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Abschnitt 1: 
 

ÜBERBLICK 
 
 
 
 
 
 
 
 
 
 
 
 
VORWORT 
 
 

Abschnitt 1 soll die Relevanz der Untersuchungen sowie die Fragestellung vorliegender 

Studie darlegen und einen Überblick über die angewandten Methoden, die wesentlichen 

Ergebnisse und deren Bedeutung bieten. Abschnitt 2 beinhaltet das dazugehörige 

Publikationsmanuskript. 

Die Angaben von „Figures“ und „Tables“ in Teil 1 beziehen sich auf die Abbildungen 

beziehungsweise Tabellen im Publikationsmanuskript (Teil 2). Die Auflistung der gesamten 

verwendeten Literatur von Teil 1 und Teil 2 befindet sich in der Referenzliste des zweiten 

Teils.  
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1. Einleitung 
Klimawandel, veränderte Landnutzungsregime, erhöhte Stickstoffeinträge und andere ‚global 

change’-Phänomene haben die Frage nach den Ursachen von Vegetationsveränderungen und 

den Versuch solche Veränderungen zu prognostizieren zu prominenten Themen der 

ökologischen Forschung gemacht. Entsprechende vegetationskundliche Untersuchungen 

setzen dabei vermehrt auf Analysen der funktionellen Eigenschaften von Pflanzen. Der 

Vorteil von funktionellen Ansätzen im Vergleich zu taxonomischen, also solchen, die auf der 

Artenzusammensetzung der Vegetation und ihren möglichen Veränderungen basieren, liegt 

darin, dass ihre Resultate unabhängig von phytogeographischen Grenzen verglichen werden 

können (Verheyen, Honnay et al. 2003) und so zum besseren Verständnis genereller 

Mechanismen von Vegetationsveränderungen und Ökosystemprozessen in verschieden Teilen 

der Welt beitragen (Grime 2001).  

Um den Zusammenhang zwischen Vegetation und Umwelt zu analysieren, können 

funktionelle Ansätze indirekt oder direkt sein. Indirekte Methoden involvieren Gruppen von 

Pflanzen mit ähnlichen funktionellen Eigenschaften. Die am meisten verwendeten 

Klassifikationen sind „Emergent Groups“ (Lavorel, McIntyre et al. 1997), „Plant Functional 

Types (PFT)“  (Noble and Gitay 1996; Lavorel and Garnier 2002) und vor allem „C-S-R 

Strategietypen“ (Grime 2001). Einige Autoren (Lavorel and Garnier 2002; Aubin, Ouellette et 

al. 2009) betonen jedoch, dass zur Analyse der Kopplung zwischen Vegetation und Umwelt 

direkte Methoden besser geeigneter sind als indirekte, da erstere den unmittelbaren 

Zusammenhang von einzelnen funktionellen Eigenschaften und der Umwelt untersuchen. 

Solche direkten Studien wurden vor allem in Bezug auf die Nährstoffverfügbarkeit des 

Bodens, Störungsintensitäten, Schatten, Klima und CO2 durchgeführt (Lavorel and Garnier 

2002 und darin enthaltene Referenzen). Im Rahmen dieser Studien wurden wiederholend 

Assoziationen zwischen funktionellen Eigenschaften gezeigt, die auf einen grundlegenden 

Abtausch von Investition in Ressourcenerwerb beziehungsweise Ressourcenspeicherung 

hindeuten (Grime 1977; Chapin 1980; Reich, Walters et al. 1992; Díaz and Cabido 1997; 

Grime, Thompson et al. 1997; Díaz, Hodgson et al. 2004; Kazakou, Garnier et al. 2007; 

Navas, Roumet et al. 2009). Soche Assoziationen unterstützen die Erstellung von 

funktionellen Typologien im Weg eines „bottom-up“-Ansatzes. 

 

Die vorliegende Studie untersucht die kleinräumige Variabilität der funktionellen Merkmale 

von krautigen Unterwuchspflanzen in einem temperaten, montanen Buchenmischwald am 

„Zöbelboden“ in den Nördlichen Kalkalpen Österreichs. Aus diesem Ökosystem gibt es 
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bereits Langzeitdatenreihen (1993-2008) zur Waldbodenvegetation basierend auf 

Vegetationsaufnahmen in Form von 10 x 10m Dauerflächen. Diese Daten sollen 

Informationen über die langfristige Wirkung von versauernden und eutrophierenden 

Substanzen (vor allem Schwefel und Stickstoff) auf die Biodiversität liefern. Die bisherigen 

Ergebnisse zeigen, dass sich aufgrund der fortschreitenden Eutrophierung durch Stickstoff 

und der Abnahme saurer Einträge durch Schwefel die Waldbodenvegetation signifikant 

verändert hat, und zwar in Form von Abundanzverschiebungen zwischen Arten und 

Veränderungen der Artenkombination (Hülber, Dirnböck et al. 2008). Diese Ergebnisse bieten 

also Informationen auf der Ebene der Arten und Pflanzengesellschaften. Um jedoch 

herauszufinden welche Mechanismen hinter den Veränderungen stecken, ist es sinnvoll die 

Vegetation auf einer prozess-näheren Ebene als jener der Arten und Pflanzengesellschaften zu 

beobachten. Erst durch die Analyse des Zusammenhangs zwischen funktionellen 

Eigenschaften und Umweltparametern wird es möglich artspezifische Strategien zu 

beschreiben. Zu diesem Zweck werden in der vorliegenden Arbeit feinskalierte (0,5 x 0,5 m) 

Vegetationsdaten auf Individuenebene (je nach Art durch Auszählen der Individuen, 

Grundblätter, vegetativen Triebe pro Horst, Grundblätter pro Rosette) erhoben und mit 

Literaturdaten zu den artspezifischen, funktionellen Eigenschaften ergänzt (Table 1, Table 3). 

Weiters werden verschiedene Umwelt- und Bodenparameter im Untersuchungsgebiet 

gemessen. Um Korrelationen zwischen funktionellen Eigenschaften und verschiedenen 

Umweltvariablen zu analysieren wird eine RLQ-Analyse (Dolédec, Chessel et al. 1996) 

verwendet. Das Ziel dieser Arbeit ist zu untersuchen ob (1) es einen signifikanten 

Zusammenhang zwischen funktionellen Eigenschaften des Unterwuchses und der Variabilität 

verschiedener Standortsfaktoren in einem Karbonat-Buchenmischwald gibt; (2) mögliche 

Veränderungen funktioneller Eigenschaften entlang von Umweltgradienten auf einen Wechsel 

zwischen vorherrschender Konzentration der Pflanzenarten auf Ressourcenerwerb oder 

Ressourcenspeicherung hindeuten; (3) C-S-R Strategietypen (Grime 2001) mit diesem 

möglichen funktionellen Wechsel übereinstimmen. Zusätzlich werden die Resultate 

hinsichtlich unterschiedlicher anthropogener Störungsintensitäten zweier Teilbereiche des 

Untersuchungsgebietes diskutiert.  
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2. Material und Methoden 

 
2.1. Untersuchungsgebiet 

Das Untersuchungsgebiet befindet sich am „Zöbelboden“ im Reichraminger Hintergebirge in 

den Nördliche Kalkalpen (Abb. 1). Der Zöbelboden ist ein vom Umweltbundesamt betreuter 

Integrated Monitoring (IM) Standort im Rahmen des Programms zur „Umfassenden 

Beobachtung der Wirkung von Luftverschmutzung auf Ökosysteme“ (ICP) der Europäischen 

Wirtschaftskommission (UN-ECE). 

Zur Zeit (Mai 2009) erarbeiten in diesem internationalen Programm 16 Staaten 

Langzeitdatenreihen zu ökologischen Effekten von Luftschadstoffen um zielgerichtete 

umweltpolitische Maßnahmen gegen die europaweite Luftverschmutzung zu ermöglichen 

(http://www.umweltbundesamt.at/umweltschutz/oekosystem/im/) (Abb. 2). 

 

 

Abbildung 1. Lage des Untersuchungsgebiets „Zöbelboden“ am Nordrand des Nationalparks Kalkalpen. 

 

 

Zwischen 1992 und 1995 entstand am Zöbelboden der einzige IM-Standort Österreichs, der 

als Referenzsystem für montane Karbonatwälder dient. Das 90 ha große Untersuchungsgebiet 

befindet sich am nördlichen Rand (N 47° 50' 30'', E 14° 26' 30'') des Nationalparks Kalkalpen 

(Abb. 1). Es erfolgen eine kontinuierliche Messung der Luftschadstoffe und des 

Bodenchemismus sowie eine regelmäßige Erfassung verschiedener Bioindikatoren wie zum 

Beispiel die Waldbodenvegetation. Die Jahresdurchschnittstemperatur liegt bei 7,2°C und der 

jährliche Niederschlag beträgt durchschnittlich 1650 mm. Die klimatischen Bedingungen 

erlauben eine Vegetationsperiode von rund 190 Tagen pro Jahr. Der Gesteinsuntergrund wird 

hauptsächlich von Hauptdolomit gebildet, der stellenweise von Plattenkalk überlagert wird.  

 

http://www.umweltbundesamt.at/umweltschutz/oekosystem/im/�
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Abbildung 2. Lage der UNECE ICP Integrated Monitoring Standorte (aktueller Stand im Jahr 2009). 

 

Zur Erfassung der kleinräumigen Vegetationsdynamik wurden im Untersuchungsgebiet zwei 

Intensivplots (IP) eingerichtet. Intensivplot 1 (IP 1) befindet sich auf einem nahezu flachen 

Plateau (850-956 m.a.s.l) mit einem montanen Buchenmischwald als potentielle Vegetation 

(Cardamino trifoliae-Fagetum sensu Willner 2002). Dieser Standort ist jedoch stark 

anthropogen beeinflusst, da man dort die Wälder bis 1910 forstwirtschaftlich genutzt hat. 

Daher dominiert am Plateau die Gewöhnlich-Fichte (Picea abies (L.) Karst.). Außerdem 

mussten in den vergangenen Jahren  immer wieder einzelne Bäume aufgrund von 

Borkenkäferbefall entfernt werden. Im Gegensatz dazu befindet sich Intensivplot 2 (IP 2) in 
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steiler Hanglage (550-850 m.a.s.l.) mit einer natur-nahen Vegetation (Adenostylo glabrae-

Fagetum sensu Willner 2002) und Rotbuche (Fagus sylvatica L.) als dominierender Baumart.  

 

2.2. Vegetationsaufnahmen  

Die im Juli und August 2007 durchgeführten Vegetationsaufnahmen stellen eine 

Wiederholungsinventur der bereits im August 2004 nach demselben Design durchgeführten 

Aufnahmen dar. Beide IPs wurden in regelmäßige, 5m x 5m große Felder unterteilt (Abb. 3, 

4). Durch Zufallsprinzip wurden in jedem dieser Felder zwei Vegetationsplots á 0.5 x 0.5m 

ausgewählt, welche für das feinskalierte Vegetationsmonitoring herangezogen werden. Somit 

ergaben sich am Plateaustandort (IP 1) 62 und am Hangstandort (IP 2) 64 Vegetationsplots, 

von denen im Rahmen dieser Diplomarbeit insgesamt 107 beprobt wurden. Die restlichen 

Vegetationsplots wurden durch Windwurf zerstört.  

 

Abbildung 3. IP 1 (Plateaustandort) mit Fichten. Abgegrenzter Raster von 5x5m. 

 

Die Erhebungen erfolgten mit Hilfe eines hölzernen Frequenzrahmens, der in 25 Felder á 10 x 

10cm unterteilt ist. Der Rahmen wurde direkt auf den Waldboden gelegt, und für jedes 10 x 

10cm Feld wurden sowohl Vegetationsdaten als auch Daten zum Auflagematerial erhoben 
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(Abb. 5). Die Abundanz wurde auf zwei unterschiedliche Weisen erfasst: Einerseits mit 

Deckungswerten, und andererseits mit der Anzahl der funktionellen oder morphologischen 

Einheiten (sogenannte „Abundance 

Units“). Die Abundance Units sind je 

nach Wuchsform der Art 

unterschiedlich, zum Beispiel Anzahl 

der Grundblätter, Blühtriebe, vegetative 

Triebe, Wedel, Horste, Rosetten oder 

einfach nur Individuen (Table 1). Bei 

größeren Pflanzen kann es vorkommen, 

dass eine Abundance Unit mehr als ein 

Feld bedeckt. In diesem Fall wurde 

diese nur einmal gezählt und jenem 

Feld zugeordnet, in dem die Pflanze 

wurzelt. Zusätzlich wurde für jedes 

Feld die prozentuelle Deckung von 

Laubstreu, Nadelstreu, offenem Boden 

(Mineralboden) und sonstigem 

Auflagematerial (zum Beispiel Totholz, 

Steine) geschätzt (Table 2). 

 
Abbildung 4. IP 2 (Hangstandort) mit Buchen. 

 

Insgesamt wurden folgende Daten für jedes 10 x 10cm Feld erhoben: 

- Anzahl der Arten 

- Gesamtdeckung der 

oberirdischen Biomasse jeder 

Art 

- Anzahl der Abundance Units 

(funktionelle oder 

morphologische Einheiten) 

jeder Art  

- Prozentuelle Deckung des 

Auflagenmaterials      Abbildung 5. Frequenzrahmen mit 25 10x10cm Feldern. 
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Die statistische Auswertung erfolgte auf Niveau des Vegetationsplots, das heißt, die Werte 

der 25 10 x 10cm Felder wurden aufsummiert. Die Nomenklatur richtete sich nach der 

Exkursionsflora Österreichs (Fischer, Adler et al. 2005). Insgesamt wurden 37 krautige Arten, 

darunter 10 Gräser, in die weitere Analyse einbezogen. Holzige Arten wurden von der 

Analyse ausgeschlossen.  

