).
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Appendix

Table Al Univariable models (Generalized Linear Mixed-effects Models, Poisson error structure): Influence of environmental parameters (predictor

variables) on the number of all species, number of threatened species and newt abundance within both pond types (IN = 30). n.s. = not significant, * P
<0.05; ** P <0.01; *** P <0.001.

Parameter No. all species No. threatened species Newt abundance
Estimate SE pr Estimate SE P Estimate SE pr
Habitat quality
Pond size 5.87 x 1073 6.75 X 1073 n.s 1.26 x 102 1.88 x 10-2 n.s. 1.90 x 10-2 2.70 X 102 s
Sunshine duration spring 6.99 x 10-2 3.60 x 10-2 n.s 2.32 x 101 1.03 x 10-2 * 1.56 x 10! 7.90 X 10-2 *
Semi-aquatic zone 5.04 x 1073 2.52 x 1073 * 1.49 x 102 7.44 X 1073 * 2.83 X 102 9.13 x 102 *k
Submerged macrophytes 5.67 x 1073 3.70 x 103 n.s 5.61 X 103 1.02 x 10-2 n.s 1.41 x 102 1.47 x 102 s
Shrubs 5.45 x 1073 6.03 X 102 n.s —8.44 x 103 1.77 x 102 n.s —3.84 x 102 2.61 x 102 n.s
Field layer 1.56 x 1073 5.72 x 1073 n.s —4.76 x 10-3 1.64 x 102 n.s -2.30 x 10-3 2.25 x 102 s
Bare soil 2.74 X 1073 3.49 x 107 n.s 1.55 x 102 8.39 x 103 n.s 3.08 X 10-2 2.45 x 102 Fokk
Vegetation height —2.43 x 1073 4.71 X 1073 n.s -1.73 X 102 1.36 x 10-2 n.s -2.06 x 102 2.14 x 102 s
Landscape quality
Annual temperature 5.61 x 102 2.11 x 10! n.s 4.44 x 10! 7.43 x 101 n.s -10.9 x 10! 7.94 x 101 n.s
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Table A2 Overview of environmental parameters used for Generalized Linear Mixed-effects

Models and their inter-correlations with other environmental parameters (Spearman correlation
[r], || >0.5). * P <0.05; ** P <0.01; *** P <0.001.

Parameter Surrogate for (Spearman Rank Order Correlation [r])

Habitat quality

Habitat type (%0)

Shrubs
Field layer Litter (0.54*¥), conductivity (—0.51*%)
Bare soil Sunshine duration summer (0.61%¥*%), pH (0.53**), trees (—0.50**)
Submerged macrophytes Conductivity (—0.51**)
Vegetation height (cm) Trees (0.67*%*), sunshine duration summer (—0.56**), fish (0.52**)

Pond size (ha)
Sunshine duration spring (h/day)  Sunshine duration summer (0.68%%), trees (—0.52**)
Semi-aquatic zone (%o) Fish (—0.71%%)

Landscape quality

Annual temperature (°C) Elevation (—0.93**¥), pond connectivity (—0.55**)

Table A3 Summary of PCA results based on the two pond types and environmental parameters

(N'= 30).
Parameter Axis
1 2
Habitat quality
Pond size -0.22 -2.10
Sunshine duration spring 291 -1.35
Semi-aquatic zone 2.79 -1.12
Submerged macrophytes 1.95 1.68
Shrubs -1.04 0.30
Field layer 2.18 3.36
Bare soil 1.75 -3.82
Vegetation height -3.00 0.78
Landscape quality
Annual temperature 1.92 1.16
Explained variance (cumulative) 21.8 42.0

95



Endbericht = Biodiversitit und Management von Steinbriichen Universitat Osnabriick

Anhang lI: Urkunde - Auszeichnung als UN-Dekade-Projekt

,Blodiversitat von
Steinbruchen*

der

Abteilung fur Biodiversitat und
Landschaftsdkologie, Universitat
Osnabrick

wird als offizielles Projekt der
,UN-Dekade Biologische Vielfalt”
ausgezeichnet.

leben.natur.vielfalt

- L AN R
A I f

die UN-Dekade

P P
\\ ﬁ)" >
Svenja Schulze Professor Dr. Beate Jessel
Bundesministerin fiir | | Prasidentin des Bundesamtes
N hutz und nukl Sicherheit (BMU) fiir Naturschutz (BfN)
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