 

2.3. Umweltvariablen und Bodensampling 

Die kleinräumliche Variabilität der Artzusammensetzung beziehungsweise der 

vegetationskundlichen Merkmale (funktionelle Eigenschaften der Arten) in Bezug auf 

unterschiedliche Umweltverhältnisse wurde hinsichtlich Gesamtstrahlung unterhalb der 

Baumkrone, Mikro-Relief, Feuchtigkeit, Humusqualität, sowie pH-Wert und C:N Verhältnis 

des Bodens analysiert.  

Die Lichtverhältnisse am Waldboden, gegeben als Gesamtstrahlung unterhalb der Baumkrone 

[W/m²], wurden mittels Hemifotographie und nachfolgender Auswertung der Bilder mit der 

Software Gap Light Analyzer (GLA, Version 2.0, Simon Fraser University British Columbia) 

bewertet. Weiters wurden die kleinräumigen Relief-Gegebenheiten bei jedem Vegetationsplot 

erhoben, da sich konkave und konvexe Vegetationsplots in Bezug auf Humusakkumulation 

unterscheiden. Dazu wurde eine Metallstange über den hölzernen Frequenzrahmen gelegt und 

die Abstände zwischen der Stange und der Bodenoberfläche jeweils 20 cm außerhalb des 

Rahmens und in dessen Mitte abgemessen. Dieser Vorgang wurde an den Diagonalen sowie 

den Medianen durchgeführt. Zur Berechnung des Index wurde jeder Wert, der außerhalb des 

Rahmens gemessen wurde, vom entsprechenden Wert im Zentrum subtrahiert, und die acht 

Differenzen pro Plot wurden gemittelt. Ein Vegetationsplot mit positivem Index kann als 

konvex betrachtet werden, ein negativer Wert bedeutet hingegen ein konkaves Relief.  

Die Stickstoffverfügbarkeit und der pH-Wert des Bodens wurden durch eine Bodenbeprobung 

ermittelt. Um die Vegetationsplots nicht zu zerstören, wurden die Bodenproben entlang des 5 

x 5 m Rasters an zwei Zeitpunkten (Mai, August 2007) an beiden IP Standorten entnommen 

(Figure 1). Entlang der Wege, die sich an einigen Stellen zwischen den 5 x 5 m Feldern  

befinden, wurde nur immer einer der gegenüberliegenden Probenpunkte beprobt. Auch hier 

wurden aufgrund des Windwurfs einige Probenpunkte zerstört. Jede Bodenprobe setzte sich 

aus einer Mischprobe von drei 5 x 5 x 5cm Würfeln zusammen, die im Abstand von 50 cm 

rund um den Probenpunkt entnommen wurden. Im August wurde die Entnahmestelle um 25 

cm im Uhrzeigersinn verschoben (Figure 1). Die Laubstreu wurde entfernt, und die Entnahme 

der Bodenwürfel erfolgte ausschließlich vom A-Horizont, auch wenn dieser weniger als fünf  
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Zentimeter tief war und die Bodenwürfel entsprechend kleiner werden mussten. Grobe 

Bestandteile wie zum Beispiel Streu oder Steine wurden mit Hilfe von Sieben (5 mm und 2 

mm) entfernt. An den beiden Zeitpunkten wurden jeweils 41 Bodenproben (42 von IP 2 im 

August) von jedem IP Standort entnommen, daher ergaben sich in Summe 165 Bodenproben.  

 
Die Bodenproben wurden im „Department für Chemische Ökologie und 

Ökosystemforschung“ der Universität Wien chemisch untersucht. In vorangegangenen 

Studien wurde eine Abhängigkeit der Artzusammensetzung vom pH- und Stickstoffgradienten 

am Zöbelboden gezeigt (Hülber, Dirnböck et al. 2008). Als Indikator für die 

Stickstoffverfügbarkeit wurde in dieser Studie das Verhältnis von Kohlenstoff zu Stickstoff 

(C:N Ratio) herangezogen. Außerdem wurde der pH-Wert des Oberbodens ermittelt. Für die 

statistische Analyse wurden die Mittelwerte aus den beiden Zeitpunkten der Bodenbeprobung 

verwendet. Da die Bodenproben nur Werte für den 5 x 5m Raster liefern, wurde rechnerisch 

eine räumliche Interpolationsmethode angewendet (Philip and Watson 1982; Watson and 

Philip 1985). Durch diese Modellierung der Bodendaten konnte jedem Vegetationsplot ein 

Wert für das C:N Verhältnis und ein pH-Wert zugeordnet werden.  

Für den Feuchtigkeitsindex wurde die durchschnittliche Feuchtezahl (F-Zahl) der Ellenberg-

Zeigerwerte aller Arten pro Vegetationsplot berechnet. Die prozentuelle Deckung des 

Auflagematerials, die gemeinsam mit den Artdaten aufgenommen wurde, wurde zur 

Bewertung der Humusqualität herangezogen. Das Verhältnis der Deckungswerte von 

Laubstreu zu Nadelstreu (L:N Ratio) pro Vegetationsplot diente als einfaches Maß für 

feinskalierte Variabilität der Humusqualität (Table 2).  

Mikro-Reflief und Feuchtigkeits-Index zeigten eine Normalverteilung, während L:N Ratio, 

C:N Ratio, Strahlungsintensität und pH-Wert log-transformiert werden mussten. Außerdem 

wurden alle Umweltvariablen zentriert und neu skaliert um sie untereinander besser 

vergleichen zu können.  

 

2.4. Funktionelle Eigenschaften der Pflanzenarten 

Für alle 37 Arten wurden folgende 11 funktionelle Eigenschaften aus verschiedenen 

Literaturquellen (Table 3) gesammelt: maximale Höhe, Stickstoffgehalt des Blattes, 

Blattlebensdauer, Blattanatomie, Blattverteilung entlang des Sprosses, klonale 

Wachstumsorgane (CGO), Beginn der Blühphase, Dauer der Blühphase, Beginn der 

Ausbreitungsphase, Dauer der Ausbreitungsphase und Diasporengewicht. Bei manchen 

funktionellen Eigenschaften gab es nicht für jede Art die nötigen Angaben. Basierend auf 

entsprechenden Korrelationen zwischen den Eigenschaften konnten jedoch die Schätzwerte 
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durch Least Square Regressionen (kontinuierliche Variablen) beziehungsweise durch 

ANOVA (kategorische Variablen) interpoliert werden. Weiters wurden existierende Daten 

vom Zöbelboden zur Specific Leaf Area (SLA: das Verhältnis von Blattoberfläche zum 

Blatttrockengewicht) in die Datenbank integriert. Auch hier gab es einige Arten, deren 

fehlende Werte interpoliert werden mussten (Table 3).  

 

2.5. Statistische Analyse 

Um größenunabhängige Artprävalenzen zu erhalten, wurde für die Berechnung des Art-

Response pro Vegetationsplot der Deckungswert jeder Art durch deren Anzahl an Abundance 

Units dividiert (Table 1). Um die für Pflanzen potentiell besiedelbare Fläche zu 

berücksichtigen, wurden die Artprävalenzen zusätzlich durch die Summe der Deckungswerte 

von Laubstreu, Nadelstreu und Mineralboden (Table 2) des Vegetationsplots dividiert.  

Der Zusammenhang zwischen funktionellen Eigenschaften und Umweltvariablen wurde mit 

Hilfe einer sogenannten RLQ-Analyse (Dolédec, Chessel et al. 1996) untersucht. Es handelt 

sich dabei um eine Ordinationsmethode, die gleichzeitig drei Matrizen auf gemeinsame 

Strukturen untersucht. Die drei Matrizen sind Tabelle R mit Umweltvariablen 

(Vegetationsplots und ihre Umweltvariablen), Tabelle Q mit funktionellen Eigenschaften 

(Arten und ihre funktionellen Eigenschaften) und die zentrale Tabelle L (Vegetationsplots und 

ihre Art-Abundanzen). Der erste Schritt der RLQ-Analyse besteht darin, die drei Tabellen 

separat zu analysieren. Dann wird über die zentrale Tabelle L eine Verbindung zwischen den 

beiden anderen Tabellen erstellt, und somit der Zusammenhang zwischen Arteigenschaften 

und Umweltverhältnissen analysiert. Um die Signifikanz des aus der RLQ-Analyse 

resultierenden Zusammenhangs zwischen funktionellen Eigenschaften und Umweltvariablen 

zu testen, wurde ein Monte Carlo Permutationstest verwendet. 

Auswertung und statistische Analysen der Daten erfolgten mit der Statistik-Software R 2.4.0. 

(http://www.r-project.de). Die RLQ-Analyse ist in der Library „ADE-4“ enthalten.  

 

http://www.r-project.de/�
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3. Ergebnisse 

 
Der bei weitem größte Teil der Gesamtvarianz ist auf der ersten Ordinationsachse des RLQ-

Modells repräsentiert (Table 6a). Diese erste Achse enthält daher den Großteil der in den 

Daten enthaltenen ökologischen Information. Aus diesem Grund fokussiert die Diskussion vor 

allem auf die Informationen entlang der ersten Ordinationsachse. 

Im Vergleich zu den separaten Analysen der drei Matrizen wird durch das RLQ-Modell ein 

hoher Prozentsatz der Varianz sowohl von Umweltvariablen als auch von funktionellen 

Eigenschaften entlang der ersten Ordinationsachse projiziert (Table 6b). Außerdem zeigt die 

hohe Anpassungsgüte, dass das RLQ-Modell weitgehend mit der Struktur der ursprünglichen 

Tabelle L (Vegetationsplots und Art-Response) übereinstimmt (Table 6c). 

Die Ergebnisse der RLQ-Analyse (Table 7, Figure 4) zeigen einen signifikanten 

Zusammenhang zwischen der Verteilung der funktionellen Eigenschaften und den 

Umweltvariablen (Monte Carlo Permutationstest: p=0,001, basierend auf 999 

Wiederholungen). Was die Umweltvariablen betrifft, zeigt die erste Ordinationsachse einen 

deutlichen pH-Stickstoff-Gradienten von sauren und stickstoffarmen Verhältnissen am 

negativen Ende zu alkalischen und stickstoffreichen Bedingungen am positiven Ende. 

Außerdem trennt die erste RLQ-Achse feuchte, konvexe Vegetationsplots mit vorwiegend 

Nadelbäumen (hauptsächlich Nadelstreu) und niedriger Strahlungsintensität unterhalb der 

Baumkrone am linken Ende von eher trockenen, konkaven Habitaten mit Laubbäumen 

(hauptsächlich Laubstreu) und höherer Strahlungsintensität unterhalb der Baumkrone am 

rechten Ende. 

In Zusammenhang mit diesen Umweltgradienten erfolgt entlang der ersten RLQ-Achse eine 

Auftrennung von bestimmten Kombinationen funktioneller Eigenschaften (Table 7, Figure 4). 

Auf der linken Seite (saure, stickstoffarme, feuchte, konvexe Habitate mit vorwiegend 

Nadelbäumen und geringer Strahlungsintensität) kommen im Unterwuchs vor allem 

großwüchsige Krautige mit schneller Blattentwicklung (hygromorph, sommergrün, hohe SLA, 

hoher Blattstickstoffgehalt) vor. Weitere funktionelle Eigenschaften, die unter diesen 

Umweltbedingungen vermehrt vorkommen sind: leichte Diasporen, klonales Wachstum 

(wenn überhaupt) durch oberirdische Ausläufer, regelmäßige Verteilung der Blätter entlang 

des Sprosses oder Blätter als Krone am Ende eines größeren Sprosses konzentriert, kurze und 

spät einsetzende Blüh- und Verbreitungsphase. Typische Vertreter dieser funktionellen 

Gruppe sind zum Beispiel der Hasenlattich (Prenanthes purpurea L.), die Echte Himbeere 

(Rubus idaeus L.) sowie das Bunte Reitgras (Calamagrostis varia (Schrad.) Host) (Table 8). 
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Im Gegensatz dazu findet man am gegenüberliegenden Ende der ersten RLQ-Achse 

(Umweltbedingungen eher trocken, alkalisch, stickstoffreich, konkav, hohe 

Strahlungsintensität unterhalb einer Baumkrone aus vorwiegend Laubbäumen) eine völlig 

andere Zusammensetzung an funktionellen Eigenschaften: kleinwüchsiger Habitus, 

immergrüne Pflanzen mit dicken, widerstandsfähigen Blättern (scleromorphe Blattanatomie, 

niedrige SLA), Blätter in Horsten oder Rosetten, schwere Diasporen, unterirdische 

Speicherorgane, lange und früh einsetzende Blüh- sowie Verbreitungsphasen. Am oberen 

Ende der ersten RLQ-Achse positionierte Arten sind zum Beispiel Schneerose (Helleborus 

niger L.), Kalk-Blaugras (Sesleria varia (Jacq.) Wettst.) und Alpenmaßliebchen 

(Bellidiastrum michelii Cass.) (Table 8). 
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4. Diskussion 
 

4.1. Austauschbeziehung zwischen funktionellen Eigenschaften 

Die in den Ergebnissen beschrieben Assoziationen zwischen funktionellen Eigenschaften 

resultieren aus vermutlich genetisch determinierten ‚trade-offs’ der Ressourcen-Allokation 

(Grime 2001), die zur Ausbildung verschiedener Strategientypen führt. Einerseits 

spezialisieren sich Pflanzen auf schnelles Wachstum und hohe Photosyntheseraten um 

möglichst viele Ressourcen aufnehmen zu können. Diesem Typus entsprechen die am linken 

Ende der ersten RLQ-Achse angeordneten funktionellen Eigenschaften: hohe SLA, hoher 

Blattstickstoffgehalt, kurze Blattlebensdauer, großwüchsiger Habitus (Figure 4). Andererseits 

können Pflanzen in ihre Widerstandsfähigkeit und die Speicherung von Ressourcen 

investieren indem sie robuste, immergrüne Blätter und unterirdische Speicherorgane 

ausbilden. Die Kombination von funktionellen Eigenschaften am positiven Ende der ersten 

RLQ-Achse ist charakteristisch für die letztere Strategie (Figure 4). Dieser funktionelle 

Ausgleich zwischen Investition in Erwerb beziehungsweise Speicherung von Ressourcen 

konnte bereits in verschiedenen Biomen und in einer Vielzahl unterschiedlicher ökologischer 

Spektra nachgewiesen werden (Grime 1977; Chapin 1980; Reich, Walters et al. 1992; Díaz 

and Cabido 1997; Grime, Thompson et al. 1997; Díaz, Hodgson et al. 2004; Kazakou, Garnier 

et al. 2007; Navas, Roumet et al. 2009). 

 

4.2. Assoziationen zwischen Umweltvariablen und funktionellen Eigenschaften 

Insgesamt konnte neben einer durchaus angemessenen Anpassungsgüte des RLQ-Modells 

auch ein hoher Anteil der Varianzen von Umweltvariablen und funktionellen Eigenschaften 

entlang der ersten RLQ-Achse projiziert werden (Table 6). Daraus folgt, dass das RLQ-

Modell die gemeinsame Struktur der Tabellen R und Q, also einen Zusammenhang zwischen 

Umweltvariablen und funktionellen Eigenschaften, auf aussagekräftige Weise herausfiltern 

und darstellen konnte (Figure 4). Dieser Zusammenhang besteht in erster Linie darin, dass die 

oben beschriebene Austauschbeziehung zwischen funktionellen Eigenschaften mit den 

unterschiedlichen Umweltbedingungen an den Plateaustandorten (IP 1) und Hangstandorten 

(IP 2) einhergeht. Entlang der ersten Ordinationsachse des RLQ-Modells zeigt sich eine klare 

Trennung zwischen Vegetationsplots am Plateau (am negative Ende der ersten RLQ-Achse) 

und jenen am Hang (am positiven Ende) (Figure 5). Am Plateau herrschen demnach feuchtere, 

stickstoffärmere, saure und schattigere Bedingungen als am Hang. Dementsprechend reagiert 

der Unterwuchs mit schnellwüchsigen Arten am Plateau (hohe SLA, kurzlebige Blätter, hoher 
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Blattstickstoffgehalt, großer Habitus, leichte Diasporen), während am Hang vermehrt 

ausdauernde und trockenresistente Arten vorkommen (niedrige SLA, immergrüne und 

scleromorphe Blätter, unterirdische Speicherorgane, Rosetten und Horste).  

Der Stickstoffgradient entlang der ersten RLQ-Achse verlief den Erwartungen 

entgegengesetzt. Normalerweise werden Eigenschaften wie hoher Blattstickstoffgehalt und 

hohe SLA-Werte bei nährstoffreichen Habitaten beobachtet (Westoby 1998; Grime 2001; 

Kahmen and Poschlod 2004). In dieser Studie sind jedoch sowohl hohe SLA-Werte als auch 

hoher Blattstickstoffgehalt mit stickstoffarmen Standorten assoziiert (Table 7, Figure 4). Die 

Ursache für dieses unerwartete Ergebnis könnte darin liegen, dass der vorliegende C:N 

Gradient extrem kurz ist (13-18, einmal 20), was eine Schwächung der Korrelationen bewirkt 

(Lavorel and Garnier 2002). Alternativ dazu ist anzunehmen, dass die Größenordnung des 

Bodensamplings (5 m Raster) für derart feinskalierte Vegetationsuntersuchungen nicht 

geeignet ist. Immerhin wurde gezeigt, dass der Stickstoffgehalt des Bodens in temperaten, 

laubwerfenden Wäldern bereits in Dimensionen von 20 cm erheblich variiert (Farley and 

Fitter 1999). Außerdem ergaben Langzeitstudien von 1992 bis 2005 am Zöbelboden, dass die 

Stickstoffverfügbarkeit im Untersuchungsgebiet generell hoch und vorteilhaft für das 

Pflanzenwachstum ist, sodass Stickstoff nur in ganz bestimmten Habitaten einen limitierenden 

Faktor darstellt (Hülber, Dirnböck et al. 2008). Diese Standorte fehlten allerdings in der 

vorliegenden Analyse.  

 

4.3. Strategietypen 

In der C-S-R Theorie (Grime 1977) werden verschiedene, selektive Faktoren wie die oben 

beschriebenen Umweltvariablen zu zwei grundlegenden, ökologischen Faktoren kombiniert: 

Ressourcenverfügbarkeit und Störungsintensität. Je nachdem welche Strategie als Antwort auf 

unterschiedliche Intensitäten dieser beiden Faktoren evolviert ist, können Pflanzen in 

verschiedene funktionelle Gruppen eingeteilt werden (Grime 2001).  

Die primären Strategien nach Grime (2001) sind C-Strategen (Competitors), S-Strategen 

(Stresstolerante) und R-Strategen (Ruderals). C-Strategen zeichnen sich durch ihre hohe 

Konkurrenzkraft in nährstoffreichen Habitaten mit geringer Störungsintensität aus. Bei 

ähnlich geringer Störungsintensität, jedoch nährstoffarmen Bedingungen, setzen sich 

hingegen die widerstandsfähigen S-Strategen durch. Die schnellwüchsigen R-Strategen 

wiederum sind bei hoher Störungsintensität und hoher Ressourcenverfügbarkeit die 

Erfolgreichsten. Diese primären Strategien stellen die Extreme in der evolutionären 

Spezialisierung dar. Bei Habitaten mit intermediärer Ressourcenverfügbarkeit und 
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Störungsintensität zeigen Pflanzen dazwischen liegende Merkmalsausprägungen; man spricht 

von sekundären Strategien. Der jeweilige Grad an Störungsintensität und 

Ressourcenverfügbarkeit bestimmt, welcher der vier sekundären Strategietypen vorherrscht. 

Sie können als Zwischenstufen von zwei oder mehreren primären Strategien betrachtet 

werden: CR-Strategen (Competitive Ruderals), SR-Strategen (Stresstolerante Ruderals), CS-

Strategen (Stresstolerante Competitors) und CSR-Strategen (ein intermediärer Typus aus allen 

drei primären Strategien) (Grime 2001). 

Die Ergebnisse der RLQ-Analyse zeigen, dass sich Plateaustandort und Hangstandort in 

Bezug auf vorherrschende Strategietypen deutlich unterscheiden. Diese Strategietypen stehen 

in Zusammenhang mit den unterschiedlichen Merkmalsausprägungen der Arten an den beiden 

Standorten und stimmen mit den bereits oben erwähnten funktionellen Unterschieden überein.  

Die meisten Arten im Untersuchungsgebiet zeigen sekundäre Strategien, dass heißt die 

Ausprägungen ihrer Merkmale stellen Zwischenstufen der primären C-S-R Strategen dar 

(Grime 2001). Die Merkmalskombinationen am linken Ende der ersten RLQ-Achse 

(Plateaustandort) entsprechen weitgehend den Charakteristika der CSR-Strategen, während 

Stresstoleranz (SC und S-Strategen) zum positiven Ende hin immer mehr an Bedeutung 

gewinnt (Figure 4).  

CSR-Strategen findet man vor allem in Habitaten mit mittleren saisonalen oder räumlichen 

Unterschieden von Ressourcenstress und Störung. Sie sind durch ihre typische 

Ausläuferbildung in der Lage unbesiedelte Lücken im Unterwuchs auszunützen, indem sie bei 

günstigen Bodenbedingungen wurzeln und in entfernten Lücken photosynthetisieren (Grime 

2001). Durch vegetative Bogentriebe (Gewöhnliche Goldnessel, Galeobdolon montanum 

(Pers.) Pers. ex Rchb) können Konkurrenten in der Krautschicht überbrückt werden, und 

Legtriebe (Waldmeister, Galium odoratum (L.) Scop.) ermöglichen eine Ausbreitung in 

Mikrohabitate mit sehr hoher Laubakkumulation (Karrer 1997; Grime 2001). Neben diesem 

intermediären CSR-Typus findet man auf dem Plateau auch Kombinationen von funktionellen 

Eigenschaften, die auf eine ruderale Strategie hindeuten (Grime 2001): hohe SLA, hoher 

Blattstickstoffgehalt, kurzlebige sowie hygromorphe bis mesomorphe Blätter, spätes 

Einsetzen der Blüh- und Verbreitungsphase, leichte Diasporen. Diese SR-Strategen 

(stresstolerante Ruderals) wie zum Beispiel der Kalk-Alpendost (Adenostyles alpina (L.) 

Bluff & Fingerh.) stellen die Antwort auf die höhere Störungsintensität am Plateau dar, wo 

durch das Fällen von Einzelbäumen aufgrund des Borkenkäferbefalls Lücken mit höherem 

Lichtangebot entstanden sind. Pflanzen mit solchen funktionellen Eigenschaften können die 

neu entstandenen Habitate schnell besiedeln (Verheyen, Honnay et al. 2003), denn eine hohe 
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relative Wachstumsrate wurde insbesondere in Verbindung mit hoher SLA beobachtet (Reich, 

Walters et al. 1992; Reich, Ellsworth et al. 1999; Wright, Reich et al. 2004). 

Im Gegensatz dazu zeigte sich am positiven Ende der ersten RLQ-Achse (Hangstandort) eine 

Zunahme stresstoleranter Charakteristika (Figure 4). Unterirdische Speicherorgane, Rosetten, 

schwere Diasporen, immergrüne sowie scleromorphe Blätter, hohe SLA und ein kleiner 

Habitus werden nicht mit schnellem Wachstum, sondern vielmehr mit der Speicherung von, 

beziehungsweise einem möglichst sparsamen Umgang mit Ressourcen assoziiert (Grime, 

Thompson et al. 1997; Westoby 1998; Grime 2001; Wright, Reich et al. 2004). Am 

Hangstandort ist die anthropogene Störungsintensität geringer, die Habitate sind jedoch 

trockener. Diese Umweltverhältnisse am Hang bedingen andere Strategien und resultieren in 

ein Vorkommen von S-Strategen (primär Stresstolerante) wie die Wimper-Hainsimse (Luzula 

pilosa (L.) Willd.) oder die Blau-Segge (Carex flacca Schreb.), SC-Strategen (stresstolerante 

Competitors) wie der immergrüne Lorbeer-Seidelbast (Daphne laureola L.), aber auch SR-

Strategen inklusive Geophyten wie das Alpenveilchen (Cyclamen purpurascens Mill.) (Table 

8, Figure 4). 

Mit Hilfe der RLQ-Analyse konnte gezeigt werden, dass, unabhängig vom Stickstoffgehalt 

des Bodens, die Pflanzen auch kleinmaßstäblich auf verschiedene Licht- und 

Feuchtigkeitsbedingungen sowie unterschiedlich hohe Störungsintensitäten reagieren, indem 

sie sich je nach vorherrschenden Gegebenheiten auf unterschiedliche funktionelle Weise 

spezialisieren. Informationen dieser Art können genutzt werden, um einerseits aktuelle 

Vegetationsveränderungen zu erklären aber andererseits auch um Vorhersagen über künftige 

Entwicklungen bei veränderten Umweltbedingungen zu machen (Noble and Gitay 1996; Díaz 

and Cabido 1997; Kahmen and Poschlod 2004). Gerade in Zeiten des Klimawandels sind 

solche Möglichkeiten von großer naturschutzfachlicher Bedeutung.  
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Abstract 
 
Functional trait-based approaches have been increasingly employed to study both plant 

responses to and effects on ecosystem processes. Knowledge about the links between 

associated traits and environmental factors may improve our understanding of the mechanism 

behind ecosystem functioning and change. Various analyses of biological traits in response to 

complex environmental gradients as well as large-scale screenings have revealed recurrent 

patterns of trait associations across different ecosystems. The present study, however, focuses 

on small-scale variation. In Austria’s Northern Limestone Alps, temperate montane forest 

understorey was analysed on a small scale by combining species abundance and 

environmental data with a set of twelve soft as well as hard traits measured or collected from 

literature for the more frequent vascular understorey plants. In a direct trait-based approach 

the link between plant traits and environmental conditions was explored using a three-table 

ordination technique, namely RLQ analysis. A clear separation between different functional 

specifications along the first RLQ axis could be demonstrated as a trade-off between traits 

associated with resource acquisition and resource conservation, respectively. The significant 

relationship between species traits and environmental variables was highlighted by a 

functional shift between two environmentally different subareas. Trait specifications in 

response to different abiotic conditions and disturbance intensities are discussed in view of 

small-scale resource acquisition strategies. Moreover, the distribution of C-S-R plant 

strategies and their associated trait specifications are discussed in relation to disturbance and 

stress-tolerance.  

 

KEYWORDS 
Small-scale variation, functional traits, forest understorey, C-S-R plant strategies, RLQ 
analysis, trait-environment correlation, trade-off, montane beech forest 
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Introduction 

 

Community ecology has increasingly focused on biological traits rather than taxonomy-based 

approaches, which has particularly become evident in the recent efforts to compile 

comprehensive plant trait databases, for example LEDA (Kleyer, Bekker et al. 2008), 

BIOFLOR (Klotz, Kühn et al. 2002), CLOPLA (Klimesova and Klimes 2007), and BIOPOP 

(Poschlod, Kleyer et al. 2003). The advantage of functional approaches is that results and 

ecological conclusions may be compared beyond phytogeographical boundaries of species 

pools (Verheyen, Honnay et al. 2003), thus helping to understand what drives vegetation 

change and ecosystem processes in different parts of the world (Grime 2001). In this context, 

so-called “hard traits”, mainly physiological plant characteristics like relative growth rate or 

leaf nitrogen content, have been proven to affect ecosystem functions such as biogeochemical 

cycling (Díaz, Hodgson et al. 2004 and references therein). Hard traits are laborious to 

measure compared to “soft traits”, which comprise morphological or life-history traits such as 

growth form or life span (Hodgson, Wilson et al. 1999; Lavorel and Garnier 2002; Díaz, 

Hodgson et al. 2004). As soft traits are easier to evaluate on a large scale, their usage would 

be convenient in ecosystem ecology but, so far, no direct effect of soft traits on ecosystem 

functioning has been shown. Nevertheless, the application of soft traits in the study of plant 

functional responses  as well as their influence on ecosystem processes is useful because soft 

traits are indicative of hard traits owing to correlations between them (Lavorel and Garnier 

2002; Díaz, Hodgson et al. 2004). As plant species possessing the same kind of functional 

traits will respond similarly to major environmental processes, knowledge about plant trait-

environment relations can be used to predict community and ecosystem processes, which will 

be essential for conservation of different vegetation types but also to preserve ecosystem 

functions and services in view of global change (Noble and Gitay 1996; Díaz and Cabido 

1997; Kahmen and Poschlod 2004). 

Extensive research on functional diversity has been conducted in response to various 

environmental conditions, especially soil nutrient availability, disturbance, shading, climate, 

and CO2 (Lavorel and Garnier 2002 and references therein). In the course of these studies, 

recurrent associations between traits have been demonstrated in various ecosystems indicating 

a fundamental trade-off between traits relevant to resource acquisition and conservation, 

respectively (Grime 1977; Chapin 1980; Reich, Walters et al. 1992; Díaz and Cabido 1997; 

Grime, Thompson et al. 1997; Díaz, Hodgson et al. 2004; Kazakou, Garnier et al. 2007; 
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Navas, Roumet et al. 2009). However, our study evaluates the relevance of such trade-offs for 

shaping the functional composition of vegetation at a local scale. 

 

A functional approach for studying correlations between vegetation and environment may 

either be based on directly evaluating the relationships between traits and environmental 

conditions or involve functional classifications of plants sharing similar traits. Among these 

functional groupings the most widely used classifications are “emergent groups” (Lavorel, 

McIntyre et al. 1997), “plant functional types (PFT)” (Noble and Gitay 1996; Lavorel and 

Garnier 2002), and most notably “plant strategies” (Grime 1977). However, it has been 

emphasized (Lavorel and Garnier 2002; Aubin, Ouellette et al. 2009) that direct trait-based 

approaches are more accurate and applicable to explore the links between vegetation and 

environment. Direct functional analyses link species traits with environmental variables 

through species abundance data, thus simultaneously incorporating three data matrices (Dray 

and Legendre 2008; Aubin, Ouellette et al. 2009). By now (Aubin, Ouellette et al. 2009) we 

know three statistical techniques that are able to do so, namely double CCA (Lavorel, 

Touzard et al. 1998), fourth-corner analysis (Legendre, Galzin et al. 1997), and RLQ analysis 

(Dolédec, Chessel et al. 1996). In this study, we apply RLQ analysis to understorey data of a 

temperate, montane forest in the Northern Limestone Alps (Austria). RLQ analysis has 

already been used successfully in other plant ecological studies (Barbaro, Corcket et al. 2000; 

Choler 2005; Thuiller, Richardson et al. 2006; Bernhardt-Römermann, Römermann et al. 

2008). A set of soft as well as hard traits (Table 3) is analysed in relation to several 

environmental attributes. In particular, we aim to test if (1) there is a significant relationship 

between traits of temperate forest herbs and environmental attributes; (2) temperate forest 

herbs display a functional trade-off between resource acquisition and conservation traits on a 

small scale; (3) C-S-R plant strategies (Grime 1977) are in line with this functional shift. In 

addition, we discuss our results with respect to different anthropogenic disturbance intensities 

between two subareas of the study site.  
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Material and methods 
 

Study area 

The ecosystem monitoring site „Zöbelboden“ is Austria’s Integrated Monitoring (IM) site 

within the UN-ECE International Cooperative Programmes (ICP) on “Integrated Monitoring 

of Air Pollution Effects on Ecosystems”. The approximately 90 ha large site is situated in the 

central part of Austria (N 47° 50' 30'', E 14° 26' 30'') at the northernmost edge of the Northern 

Limestone Alps and is part of the Limestone Alps National Park since 1998.  Long-term 

averages of temperature and precipitation are + 7.2°C  and 1650 mm/year, respectively, 

allowing a vegetation period of around 190 days/year. The bedrock is formed by Calcitic 

dolomite, which is overlaid by a wide variety of limestone in some areas. Vegetation and soil 

data were collected from an almost flat plateau (850-956 m.a.s.l., intensive plot 1, IP1 

henceforth), on the one hand, and a steep slope (550-850 m.a.s.l., intensive plot 2, IP2 in the 

following), on the other hand. Predominating soils consist of those on relict loams (Chromic 

Cambisols and Hydromorphic Stagnosols) at the plateau and of shallow calcareous soils 

(Lithic and Rendzic Leptosol) at the slope (FAO/ISRIC/ISSS 2006). At the slope, the mixed 

montane forest with beech (Fagus sylvatica L.) as the dominant species (Adenostylo glabrae-

Fagetum sensu Willner (2002)) can be regarded as natural vegetation. At the plateau, forests 

are actually dominated by Norway spruce (Picea abies (L.) Karst.) after a clear-cut and 

subsequent plantation of the species around 1910. Recent bark beetle infestation necessitated 

single tree harvesting. The potential natural vegetation of the plateau is a mixed montane 

forest with Fagus sylvatica, Picea abies, and European Silver Fir (Abies alba Mill.), 

(Cardamino trifoliae-Fagetum sensu Willner (2002)). 

 

 

Collection of species and litter data 

Vegetation data were collected in July and August 2007. Both IP 1 at the plateau area and IP 2 

at the slope, were divided into a regular 5m grid. Within each of the resulting 25m2 subareas 

(31 at IP 1 and 32 at IP 2) two vegetation plots á 0.5 x 0.5 m were randomly selected 

delivering 107 vegetation samples in total. The remaining plots have not  been sampled due to 

recent windthrow disturbance. Observations were carried out using a wooden frame with an 

inner dimension of 0.5 x 0.5 m that was placed directly on the forest floor at each plot. To 

facilitate recording of the vegetation on a small-scale the frame was divided into 25 subplots á 

10 x 10 cm via adjustable cords that allowed regular and stable sizes without damaging bigger 
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plant parts. For documentation purposes each vegetation plot was photographed (Casio 

EXILIM, smc PENTAX ZOOM lens/optical 3x, 5.8 – 17.4 mm). 

Species as well as litter data were collected in each subplot. Abundance of each species of 

higher plants (Spermatophytes) was assessed using two different approaches: Species cover as 

percentage of ground covered by above ground plant parts, on the one hand, and functional or 

morphological units (abundance units), on the other hand. As far as the latter is concerned, 

different units such as vegetative shoots, ground leaves in a basal rosette, or simple 

individuals were counted depending on each species’ growth form (Table 1). An abundance 

unit that covered more than one subplot (e.g. a ground leave from a rosette of True oxlip, 

Primula elatior (L.) Hill) was only counted once and assigned to the subplot from which it 

emerged. In addition to vegetation data, information about litter composition was collected 

from each subplot. Soil surface matter was classified into four different categories (Table 2). 

Percentage of covered soil surface by each category was estimated. 

Altogether, for each subplot (10 x 10 cm) the following information was gathered: 

- Number of different species 

- Species cover (percentage of covered ground by above ground biomass of each 

species) 

- Number of abundance units (functional or morphological units) of each species 

- Percentage of covered soil surface by each litter category 

For statistical analysis data was afterwards aggregated to the vegetation plot level by 

calculating the sums of each species’ cover value and abundance units as well as of the litter 

cover values of  all 25 subplots. 

Plant nomenclature followed Fischer, Adler et al. (2005). In total 37 herbaceous species, 

including 10 grasses, were considered in the trait analyses. Tree and shrub species were 

excluded from the analyses. 

 

 

Environmental data and soil sampling 

Variation in spatial plant trait composition and abundance in relation to environmental 

conditions was analysed with respect to soil pH, soil C:N ratio, humus quality, micro relief, 

below canopy radiation, and moisture. 
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Soil pH and soil C:N ratio: 

To avoid disturbance of the vegetation plots, soil samples were collected at every corner of 

the 5 x 5 m grid at both IPs (Figure 1) in May and August 2007. At opposite corners (in cases 

of paths between plots) samples were only taken from one corner in each case. Again, some 

sampling points had to be excluded from investigation due to windthrow. At both dates 41 

samples were taken from each IP (42 from IP 2 in August). 82 soil samples in May and 83 in 

August amounted to a total of 165 soil samples, each consisting of a pooled sample of three 

5x5x5 cm soil cores. After removal of the litter layer these soil cores were taken exclusively 

from the A-horizon even if its depth was less than five cm and cores had to be smaller 

accordingly. For each pooled sample, soil cores were taken at intervals of 50 cm around the 

sampling corner and displaced 25 cm anticlockwise in August (Figure 1). In order to remove 

rough constituents such as litter or rocks, soil samples were sieved using 5mm and 2mm mesh 

sieves.  

Hülber, Dirnböck et al. (2008) showed that the plant species composition of the study area 

sorts along the acidity and the nitrogen gradient. To represent variations in the nitrogen status 

due to microbial activity, the ratio of soil carbon to nitrogen (C:N) may be a useful indicator 

(Janssen 1996; Gundersen, Emmett et al. 1998; Bengtsson, Bengtson et al. 2003). Prior to 

analyses, homogenized soil samples were laced with hydrochloric acid (37%) for 

decalcification. C:N ratio was quantified with EA-IRMS (Element analyser isotope ratio mass 

spectrometer, DeltaPLUS, Thermo Finnigan, Bremen, Germany). Calibration was conducted 

with an organic standard solution of known concentration. The topsoil pH value was 

measured in CaSO4-extracts (pH meter, ArgusX, Sentos). Averages of C:N and pH-values of 

both sampling dates (May and August 2007) were used in statistical analyses. 

In order to obtain soil data (pH, C:N ratio) for each vegetation plot, respective values had to 

be spatially interpolated from the sampling points of the 5m x 5m grids at IP 1 and IP 2. 

Inverse distance weighting (Philip and Watson 1982; Watson and Philip 1985) was used for 

this purpose – a method that utilises the dependency of soil parameters from the spatial 

distance to sampling points. Both IPs were divided into a grid measuring 1m x 1m and values 

were calculated for each cell by a linearly weighted combination of all sampling points. The 

resulting interpolated values for pH and C:N ratio were then transferred to the vegetation plots 

from the cells comprising them.  
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Humus quality: 

pH value and C:N ratio describe the variation of the soil at a scale of meters. Humus however 

varies at much finer scales and influences the establishment and growth of plants through save 

sites and decomposition rates. Thus, when analysing the data, we used a simple ratio of the 

litter cover values of leaves to needles (L:N ratio) in order to account for variation of humus 

quality (Table 2).  

 

Micro relief: 

In terms of humus accumulation it is expedient to assess whether vegetation plots are concave 

or convex. In order to get information about the shape of the micro-relief at each vegetation 

plot, a metal bar was applied at the wooden frame for the measurement of distances between 

the metal bar and the soil surface. Measurements were taken at both ends of the metal bar 

(20cm outside the frame) and in the centre at the diagonals and the medians of the wooden 

frame. Values taken from outside the frequency frame were each subtracted from the 

corresponding centre value, and the resulting eight differences were averaged.  Positive values 

of this index indicate convex,  negative values a concave micro-relief. 

 

Below canopy radiation: 

Radiation intensity below the canopy was measured with hemispherical photographs that were 

taken during cloudy conditions using a gimbal at a height of one metre above each plot 

(Nikon Coolpix 950 camera with a fisheye lens Nikkor 14 mm). At IP 1 all pictures were 

taken on 2004-08-10, and at IP 2 on 2007-08-08. Total below canopy radiation [W/m²] was 

calculated from the photographs using the software Gap Light Analyzer (GLA, Version 2.0, 

Simon Fraser University British Columbia). 

 

Moisture: 

A moisture index was derived from the Ellenberg indicator value for soil humidity (Ellenberg, 

Weber et al. 1992) by calculating the arithmetical mean of the soil humidity indicator values 

per plot. Prior to this, species cover values at the vegetation plots were transformed to 

presence/absence data of each species.  

While micro-relief and moisture showed normal distribution, L:N ratio, C:N ratio, radiation 

and pH had to be log-transformed. To achieve improvement in comparability of 

environmental variables, each variable was centred and scaled by subtracting its mean and 

subsequently dividing it by its root-mean-square. The root-mean-square for each variable was 
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obtained by computing the square-root of the sum-of-squares of all values divided by the 

number of values minus one. 

 

 

Plant traits 

For each of the 37 species recorded at the vegetation plots information on 11 plant functional 

traits was collected (for references and details see Table 3): maximal height, leaf nitrogen 

content, leaf lifetime, leaf anatomy, leaf distribution along the stem, clonal growth organs, 

begin of flowering time, duration of flowering time, begin of dispersal time, duration of 

dispersal time, and diaspore weight (Table 3). In accordance with the state of knowledge 

documented in literature, such data was not available for every species. Therefore, by taking 

advantage of the correlations between trait values, missing values were interpolated from the 

available ones by means of least square regressions (continuous variables) or ANOVA 

(categorical variables) as described in Table 3. 

In addition, existing data on specific leaf area (SLA: the ratio of leaf area to leaf dry mass), 

measured in July 2005, was used. Methodology of SLA determination followed the 

standardized procedure as described by Cornelissen, Lavorel et al. (2003). SLA of species that 

had not been measured in 2005 was derived via ANOVA from the trait data set (Table 3). 

 

 

Data analyses 

We were interested in the prevalence of species along the site gradients independent from 

their size. Therefore we calculated for each species and vegetation plot the ratio of species 

cover to the number of abundance units (Table 1). Rock and aboveground root surfaces were 

taken into account so that species prevalence at the vegetation plots was additionally divided 

by the sum of leave, needle, and mineral soil cover values (Table 2). 

 

Plant traits included numerical as well as categorical ones (Table 3). Numerical traits were 

directly incorporated into analyses whereas categorical ones were transformed to presence and 

absence of the trait attributes afore.  

Leaf anatomy, though being a categorical trait, was excluded from this kind of transformation 

since its attributes were rated on a well-defined ordinal scale. As a consequence of these 

transformations, the initial trait set was transformed from 12 traits to 9 traits and 12 trait 

attributes, hereafter likewise referred to and handled as traits. 
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Relationships between species traits and environmental variables were investigated using 

RLQ-analyses (Dolédec, Chessel et al. 1996). This is a three-table ordination method that 

examines the joint structure of the matrices R (sites-by-environment matrix) and Q (species-

by-traits matrix) linked by the central table L (sites-by-species matrix). The first step in RLQ-

analysis consists of a separate analysis of each table. The highest possible correlation between 

sites and species scores is obtained by the separate correspondence analysis (CA) of the 

central table L. For the separate analyses of the environmental table R and the trait table Q we 

chose a multivariate method called Hill-Smith-ordination (Hill and Smith 1976), which allows 

quantitative and qualitative variables. Row weights were taken from the site scores of the CA 

of table L and used as canonical factors. As a result, each environmental variable was 

positioned at the weighted average of the sites to display habitat structure. Separate analysis 

of the trait table Q was analogous but with mixed type variables (quantitative and qualitative) 

and with row weights taken from species scores of the CA of table L to be used as canonical 

factors. Relationship among traits was shown by positioning each trait (quantitative variables) 

and trait category (qualitative variables) at the weighted average of the species representing 

that trait and trait category, respectively.   

In the final joint analysis of all three tables, the linking table L is reconstructed with the new 

set of site scores resulting from Hill-Smith-ordination of table R and species scores resulting 

from the Hill-Smith-ordination of table Q. Decomposition of the covariance of this cross-

matrix provides the RLQ-ordination axes. RLQ-analysis optimizes the covariance between the 

new sets of site scores modified by environmental attributes and species scores modified by 

species traits along the first axis and, hence, constitutes a compromise between the three 

separate ordinations (Dolédec, Chessel et al. 1996).  

To test the statistical significance of the relationship between R and Q suggested by RLQ 

analysis a Monte Carlo randomization test was applied. The question is if the total inertia 

observed in the RLQ analysis is significantly higher (p<0.001) than the values obtained by the 

permutations, thus if there is significant link between tables R and Q through table L.  

We used the software R 2.4.0. (http://www.r-project.de) for data analyses with the library 

“ADE-4” for the RLQ-analysis.  

 
 
 
 
 
 

http://www.r-project.de/�
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Results 

 

Separate analysis of habitat structure 

In the separate analysis of environmental variables, total variance was primarily represented 

by ordination axis one compared to axis two, which only accounted for around half as much 

of the variation (Table 4, Figure 2). Variables most correlated with axis one were soil pH, C:N 

ratio, moisture, and the litter ratio of leaves to needles. Relief was most strongly correlated 

with axis two whereas all other variables showed low correlation with axis two (Table 4). The 

first axis distinguished acidic, moist sites with less available nitrogen and predominately 

needles in the litter layer (left side) from alkaline, dry sites with higher amounts of available 

nitrogen and leaf litter (right side). The second axis represented plots from convex (above) to 

concave (below) relief forms. Below canopy radiation was higher at the plots with concave 

relief, although this trend is weak (Figure 2).  

 

 

Separate analysis of the relationship among species traits 

In the Hill-Smith-ordination of the traits table, the first axis accounted for nearly twice the 

amount of total variance compared to axis two (Table 5). Correlations along the first two 

ordination axes were given by squared correlation ratios for quantitative traits and correlation 

ratios for qualitative traits (Table 5). Nine out of 12 traits showed stronger correlation with the 

first axis, at which the highest correlations were given by leaf lifetime, diaspore weight, 

flowertime begin, leaf nitrogen, and maximal height. Highest correlations along the second 

axis were rendered by dispersal duration, leaf anatomy, and clonal growth organs (Table 5). 

Trait associations distinguished along the first axis were small and early flowering species 

with long-lived leaves, weighty diaspores, and low leaf nitrogen content, on the one hand, and 

taller, late-flowering species with light weighted diaspores and short-lived leaves with high 

SLA values as well as high leaf nitrogen content, on the other hand. The second axis opposed 

hygromorphic plants with long dispersal duration and below ground clonal growth organs to 

rather scleromorphic plants with shorter dispersal periods and aboveground vegetative spread 

(Figure 3). 
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Joint analysis of environmental variables and species traits: RLQ analysis 

In RLQ analysis, most information was given by the first axis as it accounted for a ten times 

higher amount of total variance of the RLQ model than the second axis (Table 6a).  

The covariance between new site scores modified by environmental attributes and new 

species scores modified by the species traits was optimized along the first RLQ axis and was 

considerably higher than along the second axis (Table 6a).  

Correlation between modified site and species scores was also higher along the first RLQ axis 

than along the second RLQ axis. To estimate the goodness of fit of the RLQ model, called 

“Correlation L” (Dolédec, Chessel et al. 1996), the maximal potential correlation between site 

and species scores given by the initial CA of table L was compared to the correlation achieved 

by the RLQ model along the first axis. As a result, RLQ analysis took into account a large 

proportion of the co-structure of the initial sites-by-species table (Table 6c).  

Compared to separate ordinations of tables R and Q, the first RLQ axis accounted for the most 

part of the variance of environmental variables obtained by separate analysis of table R, just 

as of the variance of traits obtained by separate analysis of table Q (Table 6b). With addition 

of the second RLQ axis, the proportion of projected variance by RLQ analysis declined (table 

R) or only showed an unremarkable increase (table Q) in comparison to axis one only. Thus, 

the proportion of information extracted on the second RLQ axis is negligible and only the first 

axis will be considered in detail.  

The Monte Carlo test reinforced the significance of the link between table R and table Q 

suggested by the RLQ model (p=0.001, based on 999 replicates), thus the results of RLQ 

analysis validly represented the relationship between environmental conditions and biological 

traits. 

 

 

Relationship between environmental conditions and species traits 

Habitat structure displayed by RLQ analysis (Table 7, Figure 4) resembled that described by 

separate analysis of table R (Table 4, Figure 2). A pH-nitrogen gradient along RLQ axis one 

exhibited a transition from acidic conditions with less available nitrogen on the negative end 

to alkaline, high nitrogen environments towards the positive end. RLQ axis one furthermore 

separated environments predominated by conifers (mainly needle litter), low below canopy 

radiation and high moisture from those characterised by deciduous trees (mainly leaf litter), 

high radiation and less moist conditions. The former habitats were associated with acidic, 

nitrogen poor conditions on the left end of the pH-nitrogen gradient, the latter with rather 
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alkaline sites with higher amounts of available nitrogen on opposite end. Micro-relief showed 

comparatively low scores along both RLQ axes (Table 7), although it was highly correlated 

with axis two in separate analysis (Table 4). Concave micro-relief characteristics were 

positioned towards the positive end of the pH-nitrogen gradient, which corresponds to 

alkaline, high nitrogen environments (Figure 4). 

RLQ ordination clearly demonstrated different trait combinations in relation to environmental 

characteristics (Table 7, Figure 4). On the left part of RLQ axis one, coinciding with low 

nitrogen availability and moist, acidic soils, herbs of taller stature and lush leaf development 

(hygromorphic, summer-green, high SLA, high leaf nitrogen content) were accumulated. 

These plant traits were as well associated with light weighted seeds, clonal growth (if any) by 

aboveground runners, and a regular leaf distribution along the stem or leaves concentrated as 

a crown at the top of a taller shoot or vegetative stem. Late flowering and dispersal begin and, 

at the same time, short flowering and dispersal duration were further plant characteristics at 

those habitats. Species located on the very negative end of RLQ-axis one were, for example, 

Purple Lettuce (Prenanthes purpurea L.), Raspberry (Rubus idaeus L.), and Reedgrass 

(Calamagrostis varia (Schrad.) Host ) (Table 8). 

By contrast, traits aggregated on the right end of RLQ axis one (nitrogen-rich, alkaline, and 

less moist conditions) included short stature, early and long flowering as well as dispersal 

periods, and below-ground storage organs. There were evergreens with thick and robust 

leaves (scleromorphic leaf anatomy, low SLA) concentrated in tufts or rosettes. Species 

located on the very right end of RLQ axis one were, for example, Christmas Rose (Helleborus 

niger L.), Sesleria albicans Kit. ex Schult. , and False Aster (Bellidiastrum michelii Cass.) 

(Table 8). 

 

 

Discussion 

 

Trait linkages and trade-offs 

In the present study RLQ ordination displayed clearly segregated patterns of species traits, 

namely a trade-off between traits associated with a high capacity of resource acquisition, on 

the one hand, and traits conducive to resource conservation, on the other hand. Trait sets 

indicative for high investment in photosynthesis and rapid growth, such as high SLA, high 

leaf N content, and short leaf lifetime were located on the left part of the ordination axis. By 

contrast, trait combinations at the opposite end of the ordination axis are associated with the 
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retention of captured resources and the investment into defence and included below-ground 

storage organs, long-lived leaves, and a robust leaf anatomy for the protection from 

unfavourable environmental conditions (Figure 4). These basic trait associations are in line 

with findings of previous studies and have been documented for various biomes and a broad 

range of ecological spectra (Grime 1977; Chapin 1980; Reich, Walters et al. 1992; Díaz and 

Cabido 1997; Grime, Thompson et al. 1997; Díaz, Hodgson et al. 2004). Analogous 

functional shifts were also shown between communities differing in successional status 

(Kazakou, Garnier et al. 2007; Navas, Roumet et al. 2009).  

 

 

Environment – trait associations 

All in all, a high percentage of variance of environmental as well as trait variables was 

projected along the first RLQ axis and, furthermore, an adequate goodness of fit was rendered 

by the RLQ model. From this follows that the RLQ model was able to properly excerpt the 

common structure of tables R and Q through table L, that is the relationship between 

environmental variables and species traits in the area under investigation ( Table 6, Figure 4). 

However, the nitrogen gradient along the first RLQ axis ran counter to expectations, inasmuch 

as traits positioned at low soil nutrient availability (high C:N ratio on the left-hand side of 

RLQ-axis one) would actually be associated with nutrient rich habitats and vice versa. High 

SLA values and leaf N content are usually found at sites rich in nutrients (Westoby 1998; 

Grime 2001; Kahmen and Poschlod 2004). Our result may be due to the comparatively 

narrow range of the C:N ratio values (13-18, once 20) encountered at the investigated 

vegetation plots causing a weakening of correlations (Lavorel and Garnier 2002). 

Alternatively, in view of the small-scale vegetation analysis the soil sampling scale (5 m grid) 

might be inappropriate to account for the characteristically small-scale variability of soil 

nitrogen content known for temperate deciduous forest soils (Farley and Fitter 1999). It has 

been documented that nitrate and ammonium concentrations vary considerably in dimensions 

of only 20cm (Farley and Fitter 1999). In general, consideration of scale in relation to the 

spectrum of the investigated environment is of vital importance in the interpretation of trait 

linkages and trade-offs (Lavorel and Garnier 2002).  

Moreover, nitrogen is unlikely to be a very limiting factor at all sites of the study area. Long-

term observations from 1992 to 2005 showed that nitrogen availability is generally high and 

favourable for plant growth in the area and only sites which are particularly dry and base rich 

or moist and acidic experienced effects due to excess nitrogen deposition (Hülber, Dirnböck 
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et al. 2008). These sites are missing in our data set so that nitrogen does not play a major role 

in trait specification. If nitrogen was not the determining factor, what sort of constraints 

would underlie species trait arrangement, then? 

Considering site scores along the first RLQ axis a clear separation of vegetation plots situated 

at the plateau area (IP 1) from those at the slope area (IP 2) becomes evident (Figure 5). 

Plateau plots were exclusively located on the left side of the RLQ ordination plane, coinciding 

with acidic and moist environmental conditions. On the other hand, nearly all slope plots were 

positioned at the positive part of the first RLQ axis towards rather alkaline and less moist 

environments (Figure 5). The separation of these two subareas along the first RLQ axis 

corresponds to the trade-off between investment into resource acquisition and, on the other 

hand, allocation to storage and defence as described above. Obviously, there occurs a 

functional shift from plant communities primarily specialising in resource acquisition (tall 

plants with short-lived leaves characterised by high SLA, as well as high leaf nitrogen content) 

at the plateau to communities rather adapted to conservation and defence (drought-resistant 

leaves with low SLA and long lifetime, storage organs, and short-stature) at the slope.  

Fast growing plants at the acidic plateau displayed higher foliar nutrient concentrations (high 

leaf nitrogen content) – an indication of the tendency of those plants to activate mineral 

resources to boost metabolism. Positive correlation between foliar concentration of nitrogen 

and SLA has been documented repeatedly for a wide range of different habitats (Grime, 

Thompson et al. 1997; Reich, Ellsworth et al. 1999; Hoffmann, Franco et al. 2005), just as 

both high SLA and high leaf nitrogen values in conjunction with low soil pH (Hoffmann, 

Franco et al. 2005; Kühner and Kleyer 2008). However, the reverse relationship between low 

pH and leaf nitrogen content would be expected as acidic conditions are known to reduce 

nitrification (Vitousek and Matson 1985; Persson and Wiren 1995). Hoffmann, Franco et al. 

(2005) put their results into the context of findings that showed an increase of leaf nitrogen 

content with higher soil NH4
+ concentrations in proportion to NO3

- (Garten 1993) owing to 

low soil pH (Bigelow and Canham 2002). Nevertheless, at our study site low pH values are 

unlikely to explain high leaf nitrogen content, rather this may be due to elevated nitrification 

rates at the plateau as a consequence of higher moisture at those habitats (Tietema, 

Warmerdam et al. 1992) (Figure 4).    

Water use efficiency has been related to low SLA values since high relative leaf water content 

is supported by a reduced leaf area (Wright, Nageswara Rao et al. 1994; Nautiyal, Nageswara 

Rao et al. 2002; Anyia and Herzog 2003; Hoffmann, Franco et al. 2005). Our results are in 

accordance with these findings in that low SLA plants increased contrary to the moisture 
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gradient (Figure 4). In our analysis, the slope area turned out to be a rather drought habitat 

compared to plots at the plateau and low SLA was found, accordingly, most notably at the 

slope. In addition, an evident transition between hygromorphic to scleromorphic leaf anatomy 

was observed from the plateau to the slope, as well as an increase of evergreens, heavy seeds, 

and dominance of tufted and rosette habitus. These characteristics have been referred to as 

drought adaptive (Reynolds, Skovmand et al. 2000; Grime 2001). 

SLA reduction in response to decreasing moisture may as well be due to differences in total 

below canopy radiation since humidity is always correlated with light intensity. We found 

SLA negatively correlated with total below canopy radiation, although this relationship was 

less obvious for it was displayed on the second RLQ-axis, which only accounted for 8,83 % 

of total variance. However, in forest succession from semi-open woodland to closed 

deciduous forest canopy an increase in species possessing high SLA has been observed 

(Dahlgren, Eriksson et al. 2006), thus indicating that low light environments favour species 

adapted to lower transpiration via high investment into photosynthetic tissue. In this context, 

high SLA has been associated with slow-growing shade plants (Wilson, Thompson et al. 1999; 

Grime 2001; Dahlgren, Eriksson et al. 2006). Moreover, in shaded habitats such as forests 

competition for light rather than mineral nutrients seems to be the decisive factor with regard 

to SLA characteristic (Wilson, Thompson et al. 1999; Kahmen and Poschlod 2004; Dahlgren, 

Eriksson et al. 2006). Generally, soil moisture and air humidity have been proven to be the 

crucial factors in determining herb cover of temperate beech forests on calcareous soils 

(Leuschner and Lendzion 2009). 

 

 

Plant strategies 

In C-S-R theory, individual selective factors such as those described above can be combined 

into two main ecological factors, resource stress and disturbance, in order to classify plants 

into functional groups according to their evolutionary strategy (Grime 1977). At the plateau 

area, disturbance seems to more pronounced as a result of former forestry. Furthermore, 

recent tree harvesting in consequence of bark beetle infestation produced gaps in the 

otherwise dense tree canopy. According to Grime’s C-S-R model, functional shifts along 

increasing disturbance intensities tend to result in an increase of ruderal plant characteristics 

within the plant communities (Grime 1977; Hodgson 1991).  

In the present study, the first ordination axis delineated different plant strategies between the 

plateau and the slope. These strategies are related to the species’ traits and express the 
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linkages and trade-offs between traits in response to varying intensities of resource stress and 

disturbance. Most species at the study area exhibited secondary strategies, that is trait 

attributes at intermediate levels of C (competitive), S (stress-tolerant), or R (ruderal) 

characteristics (Grime 2001). The trait associations on the left-hand side of the RLQ 

ordination plane were in accordance with the characteristics of CSR strategists for the most 

part, while stress-tolerance (SC and S strategists) took on greater significance towards the 

other end of the RLQ plane.  

CSR strategists are characteristic of habitats with intermediate seasonal or spatial variations of 

stress and disturbance (Grime 2001). Representatives of the CSR strategy, such as Raspberry 

(Rubus idaeus L.), Senecio ovatus (G. Gaertn. & al.) Willd., Yellow pimpernel (Lysimachia 

nemorum L.), were concentrated at the plateau area, which consisted of acidic and moist 

habitats. The morphological trait spectrum of these plants comprised a tall stature, leaves 

either distributed regularly along the stem or concentrated as a crown at the top of taller 

shoots or vegetative stems, and above-ground runners as clonal growth organs (Table 8, 

Figure 4). Such a creeping or stoloniferous morphology is a characteristic feature of CSR 

strategists that exploit gaps in herbaceous canopies by their ability to root at advantageous soil 

patches but photosynthesise at displaced gaps (Grime 2001). A real master in managing with 

the dense forest understorey was Yellow Archangel (Galeobdolon montanum (Pers.) Pers. ex 

Rchb.) by its vegetative “arched shoots” that firstly sprout erectly up to 0.5 to one meter but 

subsequently sink to the forest floor for rooting. The species, thereby, reaches distant gaps in 

the herbaceous layer and is able to bridge ground-covering as well as moderately tall-growing 

competitors (Karrer 1997). 

An equivalent explanation has been proposed for strategies of creeping plants dealing with 

high accumulations of tree litter (Grime 2001). Woodruff (Galium odoratum (L.) Scop.), for 

instance, develops decumbent shoots that take roots at the nodes, when pressed down onto the 

leaf litter by the covering snow. In this manner, expansion to micro-environments of 

extremely high leaf litter accumulation is possible, while germination favourably happens at 

low litter micro-habitats. This strategy is optimal to cope with high leaf litter production in 

temperate beech forests as well as unequally distributed litter accumulations pertaining to 

wind-driven processes, which is a frequent phenomenon at our study site (Karrer 1997).  

Additional features of the species concentrated towards the negative end of RLQ axis one 

were high SLA values as well as high leaf nitrogen content, short-lived and hygromorphic to 

mesomorphic leaves, late flowering and dispersal begin, and light weighted diaspores – a trait 

combination indicative of ruderal strategy (Figure 4) (Grime 2001). At the plateau recent 
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single tree harvesting produced canopy gaps with elevated light supply, which could have 

been beneficial for species with ruderal adaptation. Good colonizing capacities of plants with 

equivalent traits were shown for European and North-eastern American forests, where small 

seeded, perennial herbs and small, summer flowering, vegetatively spreading graminoids 

demonstrated the best colonizers (Verheyen, Honnay et al. 2003). Moreover, SLA has been 

identified as an indicator for relative growth rate (Reich, Walters et al. 1992; Reich, Ellsworth 

et al. 1999; Wright, Reich et al. 2004). In our study, fast-growing plants could optimally 

exploit these emerging patches below canopy gaps just as the short growing season at late-

melting habitats in alpine grassland is managed by fast-growing plants of high SLA and 

reduced seed mass (Choler 2005). Altogether, plant response to environmental conditions at 

the plateau comprised besides intermediate CSR strategists also a tendency towards ruderal 

features in SR species (stress-tolerant ruderals) such as Adenostyles alpina (L.) Bluff & 

Fingerh.. 

Towards the other end of RLQ axis one, disturbance apparently became less important 

whereas stress-tolerant characteristics tended to come to the fore. In contrast to the 

anthropogenic influenced plateau with mainly CSR strategists, the understorey vegetation at 

the slope, with its natural vegetation of a mixed montane forest, was characterised by a higher 

amount of stress-tolerant features (Table 7, Figure 4). Rosettes, storage organs, weighty 

diaspores, evergreenness, scleromorphic leaves, as well as low SLA and short stature have 

been associated with the stress tolerant strategy, and resource conservation rather than rapid 

growth (Grime, Thompson et al. 1997; Westoby 1998; Grime 2001; Wright, Reich et al. 

2004). In the RLQ ordination plane SC (stress-tolerant competitors) such as evergreen 

Spurge-laurel  (Daphne laureola L.), SR (stress-tolerant ruderals) including geophytes such as 

Cyclamen purpurascens Mill., and S strategists (primary stress-tolerant plants) represented by 

monocots such as Hairy Wood-rush (Luzula pilosa (L.) Willd.) or Blue Sedge (Carex flacca 

Schreb.) were aggregated at the positive end of the first axis (Table 8, Figure 4). As 

mentioned earlier, the water use efficiency of plants, which differed between the moist plots 

at the plateau and the rather drought plots at the slope, was linked to stress-tolerant plant 

attributes such as low SLA, scleromorphic leaf anatomy, and evergreenness. A functional 

shift from plant trait combinations including high SLA and short leaf lifespan to those 

including low SLA and evergreenness along a gradient of increasing water stress has already 

been demonstrated on a broader scale of climatic conditions (Díaz and Cabido 1997; Díaz, 

Cabido et al. 1998). It is, however, important to note the occurrence of S strategists also at the 

plateau area, although stress tolerance of those plants is not based on limited water supply, but 
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rather originates from the ability of species such as Common Wood-sorrel (Oxalis acetosella 

L.) or Trefoil Cress (Cardamine trifolia L.) to cope with shade (Grime 2001). Indifferent 

position of the rhizome category in the RLQ ordination implied that clonal growth through 

rhizomes seems to be a common feature of the herbaceous understorey in both habitats of the 

examined forest (Figure 4). 

 

 

Perspectives 

RLQ analysis proved to be a convenient and powerful tool for the simultaneous analysis of 

plant traits and ecological factors. It clearly separated different plant strategies (Grime 1977) 

and was able to display the fundamental trade-off between investment into photosynthesis and 

resource acquisition versus allocation to storage and defence (Grime 1977; Chapin 1980; 

Reich, Walters et al. 1992; Díaz and Cabido 1997; Grime, Thompson et al. 1997; Díaz, 

Hodgson et al. 2004; Kazakou, Garnier et al. 2007; Navas, Roumet et al. 2009).  

Nevertheless, the question which traits are the most responsive to the given environmental 

circumstances and which trait set is most qualified for application in plant functional trait 

analyses remains. Recent efforts to account for this question include a new recursive 

optimization algorithm to select relevant traits and to find optimal plant functional types by 

numerical analysis (Pillar and Sosinski 2003) and a new three step method (logistic regression, 

iterative clustering, selection of best fitted trait combination) to search for the smallest 

number of functional traits sufficient to predict plant response to varying environmental 

conditions (Kühner and Kleyer 2008). A very promising approach in combination with RLQ 

analysis was suggested by Bernhardt-Römermann, Römermann et al. (2008), who formulated 

the method of iterative RLQ-analysis, which selects the most relevant trait combination with 

the most parsimonious number of traits prior to trait-environment analysis itself.  
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Table 1. List of analysed species and respective abundance 
units (functional or morphological units) depending on the 
species growth forms that were recorded in addition to species 
cover at each vegetation plot. Abundance units were used to 
evaluate prevalence of species by calculating the ratio of 
species cover to the number of abundance units for each 
vegetation plot, and additionally dividing this ratio by the sum 
of leaf, needle, and mineral soil cover values (Table 2). 
Species Abundance Unit 
Actaea spicata Individuals 
Adenostyles alpina Ground leaves (of rosette) 
Asarum europaeum Ground leaves (of rosette) 
Bellidiastrum michelii Ground leaves (of rosette) 
Brachypodium sylvaticum Vegetative shoots 
Calamagrostis varia Vegetative shoots 
Cardamine trifolia Ground leaves 
Carex alba Vegetative shoots 
Carex digitata Vegetative shoots 
Carex flacca Vegetative shoots 
Carex pendula Vegetative shoots 
Carex sylvatica Vegetative shoots 
Cyclamen purpurascens Ground leaves (of rosette) 
Daphne laureola Individuals 
Daphne mezereum Individuals 
Euphorbia amygdaloides Vegetative shoots 
Fragaria vesca Ground leaves 
Galeobdolon montanum Vegetative shoots 
Galium odoratum Vegetative shoots 
Galium rotundifolium Vegetative shoots 
Helleborus niger Ground leaves (of rosette) 
Hordelymus europaeus Vegetative shoots 
Knautia maxima Ground leaves (of rosette) 
Luzula pilosa Vegetative shoots 
Lysimachia nemorum Vegetative shoots 
Mercurialis perennis Vegetative shoots 
Oxalis acetosella Ground leaves 
Phyteuma spicatum Ground leaves (of rosette) 
Polygonatum verticillatum Vegetative shoots 
Prenanthes purpurea Vegetative shoots 
Primula elatior Ground leaves (of rosette) 
Rubus idaeus Shoots 
Sanicula europaea Ground leaves (of rosette) 
Senecio ovatus Vegetative shoots 
Sesleria albicans Vegetative shoots 
Valeriana tripteris Ground leaves (of rosette) 
Viola reichenbachiana Ground leaves (of rosette) 
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Table 2. Categories of soil surface matter: At each vegetation plot percentage of covered soil 
surface by each category was estimated. On the one hand, these cover values were used to account 
for variation in humus quality between vegetation plots by calculating the ratio of leaves to needles 
cover values (ratio L/N) and, on the other hand, to account for rock and aboveground root surfaces 
in the calculation of species prevalence (Table 1). 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
Figure 1. Soil sampling-design at the plateau: At the corners of the 5x5 m grid pooled soil samples (●) 
consisting of three 5x5x5 cm cores were collected at intervals of 50cm in May 2007 (■) and 25cm displaced 
in August 2007 (□). Some sampling points had to be excluded owing to windthrow. Squares within the grid 
represent vegetation plots. Sampling-design at the slope was analogous. 
 
 
 
 
 

Category Explanation 

Leaves 
Leaves from deciduous trees (especially Fagus sylvatica, Acer pseudoplatanus, 
Fraxinus excelsior); also green leaves 

Needles 
 
Needles from conifers (especially Picea abies); also green needles 

Mineral soil 
 
No litter on soil surface, i.e. O-Horizon or any soil horizon without litter 

Else 
Any soil covering matter different from leaves or needles 
e.g. roots, deadwood, rock, stumps 

50 cm 

50 cm 
 

■ 

■ ■ 

□ 

□ 

□ 
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Table 3. Set of plant traits collected from literature (Source) or derived from the existing data set 
(footnotes). Numbers in brackets indicate the number of species from the respective source. Different 
types of variables (Type) include: continuous (1), categorical non-transformed (2), categorical 
transformed to presence and absence of the trait attributes (3).   
Trait Abbreviation T

y
p
e 

Trait attributes Source (number of species) 
 

Maximal height 
(cm) 

Height 1 Continuous (Fischer, Adler et al. 1994) (36) 
(Jäger 2007) (1) 

Specific leaf 
area (m2 kg-1) 

SLA 1 Continuous Measured value at study site (23) 
Derived value1 (14) 

Leaf nitrogen 
content 
 

Leaf N 1 Continuous (Duvigneaud and Denaeyer-deSmet 1970) (12) 
(Höhne 1962) (4) 
(Thompson, Parkinson et al. 1997) (1) 
Derived value2 (20) 

Leaf lifetime LLT 3 X1: Evergreen 
X2: Winter-green 
X3: Green in summer 
X4: Partially evergreen 
 

(Ellenberg, Weber et al. 1992) (31) 
(Jäger and Werner 2002) (6) 
 
 

Leaf anatomy  2 1: Hygromorphic 
2: Hygromorphic to 

mesomorphic 
3: Mesomorphic 
4: Mesomorphic to 

scleromorphic 
5: Scleromorphic 

(Ellenberg 1974) (35) 
Derived value3 (1) 
Personal observation (1) 
 

Leaf 
distribution 
along the stem 

LD 3 X1: Rosette/ tufted plant  
X2: Crown 
X3: Semi-rosette 
X4: Regular 
 

LEDA (Kleyer, Bekker et al. 2008) (34) 
Personal observation (3) 
 

Clonal growth 
organ  

CGO 3 X1: aboveground runners 
X2: Rhizome 
X3: belowground storage 

organs 
X4: None 

LEDA (Kleyer, Bekker et al. 2008) (32) 
CLO-PLA (Klimesova and Klimes 2007) (3) 
BIOPOP (Poschlod, Kleyer et al. 2003) (2) 

Flowering begin Flower.begin 1 Continuous (Fischer, Adler et al. 1994) (37) 
 

Flowering 
duration 

Flower.duration 1 Continuous (Fischer, Adler et al. 1994) (37) 
 

Dispersal begin 
 

 1 Continuous (Müller-Schneider 1986) (31) 
Derived value4 (6) 

Dispersal 
duration 

 1 Continuous (Müller-Schneider 1986) (31) 
Derived value5 (6) 

Diaspore weight  1 Continuous 
 

(Müller-Schneider 1986) (22) 
SID (Liu, Eastwood et al. 2008) (1) 
Derived value6 (14) 

1 Mean value of species with equal leaf lifetime: ANOVA (SLA ~Leaflifetime), p-value: 0.01815 *; R2= 0.2382; 
adjusted R2= 0.2019 
2 Predicted value from Least Square Regression (Leaf N ~maximal height), p-value: 0.0425 *; R2= 0.2623; 
adjusted R2= 0.2097 
3 Mean value of species with equal leaf lifetime: ANOVA (Leafanatomy ~Leaflifetime), p-value: 0.0002183 ***; 
R2= 0.3194; adjusted R2= 0.3005 
4 Predicted value from Least Square Regression (Dispersal begin ~Flowering begin), p-value: 0.000505 ***; 
R2=0.3362; adjusted R2= 0.314 
5 Predicted value from Least Square Regression (Dispersal end ~Flowering end), p-value: 0.0313 *; R2= 0.1454; 
adjusted R2= 0.1169 
6 Predicted value from Least Square Regression (Diaspore weight ~Diaspore length), p-value: 0.00464 ** ; R2= 
0.3367; adjusted R2= 0.3036 
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Table 4. Separate ordination of environmental variables: 
Eigenvalues and percentages of the total variance accounted 
for by the first two axes of the ordination of table R (sites-by-
environment), squared correlation coefficients for each 
environmental variable along the same axes. Environmental 
variables are given in descending order of their correlation 
along ordination-axis one. Soil pH value and C/N ratio stem 
from the top 5 cm of the mineral soil; moisture index: 
increasing values indicate increasing moisture; Humus ratio 
L/N: ratio leaves to needles cover value per vegetation plot 
(Table 2); below canopy radiation: total below canopy 
radiation [W/m²]; relief: values > 0 indicate convex relief 
conditions at the vegetation plot and values < 0 indicate 
concave ones. 
 Axis 1 Axis 2 
Eigenvalue 
(% total variance) 

2.20 
(36.62%) 

1.11 
(18.43%) 

   
Soil pH-value 0.644 0.116 
Soil C/N ratio 0.618 0.061 
Moisture index 0.534 0.028 
Humus ratio L/N 0.345 0.062 
Below canopy radiation 0.030 0.118 
Relief 0.026 0.721 
 
 

 
Figure 2. Habitat structure: Separate ordination of sites and environmental variables (table R: sites-by-
environment) by Hill-Smith-ordination. Environmental variables along the first two ordination axes 
displaying environmental gradients, distribution of the 107 surveyed sites (numbered squares). Each 
environmental variable is positioned at the weighted average of the sites (row weights taken from the site 
scores of the CA of table L were used as canonical factors). Note that the first axis nearly accounts for 
twice the amount of total variance as indicated by the upper-left insert (eigenvalues of the ordination). 
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Table 5. Separate ordination of species traits: Eigenvalues and 
percentages of the total variance accounted for by the first two 
axes of the Hill-Smith-ordination of table Q (species-by-trait), 
squared correlation coefficients for quantitative traits and 
correlation ratios for qualitative traits along the same axes. 
Traits are given in descending order of correlation along 
ordination-axis one. For details of trait attributes see Table 3. 
 Axis 1 Axis 2 
Eigenvalue  
(% total variance) 

4.56 
(25.31%) 

2.29 
(12.73%) 

   
Leaf lifetime 0.624 0.201 
Diaspore weight 0.610 0.050 
Flowering begin 0.533 0.035 
Leaf nitrogen content 0.456 0.040 
Maximal Height 0.449 0.130 
Dispersal begin 0.408 0.030 
Specific Leaf Area 0.398 0.068 
Flowering duration 0.374 0.249 
Leaf distribution along the stem 0.341 0.266 
Leaf anatomy 0.305 0.419 
Dispersal duration 0.056 0.546 
Clonal Growth Organs 0.001 0.256 
 
 

Figure 3. Relationship among biological traits: Separate ordination of species and traits (table Q: species-
by-traits) by Hill-Smith-ordination. Display of quantitative traits (A) and trait categories of factorial traits 
(B-D) along the first two ordination axes indicating relationships among traits and trait categories, 
respectively. The points are in the middle of the labels. Partly overlapped labels: “Flower.begin”, 
“Dispersal.begin” (See scores Table 5). Each trait and trait category is positioned at the weighted average 
of the species representing that trait or trait category (row weights taken from the species scores of the CA 
of table L were used as canonical factors). Note that the first axis nearly accounts for twice the amount of 
total variance (Table 5). d: scale of the grid. For details and abbreviations of the traits see Table 3. 
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Table 6. Summary of RLQ analysis: a) RLQ model: eigenvalues of the first two axis resulting from RLQ 
analysis and percentages of the total variance accounted for by each axis; covariance and correlation 
between the modified set of site scores and species scores projected onto the first two RLQ axes b) 
Comparison of the projected variances of the two sets of site and species scores resulting from the separate 
ordinations of table R (sites-by-environment) and of table Q (species-by-trait), respectively, and the RLQ 
analysis: eigenvalues of the first axis and the sum of the first two axes of each corresponding ordination; 
percentages of the total variance accounted for by RLQ axis 1 and by the sum of RLQ axis 1 plus axis 2. c) 
Comparison of the correlation between site and species scores along the first axis obtained by the separate 
CA of table L (sites-by-species) and the cross-correlation obtained by RLQ analysis; percentage of the 
maximal correlation achieved by RLQ analysis (goodness of the estimated solution). 
a) RLQ analysis RLQ-Axis 1 RLQ-Axis 2 
Eigenvalue (% total variance) 2.97 (88.40%) 0.30 (8.83%) 
Covariance 1.72 0.54 
Correlation 0.60 0.40 
   
b) Comparison of projected variance Axis 1 Axis 1+ 2 
table R (separate ordination) 2.20 3.30 
table R (RLQ analysis) 2.08 3.00 
% RLQ 94.80 90.85 
   
table Q (separate ordination) 4.56 6.85 
table Q (RLQ analysis) 3.94 5.98 
% RLQ 86.53 87.32 
   
c) Comparison of correlation Axis 1  
table L (separate CA) 0.90  
RLQ analysis 0.60  
% RLQ 66.99  
 

 
Figure 4. RLQ-analysis: Relationship between plant traits and environmental factors. The points are in 
the middle of the labels. Overlapping labels: ○  ( LLT.X3), □ (LLT.X2), ■ (Flower.duration). For details 
and abbreviations of the traits see Table 3. d: scale of the grid. Note that the first axis accounts for the 
most part of total variance as indicated by the lower-right insert (eigenvalues).  
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Table 7. Normed scores of environmental variables and plant traits 
on the first two axes resulting from RLQ analysis (Figure 4). For 
details and abbreviations of the traits see Table 3.  
 RLQ axis 1 RLQ axis 2 
Environmental variables   
Below canopy radiation 0.015 -0.536 
Soil pH-value 0.679 0.522 
Soil C/N ratio -0.431 -0.080 
Relief -0.139 0.101 
Humus ratio L/N 0.218 -0.105 
Moisture index -0.535 0.643 
Species traits   
Maximal height -0.284 -0.366 
LLT.X1: Evergreen 0.573 -0.237 
LLT.X2: Winter-green -0.495 -0.425 
LLT.X3: Green in summer -0.210 0.192 
LLT.X4: Partially evergreen 0.316 0.391 
Leafanatomy 0.269 -0.428 
Flowering time begin -0.203 0.190 
Flowering duration 0.330 0.260 
Dispersal time begin -0.245 0.249 
Dispersal duration 0.127 0.307 
Diaspore weight 0.422 -0.367 
Leaf nitrogen content -0.148 -0.172 
SLA -0.279 0.092 
LD.X1: Rosette/ tufted plant  0.315 0.211 
LD.X2: Crown -0.467 -1.288 
LD.X3: Semi-rosette 0.209 0.421 
LD.X4: Regular -0.451 -0.385 
CGO.X1: aboveground runners -0.679 -0.647 
CGO.X2: Rhizome -0.015 -0.045 
CGO.X3: belowground storage organs 0.406 0.567 
CGO.X4: None -0.478 -1.492 
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Figure 5.  Separation of vegetation plots at the plateau area (A) on the left part and those at the slope area 
(B) mainly on the right part of the RLQ-ordination-plane. Horizontal axis: RLQ-axis one, vertical axis: 
RLQ-axis two. Labels (squares) of vegetation plots at the plateau (A1-A49) and the slope area (B50-B107). 
d: scale of the grid. 
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Table 8.  Normed species scores along the first two RLQ axes: 
Species in ascending order according to their scores along RLQ-
axis one. 
Species RLQ-axis 1 RLQ-axis 2 
Prenanthes purpurea -1.213 0.465 
Rubus idaeus -1.128 -0.971 
Calamagrostis varia -1.062 -0.282 
Senecio ovatus -1.043 0.718 
Lysimachia nemorum -0.997 0.386 
Brachypodium sylvaticum -0.907 0.968 
Polygonatum verticillatum -0.871 -0.216 
Daphne mezereum -0.830 -1.676 
Oxalis acetosella -0.800 0.751 
Carex pendula -0.712 -0.149 
Cardamine trifolia -0.630 -0.889 
Mercurialis perennis -0.606 -0.706 
Hordelymus europaeus -0.597 0.095 
Galium odoratum -0.584 -0.198 
Adenostyles alpina -0.524 0.606 
Galeobdolon montanum -0.504 -1.705 
Galium rotundifolium -0.464 0.129 
Carex sylvatica -0.347 0.006 
Phyteuma spicatum -0.265 0.697 
Fragaria vesca -0.170 0.146 
Luzula pilosa -0.131 0.200 
Sanicula europaea -0.107 0.329 
Actaea spicata 0.021 1.445 
Knautia maxima 0.120 1.730 
Viola reichenbachiana 0.128 0.788 
Primula elatior 0.133 1.491 
Daphne laureola 0.221 -2.629 
Valeriana tripteris 0.426 1.418 
Carex flacca 0.435 0.787 
Carex alba 0.435 0.453 
Asarum europaeum 0.529 -0.375 
Carex digitata 0.568 -0.060 
Euphorbia amygdaloides 0.579 0.083 
Cyclamen purpurascens 0.699 0.743 
Bellidiastrum michelii 0.812 1.366 
Sesleria albicans 0.853 -0.334 
Helleborus niger 1.942 -1.175 
 
 
 
 



Abschnitt 2 
 

 52 

References 
 
Aubin, I., M. H. Ouellette, et al. (2009). "Comparison of two plant functional approaches to 

evaluate natural restoration along an old-field - deciduous forest chronosequence." 
Journal of Vegetation Science 20(2): 185-198. 

Bernhardt-Römermann, M., C. Römermann, et al. (2008). "On the identification of the most 
suitable traits for plant functional trait analyses." Oikos 117: 1533-1541. 

Bigelow, S. W. and C. D. Canham (2002). "Community organization of  tree species along 
soil gradients in a north-eastern USA forest." Journal of Ecology 90: 188–200. 

Choler, P. (2005). "Consistent shifts in Alpine plant traits along a mesotopographical 
gradient." Arctic Antarctic and Alpine Research 37(4): 444-453. 

Cornelissen, J. H. C., S. Lavorel, et al. (2003). "A handbook of protocols for standardised and 
easy measurement of plant functional traits worldwide." Australian Journal of Botany 
51(4): 335-380. 

Dahlgren, J. P., O. Eriksson, et al. (2006). "Specific leaf area as a superior predictor of 
changes in field layer abundance during forest succession." Journal of Vegetation 
Science 17(5): 577-582. 

Díaz, S. and M. Cabido (1997). "Plant functional types and ecosystem function in relation to 
global change." Journal of Vegetation Science 8(4): 463-474. 

Díaz, S., M. Cabido, et al. (1998). "Plant functional traits and environmental filters at a 
regional scale." Journal of Vegetation Science 9: 113-122. 

Díaz, S., J. G. Hodgson, et al. (2004). "The plant traits that drive ecosystems: Evidence from 
three continents." Journal of Vegetation Science 15(3): 295-304. 

Dolédec, S., D. Chessel, et al. (1996). "Matching species traits to environmental variables: a 
new three-table ordination method." Environmental and Ecological Statistics 3(2): 
143-166. 

Duvigneaud, P. and S. Denaeyer-deSmet (1970). "Phytogechimie des groupes 
écosociologiques forestiers de Haute-Belgique." Oecologia Plantarum 5: 1-31. 

Ellenberg, H. (1974). Zeigerwerte der Gefäßpflanzen Mitteleuropas. Göttingen, Erich Goltze. 
Ellenberg, H., H. E. Weber, et al. (1992). Zeigerwerte von Pflanzen in Mitteleuropa. 

Göttingen, Erich Goltze. 
FAO/ISRIC/ISSS (2006). World reference base for soil resources. World soil resources 

reports. FAO. Rome, FAO: 128. 
Farley, R. A. and A. H. Fitter (1999). "Temporal and Spatial Variation in Soil Resources in a 

Deciduous Woodland." Journal of Ecology 87(4): 688-696. 
Fischer, M., W. Adler, et al. (1994). Exkursionsflora von Österreich. Stuttgart, Ulmer. 
Fischer, M., W. Adler, et al. (2005). Exkursionsflora für Österreich, Liechtenstein und 

Südtirol. Linz, Land Oberösterreich, Biologiezentrum der OÖ Landesmuseen. 
Garten, C. T. (1993). "Variation in foliar 15N abundance and the availability of  soil nitrogen 

on Walker Branch Watershed." Ecology 74: 2098–2113. 
Grime, J. P. (1977). "Evidence for the existence of three primary strategies in plants and its 

relevance to ecological and evolutionary theory." American Naturalist 111: 1169-1194. 
Grime, J. P. (2001). Plant strategies, vegetation processes, and ecosystem properties. 

Chichester, John Wiley. 
Hill, M. O. and A. J. E. Smith (1976). "Principal component analysis of taxonomic data with 

multi-state discrete characters." Taxon 25: 249-255. 
Hodgson, J. G. (1991). "The use of ecological theory and autecological datasets in studies of 

endangered plant and animal species and communities." Pirineos 138: 3-28. 
Hoffmann, W. A., A. C. Franco, et al. (2005). "Specific leaf area explains differences in leaf 

traits between congeneric savanna and forest trees." Functional Ecology 19(6): 932-
940. 



Abschnitt 2 
 

 53 

Höhne, H. (1962). "Der Mineralstoff- und Stickstoffgehalt von Waldbodenpflanzen in 
Abhängigkeit vom Standort." Archiv für Forstwesen 12: 791-805. 

Hülber, K., T. Dirnböck, et al. (2008). "Long-term impacts of nitrogen and sulphur deposition 
on forest floor vegetation in the Northern limestone Alps, Austria." Applied 
Vegetation Science 11(3): 395-404. 

Jäger, J. E. (2007). Exkursionsflora von Deutschland. Band 3. Gefäßpflanzen: Atlasband. 
Heidelberg, Spektrum. 

Jäger, J. E. and K. Werner (2002). Exkursionsflora von Deutschland. Band IV.Gefäßpflanzen: 
Kritischer Band. Heidelberg, Spektrum. 

Kahmen, S. and P. Poschlod (2004). "Plant functional trait responses to grassland succession 
over 25 years." Journal of Vegetation Science 15: 21-32. 

Karrer, G. (1997). Vegetationsökologische Untersuchungen am IM Standort Zöbelboden: 
Kombinierte Humus/Vegetationsaufnahmen zur Erfassung korrelierter Veränderungen. 
Wien, Umweltbundesamt: 91. 

Kleyer, M., R. M. Bekker, et al. (2008). "The LEDA Traitbase: a database of life-history traits 
of the Northwest European flora." Journal of Ecology 96(6): 1266-1274. 

Klimesova, J. and L. Klimes (2007). Clo-Pla3. - http://clopla.butbn.cas.cz. 
Klotz, S., I. Kühn, et al. (2002). "BIOLFLOR - Eine Datenbank mit biologisch-ökologischen 

Merkmalen zur Flora von Deutschland." Schriftenreihe für Vegetationskunde 38: 1-
334. 

Kühner, A. and M. Kleyer (2008). "A parsimonious combination of functional traits 
predicting plant response to disturbance and soil fertility." Journal of Vegetation 
Science 19(5): 681-692. 

Lavorel, S. and E. Garnier (2002). "Predicting changes in community composition and 
ecosystem functioning from plant traits: revisiting the holy grail." Functional Ecology 
16(5): 545-556. 

Lavorel, S., S. McIntyre, et al. (1997). "Plant functional classifications: from general groups 
to specific groups based on response to disturbance." Trends in Ecology and Evolution 
12: 474–478. 

Lavorel, S., B. Touzard, et al. (1998). "Identifying functional groups for response to 
disturbance in an abandoned pasture." Acta Oecologica 19: 227–240. 

Legendre, P., R. Galzin, et al. (1997). "Relating behavior to habitat: solutions to the fourth-
corner problem." Ecology 78: 547–562. 

Leuschner, C. and J. Lendzion (2009). "Air humidity, soil moisture and soil chemistry as 
determinants of the herb layer composition in European beech forests." Journal of 
Vegetation Science 20: 288–298. 

Liu, K., R. J. Eastwood, et al. (2008). Seed Information Database (release 7.1, May 2008) -  
http://www.kew.org/data/sid. 

Müller-Schneider, P. (1986). "Verbreitungsbiologie der Blütenpflanzen Graubündens." 
Veröffentlichungen des Geobotanischen Instituts der ETH, Stiftung Rübel 85: 1-263. 

Noble, I. R. and H. Gitay (1996). "A functional classification for predicting the dynamics of 
landscapes." Journal of Vegetation Science 7(3): 329-336. 

Persson, T. and A. Wiren (1995). "Nitrogen mineralization and potential nitrifcation at 
different depths in acid forest soils." Plant and Soil 168-169: 55-65. 

Philip, G. M. and D. F. Watson (1982). "A Precise Method for Determining Contoured 
Surfaces." Australian Petroleum Exploration Association Journal 22: 205-212. 

Pillar, V. D. and E. Sosinski (2003). "An improved method for searching plant functional 
types by numerical analysis." Journal of Vegetation Science 14: 323-332. 

Poschlod, P., M. Kleyer, et al. (2003). "BIOPOP - a database of plant traits and Internet 
application for nature conservation." Folia Geobotanica 38(3): 263-271. 

http://clopla.butbn.cas.cz/�
http://www.kew.org/data/sid�


Abschnitt 2 
 

 54 

Reich, P. B., D. S. Ellsworth, et al. (1999). "Generality of leaf trait relationships: a test across 
six biomes." Ecology 80(6): 1955-1969. 

Reich, P. B., M. B. Walters, et al. (1992). "Leaf life-span in relation to leaf, plant, and stand 
characteristics among diverse ecosystems." Ecological Monographs 62(3): 365-392. 

Reynolds, M., B. Skovmand, et al. (2000). Evaluating a Conceptual Model for Drought 
Tolerance. Molecular approaches for the genetic improvement of cereals for stable 
production in water-limited environments. A strategic planning workshop held at 
CIMMYT, El Batan, Mexico, 21-25 June 1999. J. M. Ribaut and D. Poland. El Batan, 
Mexico, CIMMYT: 49-53. 

Thompson, K., J. A. Parkinson, et al. (1997). "A comparative study of leaf nutrient 
concentrations in a regional herbaceous flora." New Phytologist 136(4): 679-689. 

Tietema, A., B. Warmerdam, et al. (1992). "Abiotic factors regulating nitrogen 
transformations in the organic layer of acid forest soils: Moisture and pH " Plant and 
Soil 147(1): 69-78. 

Verheyen, K., O. Honnay, et al. (2003). "Response of forest plant species to land-used change: 
a life-history trait-based approach." Journal of Ecology 91: 563–77. 

Vitousek, P. M. and P. A. Matson (1985). "Causes of delayed nitrate production in two 
Indiana forests." Forest Science 31: 122-131. 

Watson, D. F. and G. M. Philip (1985). "A Refinement of Inverse Distance Weighted 
Interpolation." Geoprocessing 2: 315-327. 

Westoby, M. (1998). "A leaf-height-seed (LHS) plant ecology strategy scheme." Plant and 
Soil 199: 213–227. 

Willner, W. (2002). "Syntaxonomische Revision der südmitteleuropäischen Buchenwälder." 
Phytocoenologia 32: 337-453. 

Wilson, P. J., K. Thompson, et al. (1999). "Specific Leaf Area and Leaf Dry Matter Content 
as Alternative Predictors of Plant Strategies." New Phytologist 143(1): 155-162. 

Wright, I. J., P. B. Reich, et al. (2004). "The worldwide leaf economics spectrum." Nature 428: 
821-827. 

 
 



Anhang 
 

 55 

ZUSAMMENFASSUNG 

Wissenschaftliche Untersuchungen, die sowohl die Reaktionen als auch Effekte der 

Vegetation auf ökosystemare Prozesse analysieren, fokussieren zunehmend auf funktionelle 

Eigenschaften der Pflanzen. Kenntnis über die Art des Zusammenhangs zwischen 

funktionellen Eigenschaften und Umweltfaktoren kann unser Verständnis von Prozessen, die 

Ökosystemfunktionen zugrunde liegen, verbessern und helfen, mögliche zukünftige 

Veränderungen besser abzuschätzen.  

Die vorliegende Studie befasst sich mit der Variabilität funktioneller Eigenschaften im 

krautigen Unterwuchses eines montanen Karbonat-Buchenmischwaldes der Nördlichen 

Kalkalpen Österreichs. Auf räumlich feinem Maßstab wurden Vegetationsdaten 

(Abundanzdaten) und Umweltvariablen erhoben. Zusätzlich wurden für die vorkommenden 

Pflanzenarten Informationen zu zwölf funktionellen Eigenschaften aus verschiedenen 

Literaturquellen kompiliert. Der Zusammenhang zwischen den funktionellen Eigenschaften 

der Pflanzen und den abiotischen Standortsfaktoren wurde dann mittels einer Drei-Tabellen-

Ordination (RLQ-Analyse) der kombinierten Datensätze analysiert.  

Die Ergebnisse zeigen, dass die Verteilung der Arten im Unterwuchs des untersuchten 

montanen Karbonat-Buchenmischwaldes gut mit verschiedenen Umweltgradienten korreliert. 

Dabei ist nicht unbedingt das Nährstoffangebot des Bodens der limitierende Faktor, da durch 

die anthropogene Stickstoffdeposition die Nährstoffkonzentration der Böden in den 

vergangenen Jahrzehnten generell stark zugenommen hat. Eine weitaus wichtigere Rolle für 

die Verteilung der Arten spielen Licht- und Feuchtigkeitsbedingungen sowie der Grad der 

Störungsintensität. 

Entlang dieser Umweltgradienten ließ sich eine klare Trennung zwischen unterschiedlichen 

funktionellen Spezialisierungen feststellen, welche zwei grundlegende Möglichkeiten der 

Ressourcen-Allokation repräsentieren. Auf der einen Seite stehen Pflanzen, die zum 

möglichst hohen Ressourcenerwerb in schnelles Wachstum und hohe Photosyntheseraten 

investieren, und auf der anderen Seite solche, deren funktionelle Eigenschaften zu 

Ressourcenspeicherung und höherer Widerstandsfähigkeit führen. Der Zusammenhang 

zwischen den Eigenschaften der Pflanzen und den Standortsfaktoren zeigte sich besonders 

klar in einem Wechsel des vorherrschenden Strategietyps zwischen zwei abiotisch 

unterschiedlichen Teilbereichen des Untersuchungsgebiets.  

Kenntnisse über die Abhängigkeit pflanzlicher Strategietypen von Umwelteigenschaften sind 

für Vorhersagen über die Vegetationsentwicklung im Angesicht der globalen Veränderungen 
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essentiell. Solche Vorhersagen sind notwendig, um zielgerichtete umweltpolitische 

Maßnahmen setzen zu können.  
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ABSTRACT 
 
Functional trait-based approaches have been increasingly employed to study both plant 

responses to and effects on ecosystem processes. Knowledge about the links between 

associated traits and environmental factors may improve our understanding of the mechanism 

behind ecosystem functioning and change. Various analyses of biological traits in response to 

complex environmental gradients as well as large-scale screenings have revealed recurrent 

patterns of trait associations across different ecosystems. The present study, however, focuses 

on small-scale variation. In Austria’s Northern Limestone Alps, temperate montane forest 

understorey was analysed on a small scale by combining species abundance and 

environmental data with a set of twelve soft as well as hard traits measured or collected from 

literature for the more frequent vascular understorey plants. In a direct trait-based approach 

the link between plant traits and environmental conditions was explored using a three-table 

ordination technique, namely RLQ analysis. A clear separation between different functional 

specifications along the first RLQ axis could be demonstrated as a trade-off between traits 

associated with resource acquisition and resource conservation, respectively. The significant 

relationship between species traits and environmental variables was highlighted by a 

functional shift between two environmentally different subareas. Trait specifications in 

response to different abiotic conditions and disturbance intensities are discussed in view of 

small-scale resource acquisition strategies. Moreover, the distribution of C-S-R plant 

strategies and their associated trait specifications are discussed in relation to disturbance and 

stress-tolerance.  
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